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DECLASSIFIED 

ABSTRACT 

Tho absolute excitation functions for the production of fission 

were investigated with the 37.5 Mev alpha .. partiales and the 18.7 Mev 

deuterons available from the 60-inch Crooker oyclotron. Thorium. and 

uranium of ordinary isotopic composition were used as targets in a pre-

liminary expertmant whioh employed the stacked foil technique and assumed 

that the beta aotivity of the complex of fission fragments could be used 

as an.indioator of the relative n~lbGr or'fissions 1n a given excitation 

funotion. 

A second experiment was done to measure the same axel. tation functions 

by a more direot method. In this work the pulses of ionization produoed 

by the fission fragmonts were counted 1n the presenoe of the ionizo.tion 

produced by the cyclotron beam. The effect ot'the ,otter was largely 

nullit'ied Oy using an additional eancallation electrode in the fission 

ionization, ohamber. The eltai t~tion functions for 0235 w;re also obtained 

in this experiment. In order to find the absolute tission cross section 

it was necessary to measure the average amount of energy required to 

rom rut ion pair in argon. The values 29.6 av and 30.S ev were obtained 

tor 17 Mev deuterons and 30 Mev alpha-particles reapeoti.vely. 

Consideration of the calculated total cross section and- the.observed 

fission cross sections 1n the threshold anergy region indicates thatr 0 

must be greater than 1.3 (the nuclear radius, R : ro A1/ 3 x 10-13 em) 

and toot appreaiable oon-1petition exists with the fission process in the 

hi~her energy region 1n ~ny of the reaotions observed. The oompetition 



!~, , 

235' 232 ia least in tho case of U and groatest for Th • On the other hand 

preliminary measurements using the 184-1nch synchro-cyclotron show that 

the fission oross section is etill of the order of one barn for 340 Mev 

protons. ThuG the fission prooess can still cor.pete effao,ti vely at 

high energies whereas it has been observed that the excitation functions 
. 

for reactions in whioh a certai n number of partioles is emitted deorease 

rapidly in the high enart;y region if theyha '\Ie an approoiable cross 

seotion at lower Emer~ie61. 
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FISSION EXCITATlOt4 {<'UNCTIONS FOn CliARGBD PARTICLES 

John JWlgerman 

I. INTRODUCTION 

The production of fission by moans of ~bardment with ohargod 

1 particles was first observed by Gant. lie found that uranium had Q 

fission threshold for a deuteron energy of S Mev and that the fission, 

cross section rapidly inoreased in the ragion 8 to 9 Mev. Jacobeen and 
2 • 

Lassen tried to get Q quantitative fission cross saotion for deuteron-

induced f1ssionby measuring the beta activity of the fission fragments. 

By making the QssUllpt10n that three beta-partioles were emitted,,' on the 

average, trorn eVery fission fragment during the time of thair bate. aot

vity measurement they obtained a cross seotion of 5 x 10-27 cm2 for the 

fission cross section 9 Mev deuterons on a uranium tarr;at. They also 

found'the value .7 for the ratio of the fission oross sections of tho

rium an.d urtUlium bombarded with 9.5 Mev d.a;lb3rals. Dessauer and llarner3 

found that fission could also be induced in uranium and thorium by 

proton bombardment. The production of fission ms identified by meanS 

oftha complex decay curve of the fission fragment beta activity. The 

proton enart';y used tor these experiments was 6.9 Mev. Fermi and segre4 

first di Gooverad theproductlon ot fission in uranium by tll~ha-ps.rtiele 
,J 

bombardment using the 32 Mev alpha-partioles of the SO-inoh Crooker cyole-

tron. Several of the more prominent memoors of the fission chains "'ere 

saparat()d chemioally and identified from their beta sC't;i vi ties. 
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11. PRELIMI NARY EXPERIMENT 

A. Introduotion 

The following is a desoription of a preliminary attempt to measure 

absolutely excitation functions for fission induoed in thorium and 

uranium of ordinary isotopio oomposi tion under alpha-particle and deut-

eron bombardment. This experiment was perfonned by S. C. Wright and 

the author. 5 The method used o~ns1sted of plaoing thoriun or uranium 

ooated aluminum foils alternately with alum1nwn "oatchers" in a stack. , 

The staok was then bombarded with alpha-partioles or deuterons. Later 

the beta aotivities of the reooil fission fragments oolleoted in these 

"catoher" foils were counted. If it is assumed that, for 8. partioular 

reaotion, the di atri button of fission products is independent of the 

energy of the bombarding partiole, than the measursmont of these beta 

activities at 8. given time after bombardment gives a relative exol-

tat10n funotion. 

B. EXp!rimental Details 

Absolute calibration of the 01"088 seotions was made possible by 

'-the measurements of Eo Segre. He used the Chioago pi.le to produoe a, 

known number of fissions in one of the foil staoks. The deoay ourve 

. ;i.0:t>ta1nedfrom the beta aotivity of one of these "oatohers- provides a.n 

absolute orose section soala if one assumes that oounters of identidal' 
., . 

coristr\l<?~lon used in Berkeley and Chicago had the swneeffioienoy tor 

t'n.gm.nt activ1 ties when they had the sama counting rates for a uranium , ., . 

glass standard. It must aleo be assumed that· the oomplex of the fission 

products fonned in the slow neutron and oharged-particle reactions have 

the aruns deoay ourves for a given number of fissions. It was fully 
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roe.U.£ed that tn.is last assumption is open to serious objections be-

cause of' the probablli ty of different composi tion of the product oom-

, plexes in the various cnSGG. 

The thoril.lm or uranium coated foils were prep.~red by being alter-

na tel y pe. loted wi th a sol uti on of th e oi trn t e on .001 inch a1 uminum end 

then baked at 5500 C until the oxide 'ViaS formed. 6 Alpha counting deter-

mined the amount of material per foll. Collintation of the oyolotron. 

bea.m1'llS .,attainad by using: Q collimatinz tube about two Md one-half feet 
, 

long whioh was terminatsd by a 1/8 inch slit of tungsten. The tube was 
\ 

attached directly to thecyolotron vacUUlIl system •. The bealn passed. through 

the slit into Q wheel with 20 slots which oontained differont· thicknesses 

of all1m.inum absorbers and in one slot oont!il.ined the foil staok. After 

passing through the wheel~ the beam was ca.ught in 8. Faraday oup, whioh 

alao fonned the vaouum seal for the collimating system. l'he position 

of tha wheel could be ohanged by remote control. ThuG e9.ehoi: the 

a.hsorbers was in tum plaoed in the path of the b~, while the amount 

of' ooam ourrent stopped and the amount transo.i tted wara detormined simul .. 

taneously by current amplifiers. This gave the .fraction of the total 

boom current tn.nsmi tted for various thicknesses of 0. bsorber. Thus the 

mean beam range was datenninod for each bombardment. During tl bombardment 
.. , ," '-

the ourrent collected by the l"nl'aday cup W9.sBIDplified and reoorded on 

an :m::rterlineAngus ~eoording; Milliwmr.etar. The resul tin?,; traoe was plan!-

metered to determine the number of parthles that ha.d pg.9sed through the 

foil staek. 

The beta activity of the "catCher" folls was eO\''llted at standard 

times aftar bombardment" oorrected for the aluminum background, fJ.J.'ld 
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tor oounter ooincidence when neoessary. Then all oounts were reduced 

.1.tO one mioroampere hour of particles inoident upon a fixed number 'of 
~, 

2 uranium. .or thorium atoms. Conversion of' the beam energy from mg/om 

of aluminum to Mev was made uein€; the range ratio of air to alUll\inum 

7 obtained by R. R. Wilson and the range in air obtained by Livingston 

and Betbe. 8 

Activities of the fission products in the various "oatohers" of 

the toil staok remained 1n a constant ratio during the course of time. 

within the limits of experiment9.1 error. This constant ratio indicates 

t~t the beta Qctivity ot t~e fission products in the oomplex. for a 

given T$fiction is independent of the aner~y 'of the particle oaudng' 

the fiss10n. This oiroumstance supports the use of thefra~ent aoti-

vlty as an indioator of the relative number of fissions ooourring 

at .different energies in a given reaotion and also makes it possible 

to obtain a more acourate decay ourve ot the fragment oqrnplex of each 

reaction by averaging the aotivities of several of the assooiated 

"catohers. n 

.c. Results 

Figure 1 shows the deoay ourves of the fission product oomplexes 

formed 1nthe various reaotions. To obtain these curves the activity 

of each of twenty or ~re,"oatohers" assooiated with a partioular re

action waG measured at &. ~1 ven time after bombardment. The average 

ot.these Qctivities gives a point on the oorresponding decay curve • 

All these ourves are normali zed to 100 o/mat 66 hours after the end 

of .0. bombardment. At this time the beta activity ora oatcher fram a 
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foil bombarded wi. th the full beam energy was several thousand oounts 

per minute. 

Figure 2 shows the fission excitation functions measured. The 

absolute orOSB seotions for the alpha-fiesion reactions were obtained 

by matching the recoil fragment decey curves directly to the slow 

neutron fission fragJaent deca.y our~e at 2.75. 3.0, and 6.0 days and 

awraging. As a slaw neutron fission fragment decfly CUM'S was not 

available beyond 5 days, the deuteron decay ourves were matched to the 

thorium alpha ourve of Figure 1 at 12, 28, and 42 days land averaged. 

The experimental probable e~ror due to bete. oounting, non-uniformity' 

of foils, integrated current measurement, etc •• is esttmated to be 

about twenty peroent. 

~ 

This metho.d wns found inapplicable tc proton-induced fission 

because the maximmn proton energy .(9.4 Mev) available 'WaS just above 

the fission threshold and therefore the Biluminum background vm.s pro-

hibit1ve. This background activity was instead less than f1ve peroent 

of the fragment aotivity seven days_atter a short alpha-partiole bam-

bardment and twel ve days after 8. short deuteron bombardment. Bombard

ments were of 40 minutes to 90 minutes d.uration. Jilnd the beam current 

.. e 
was of the order of 10 ampere 0 

Do Discussion 

If no cOUlpeting processes are assumed, Q oaloulatiofl. of the oross 

10 .section may be made,:b1 a method given by Bnhe9 and Betheand. Konopinskle 

. Aocording to this treatment 

cr :: 11 " 2 I .(2.l + 1) Po total j J.. 
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~totBl 1s the total oross section for formation of the compound nuoleus. 

~ls the wave length of the inoident partiole d\vided by 2TI. PR is 

the penetration probabil1 ty o,f the ooulomb barrier of an incoming wave 

having an angular momentum 211 with respeot to the nuoleuS". Us1~ the 

above expression an effeotive nuolear radius for the interaotion of 

urani um and alpha-partioles of Rill. 78 x 10-1S A 1/3 om fi ts th~', . 

observed exei tatton funotion. Again if no oompeting prooesses are 

aSBWlod and Oppenheimer-Phillips type interaotion is negleoted, a.n 

effeotive radius tor uranium bombarded With deuterons 10 1.60 x lO"'13Al/3cm 

in order 't9 get agreement with the U(d. t'iseion) exoitati'om funotion. 

As w11lbe seen later, the assumption of no oompetition With the fission 

process in the case of uranium. is not oonfinned b~ the results of the 

next experiment. 

; 



.. 
Ii 

; 

Ill. CONCLUDING EXPERIMENt ) 

A. Introduction 

'~ In recognl tion of the possibly unwarranted assunptions made 1n 

t 

the above experUnent oonoerning the beta,act1vlty of thetragments 

from the oharged partiole fission, it was decided to repeat the ex- "-

periment by a. more direct method. This method consisted in counting 

the pulses ,of ionisation produoed. by the fission fragments in an ion- ' 

i&ation chamber. The detection of a fission pulse in the presenoe of 

the ionization, prodUoed by the beam itself is made possl ble by using 

a canoellation prinoiple suggested by C. Wiegand •• 

B. Apparatus 

1. Beam Collimation and Energy Reducing Equipment 

Figure 3 shows a 80hematiodrawing of the experimental arrangement. 

The been oollimation was done as in tho preliminary experiment except 

that the s11 t width at the end of the tube was widened to 1/4 inch. 

The beam emerging from the defining all t was found to be quite hOJno-
-

genousln energy by Kelly and Segre,ll beoause the fringing field of 

the oyolotron magnet causes the oollimating tube to aot as Q velooity 
., 

seleotor. The' energy of this homogenous beam could be varied by means 

of aluminum foils plaoed in the two wheals shawn in the figure. The 

arrangement was similar to that described by Kelly12 exoept that a 

w1ndowof .001 inoh dural waR subet1 tuted for the Faraday oup. One of 

,tihe lIbeets could be rotated wMle the oyclotron -.s in operation. This 

.It was latti discovered that this method had been used by 'Baldwin 
and Kla.iber to measure fission puJ selil in an x-ray backgroundo 
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wheel bad al uminum. tolls ranging in thiokness trom 1.6 mg/mn2 to 

50 mYom2 and cneslot bad 559 mg/cm2 of al uminum. 'dh1oh was greater 

than the range of either the deuteron or alpha-particle beams. The 

second wheel VIaS provided with aluminum fo11s whose thiokness inoreased 

about 30 mgfom2 frQIil slot to ,Glot. In this way 1. t was possible to 

V'fJ:ry the energy of the bemn partioles over the entire energy r&:l ge of 

the excitation funotion in steps oorr0spond1ng to the energy loss in 

1.5mg/cm2 of aluminum. 

,2. Fission Ionir.at1on Chamber and, Beam Ourrent Colleoting Equipment 

Arter leavin~ the wheels the beam p&GSeld through fA .OGl inoh dural . 
window, then through about 1 am of air, OOld then entered the fission 

chamber through another .001 dural Window. The beam encountered. the 
, 

fissionable mat$rial atter passing through 3.4 cmo£ argon and another 

.001 inoh of aluminum upon which the fissionable material was deposited. 

Six different samples could be seleoted while the cyclotron waG in 

operation. ThisWD.s aocomplished by means of til. cl1root current oomputer" 

motor and a control oircuitwhieh Qutomatically stcppl&d the motor when 

8 previously seleoted sample had reached the prcper position in the 

ionization chamber. A direot current motor was necessary sinee tho 

apparatU$operatGd in a magnetio field of 2000 gauss whioh me caused 

bythe,cyolotron magnet. The usual magnetic clutch brake used in the 

oomputermotcr watVbloperative and had to be rGmoved because altha 

strong external magnetio field. However it was found that the samples 

wou~d still position aoourately since the eddy currents set up in the 

moving armature quiokly dissipated its angular momentum. 
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Eaoh sample was provided with a mask Vo!hloh covered all but 0. 

eiroulararea of 3/8 inoh diameter. The mask was made of .002 inoh 

brass and was thorefore of a thickness which was greater than the 

rango oi thar ot tho fission fre.gm.ente or of the alpha-particlos emitted 

by the r,adioaotive samples. SGfore striking the sample the beam was 

further collimated by passing through a hole 5/16 inch in diameter in 

aluminum,of .0625 inoh thickness •. The hole vm.saocurately positioned 

with respect to the s!l!11.p1e mask. It was thus G,ssured that 0.11 the 

beam pm.rt1cles passing through the ionization chwnber had actUAlly 

traversed the t1s$ionable substanee. 

The distanoe from the sB.ilple Viheel to pla.te D was 'one-half inch. 

This Was aqual to the range of the fission fragments at tho pressures 
J 

used (about 150 em Kg). Plate B was oonneoted to the grid of the first 

Q .. 
" 

tube of the preamplH'iQr. It v.'S.s constructed of aluminum leaf (817mg/em2 ) 

whioh \Yus held in position by a prase ring. Plate C was constructed 

similnrly and ser-ved ,as n cana-ellation electrode. It VJllS placed such. 

tllat~plate B. was equidistant from A aud C. The potentials were as in. 

d1cated on the c1io.gram. Since the pulse from the ionizatio~ in the 

ohamber 'vas determined by the colleotion ot the electrons" the oanoel-

lation aetion:oa.n be understood as followeu e.n eleotron falling in the 

potential gradient from A tc. 13 produces a small' change. in volt&ge 'of 

plate B. An elootron falling from 13 to C produoes a ohange in voltage 

of equal magut tude, but of oppos1 te 01~ on plata B. If 'I:.he distance 

AB is made equal to BO" then the ionitat:ton pulse producod by the 

charged partiole beam. fl·om. 131 de A B Will be cancelled by an equal and 

'. 



opposite pulse from side Be. This is explained in greater detail 

in the appendix. The fission fragment, t howevor. spendo i,to kinetic 

energy producing \onization in side AB only and hence. produces Ii 

relati vely :Lal:r,g~~ unbalance.d'.voltageon;the pr~~plifi!3X; grid. 

Plates D, E, and l~ constituted an ionization chamber used to 

moasure the beam current. Tbe oentcr oolleoting electrode, E. was 

surrounded by plates at high potential (aoov) so that the ohargee would 

not be colleoted that were not fonned in the region between the ioni

zation chamber plates. Plates DII Jr. .. and F' were oonstructed of alWninum 

leaf supported on copper wi. ro rings. A'luadag was usod to bind the leaf 

'to ths wire. Insulation was provided by oeramic standoff insulators 

on all parts (including plates A, B .. and C) • . 
After traversing the ion ohamber, the beam passed through a .001' 

lnchdilral window. It then passed through 2 em of air and entered e. 

tained 1~ means of a oonneotion to the oyolotron vaouum by means of 

two teet of rubber ho'se of 3/B inoh inside diameter. Insulation for 

the Faraday oup was provided by Q pieoe of polystyrene. Sinoe the 

apparatus was operated in a. magnetio field of 2000 gauss. the geometry 

of the oup waa such that seoondary eleotrons ejeoted by the beam would 

have to exceed 220 &"0'. in order that they would not be capturod by the 

oup" 

3. Eloctronios 

A block diagrwll of the experimental larrnngGlMmt is also shown in 

Figure 3. The pulses from tho fission ioni21.stiol1 cha."'nber wero preamp-

• 
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lifted before th$ signal was sent through the thirty feet of cable 

that was neoessary to re~oh the amplifier outs~de the cyolotron 

shielding. The preempli tier we.sequippedWi th magnetic shields around 

each tuba so that the efteot of, the magnetio £,i e1d on the tube gain, 

woul.d be minimized. The prea'<lpl1fier was so orl.ent0d that the path 

of the eleotrone i'n the tubes was ps.rallol to the magnetic lines ot 

force. A test showed that the electron oollection in the fission ion-

izat10n chamber ~s unaffeoted by.the magnetic field. 

treated more fully ,in the appendix. 

This matter is 
" 

The output of the amplifier was oonneoted to a soale of 64 and 

mechanioal re~ister. Parallel outputs fed a pulae into Q blocking 

oscillator which trigger0d the sweap of a Du Mont No. 248 osailloscope 

while another pulse was simultaneously delivered to '" delay Una of 

two microseoonds whioh terminated on the defleotion plates of the 

oscillosoope. Hy menns of this o.rrangem.ent the form of th$ ionization 

pulse could be observed 1f iii. five microseoond sweep speed was used. 

The delay in ths arrival of the pulse on the deflection plates provided 

By this method one can also observe the 

.form of' the baBe line before the ionization pulse arrives at th. de-

fleotion platee. The shape ot e. typical fission pulse can be. obtained 

.. by ,observing 'the pulse fom when fission is induoed by dow neutrons. 

It is shown in tho tol,lowingdie.gnm. A:mpUf1er RC was adjusted 80 

that the pulse deoayed to lie in 5 microseconds. 
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,The pulses reoorded as fissions in this expertment were observed to 

have the same tonn and magnitude as the slow neutron fi·ssion pulses. 

(Slow neutrons were generated with paraffin and a Ra-Be 'source.) 

4. Beam Current Integrator 

The beam current was integrated bymeasurlng the voltage Qttal~ed 

by a known oapacitor. The oapaoitor oould be oharged direotly by the 

beam current oa~t in the Faraday oup or 1 t could be. oharged wi th the 

beam ourr~nt magnified by the order of ten thotuJand times by measuring 

the oharge collected by the ionization chember. Polystyrene ooaxial 

cables conducted the currents to the voltage measuring equipment. 

The voltage measurement was done eleotronioally using a modification 

01'0. cirouit of Vanoel4 designed bye. Wle~nd. The oirouitis char-

aoteri&ed by a high input resistanoe and therefore ~ke8 it possible 

to measure the voltage of the condenser Wi thout ohanging the value 

of the voltage. '1'his was tested for the lowest oapaoity used in this 

experiment. that of the coa~lal cables th~861veG (.001 miorofarad). 

byohar.glng the condenser to .1 volt and observing that the reading 

was unchanged after five minutes. The usual time tor oharging the 

(fundenae" d"url~ the Cixperiment was about two minutes. This instrUment_ 

was calibrated. using a Leed~ a.nd Northrup potentiometer. It_8 
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found that noappraoiable change in calibration ooourred during the 

oourse of the experiment. 

For the integration of the ourrent from the ionization ohamber 

f1 oapacity of a.bout 10 microfarads was needed. Several of the usual 

oil-filled condensers were tried but none proved satisfactory. That 

is, the test desoribed above showed that the oondensers had enough 

dieleotrio absorption so that about one-half of the oharge originally 

stored in them would reappear durinr; successive disoharges. The con

densers made ~ the John Fast Co. of Chicago did not show appreoiable 

dielectrio absorption or leakage by the above test. Their dieleotrio 

is made ot polystyrene. 

Sinoe hfastfl condensers ot greater the.n .1 miorofarad were not 

available, the range of the instrument was extended byusine Q potential 

dividing arrangement of oapacitors lUI shown in the oontrol box cirouit. 

Figure' 4. This bad the consequence that the oollecting electrode of 

the ionization chamber could reach as high as 100 volts on the least 

sensitive ca.pacity seleotor poo1tlon, while the integrator reoeived 

only 1 volt. It might be suspeoted that such a. high potential might 

have a.neftect on the current colleoted. This was proven not to be 

the oa8e by colleoting the current with a voltage of 100 volts and 1 
;l,; . 

volt with no deteotable ohange in the amount of' eiurrent obtained per 
"\ ~, ,. 

lm1 t \~mn. current. (The boom current was moni tC?red with the Faraday 

oup.) By this potential divid1ng arrangement equivalent capaoities of' 

21.7. 2.00, and .206 miorofarads oould be seleoted. All' oapaoity 

. elements Were measured with a General Radio oapac! ty bridge Whioh wae 

• 
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in turn oa11 bra ted wi th a stand&. I'd capao1 tor it 

6. Control Box 

The oontrol box oontained a master gang switch whioh simult8.n-

eously aotuated fl sweepseoond . timer, the scaUng o1rcui ti, and the 

current integrator. It had two '"on" poal tiOElS, the one labeled I. C. 
\ 

in the diagram allOY/ed voltage on. the ioniae.tlon ohamber to be measured 

by the integrator, while the one labeled F. C. eomeeted.the Far&~y 
" , 

.oup to the integrator. When the master n1.tob was in the "'or1'" position, . 

an additional cirouit returned the potential dividing oapaoitors to 

tero potential. The oontrol box also oontainedthe target seleotor 

cirouit. 

6. Targets 

The samples of fissionable matorial were prepared as deser1 bed' 

in the stacked foil exper~ent. They were masked to S/O inch dlamoter 

cirole in order tom1nimhe the f1aaion oo.ck;&ro lmd due to tl.elltrOnl.l 

genera.ted by the cyclotron. The am.ount of fission&. ble material _. 

determined by alpha cOlDlt1ng. The alpha oounting wo.s done vdth the 

ionization chamber and the electronic equipment used for the experiment. 

In addition the samples were removed and oounted in the laboratory 

alpha oounter. The thicknoslSes a.greed within experimental error (3 

perc,ent)._ :In the 'ca~~ofu238, ~he specific Qctivlty was assumed to be 

k:nown and equal to 150 OOUXl.t,s per. minute per milligram ot uranium. 

Sinoe the radioaotive oomposition of the ThIS! and 0236 was unknown. 

the specific activity was determined experimontally. Two determ1n-

ations of the speoific BCt! vi ty were made for each substanoe. The)r 

agreed within two_ percent. 
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The homogene1 ty or the Th 232 and ~sa sample s was tested by alpha 

oounting portions of the large foil from which the bom1:e.rded sample 

was out. These portions were of the same area 8 s the sample and the 

alpha fAot1 vi ties differed by fl maximum. of three percent from the mean. 

In the oaS9 of u!35 the inhomogeneity would be expscted to bo gr$ater 

sinoe it was made in 21 coats and be.kin!?;s wher$9.s the other samples 

were made in 150. As a consequence it was also about 1/4 a9 thiok as 

the other samples. It the painting is indeed random" then one would 

ex~ot the inhomogene1 ty as lneasured e.hovewould be inversely pro

portional to the square root of the number of paintings. Thus one 

. ,would expeot an inhomogeneity of about 7 .. 6 percent for t~he U235 eample. 

'!'ho following evidence of' inhomogeneity was obtained for this smnple • 

. e. oircular ares of 1.0 inch dimnetel" was alpha oounted and found to be 

7.5 percent lower in thickness than thAt obtained trom a s/e inch dia

meter circle in the centor of the 1 0 0 inch d.iameter sample. The 3/8 

inoh diameter sample was the one used in theo:x:01tat1on funcrtion ex

periment. The thicknesses of the tare;ets were aG follows: u2S8• 

:'"-.1. 2 232 __ I 2235 __ I 2 ·...235 
.850 1IIGI om J Th. . • .683 IllIW em J and U- • 0192 ll'fi{ am. The u- . 

sample oontained greater than 96 percent u236 • 

c. Method 

1. Ex::: 1 tatton Functions 

In the excitation f'unot1on moasurements. operation was as follows. 

• 

a value of the b~~ ener~y was selected by rotating the wheal containing 

the fine steps of' aluminum thickness to the appropriate position. A 

. target was seleoted with the sample changer.. Then the master svd tob 
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was turned to the ionization 'Chamber position. This started the 

oharging of the capaoityot the ionization chamber oircuit, starte~ 

the 'soa.lar operating, oOllllected tho ionization chwnb&r oircuit to 

the current integrator .. Slla started the timing clock. When the' 

integr~tor shoY/ad that the enpae1 tybad raQ.ohed the apprQpriate pot

ential, the master switoh was returned tonorf" position arid the number 

of fissions and the t1m<J 'WtlS recorded. At full beam energy this prooess 

would take about two minutes and several thousand fissions would be 01>-

t.Qined. The target ms then ohtulged and t.he process repeated. After 

all three targets had been bombarded, the energy ~s again ohanged by 

Q S'nall amount. In thts mQlaJler three excitation runctions wero obtained 

simul taneously. 

At the beginning of eeohbombardment the nlUl1her of fissions per 

uni t beam versus the discriminator setting of the scalar wasmeaaured. , 

After 8. oertain value of the bias is roaohed. practically all the 

fissions arc counted and there foro OD@ (jbtf.lins a fission plateau. Fig-

ure 5 shows e. typical fission count versus disoriminator bias ourve. 

At very low values of the bias setting El. point is reached where the 

pulses duo to the beam ionization are counted and the plateau ends. The 

The beam ionization Wi 11 Q.lwaYIi~lnf,tke some pulses duo to the fact that 

the distanoe AB is not exactly equal ~·ic ~ >Al$o nuol~r reaotions 
. . 

other than flseion vitnild .. ~taU8e e. oondi tion of unbalance if eharged part;. 

1elas wero emitted th.at did not pass through both ofregionsAB and Be. 

In order to minimize the number of spurioU8counts from the beam ion-

lzation. the operating point was chosen near the end of tha plateau on 

) 
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the high bias 81l1e. Fa.llaclouG oounts could also arlse from sparking 

of the defleotor or ot the high voltage on the dees of the cyolo~ron. 

These were of grenter height than the fission pulses and therefore 

could no1:i be removed by discriminationo It WB.S therefore neoessary 

to have t-he oyclotron in e. very steady oondition if relh.blo results 

lIere to be obtained. This W!llS found to be the case if the cyolotron 
~ .. 

had been running pre'l11ously for sawral days so th!1lt it "'$ well baked 

One of the orullplee ,oonsie~d of an aluminum 'blank of the same thick:

ness (.001 inoh) as tr.at upon which the fissionable materials were 

deposited. JJy select1ng this sample while the oyclotron oontinued to 
operate at the sflllie level. it Was posdble to d:isoov@1" how many spurious 

counts were being recorded as fissions tor a given disoriminator Botting. 

If oporating oonditions of the cyolotron were satisfactory, it was 

always poss1 ble to reduoe the numl>er of spurious oountafrom the alum-

inum blank to zero. 

A seoond oondltion on the method. ot operating the cyclotron was the 

de~nd that it produoe as faw neutrons as possible. To minimize tha 

effeot of the neutrons the sample area was, made as near the boom area 

IlR practicable. Sinoe slow neutrons are vary effective for producing 
• 

fission in'u236~"the $1'1tire fission ionization ohamber was oovered 

,with 1/32 inoh of oa dm1U!l\ 0 ?hI) 'ca<im1um reGO!1A.noe and subeequent l/v 

oapture crOSS seotion affaot1vely romoves all neutrons below .3 ev 

si tive to oYCllotron oondi 1::10019. An upper lim! t for the neutron fission 
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baokground could be obt8.im~d for any fiosioll8.1Jla semple sel~()ted by 

rotating the energy wheal to the slot which had sufficient e.luminum 

thiokness to stop the cyclotron beam. This gi vas an upper I1mi t be-

cauoe S0lll6 nautrons are formed in the all.1minum in the slot as the be em 

is stopped thora, whereas under conditions in W'h~h the basm passes 

through the slot tho number fonaed thoro would bo less. Soma neutronS 

are always genarrlted in ·t;.~a slot since it in general oontains aluminum 

to lower the inoident beam anergy. The ~okground was obtained by 

counting thenwnbar of neutron £1 asions for the same time e.s the oha.rgctci 

particle bOlllbardmant. , The auxiliary ionization ohe.mber, disoussed 

below, monitored the'oyolotron radiation level during themoasuremsnt. 

It VIaS fOWld that the lowest neutron ba okg round was reached when 

the a.rc ourrent and voltage of' the oyol(,tron \Vere as law as possible .• 

TMs is ronsonable since then the amount of bealll that is oiroulat1ng 

bet','ij":llen (and some JJt it striking) the deea is as small as }Jossi bl e. 
> 

It was further found that the background was in genel"al lowest when 

the mo.gnotic field of the oyclotron was on the high side of resonanoe. 

In practioe the auxiliary ionizaticn chomber shoYllll in FiGure 3 was 

found useful for estimating the neutron background. It was merely a 

large (lOf.l 1n3 ) air ... rilledooaxr.ber with 600V positive potential and a 

oollecting electrode. It Was placed near the target chamber cf the 

cyclotron. The oollected current v~s delivered to a direot current 

amplifier whioh read 10-9 am.par06 full scale o It ms disoo'w-erGd that 

there ~-e.6 a definite p03itivecorreiation betwoen tho neutron baokGround , 

and th@ reading of the deC. Qroplif1er. This is plauGibla since it 
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means that the general density of radiation in the target area in-

creased when the neutron density inoreased. In this manner a oon-

tinuou8 check on the quaHty of the beam was obtained. When optimum 

conditions were reached the ourrent from this ionization ohamber was 

-11 of the order cf 10 ampere. A steady beam satisfying the conditions 

desoribed above was in gauera1 more difficult to obtain in the case 

of alpha-partiole bombardments. This may possibly be due to the in

creased difficulty of torming He·'" instead ot D+. This diffioulty 
; 

wi th the alpha-partioles wa:e reflected in a neutron background whioh 

was oomparable or greater than that fonned by deuteron's, e.l though one 

might expeot the opposite to be the case because of the small binding 

energy of the deuteron. The neutron backgro\md was especially important 

in the caGe of if35.' In thi s case, a1 though it was onl y one peroent 

a.t the full beam energy, it became the limiting factor at threshold 

energies. 

'the unsteadiness of the alpha-particle beam was particularly 

troublesome at the anergies near the f1 salon threshold. In this region 

the fission counting rate is at a minimum Qnd the energy lOBS by the 

beam in the fission chamber at a maximum. In order to' get sufficient 

fissions in a reasonable time, it 1; then neoessary to ha~ the beam: 

intensity as high as possible. Aotually it was necessary to lower 

the beam intensity from. the high energy value to avoid spurious counts. 

Now 1f the beam is unsteady. the beam level must be so low that the 

intensity on the peak of the fluctuation still does not give spurious 

counts. If the beam. is very unsteady this may well demand intonei tiel 
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thnt give quite poor fission statistios. Furthennore a very ocoasional 

lar~er burst- of ions from. the oyolotron o.ro source would easily in

'Validate the result under these oonditions. 

2. Measurement of the Average Energy Required to Form an Ion Pair 

In each exoitation function bombardment. data was also taken to· 

find the number of ions pa1 rs produoed 'by one of the barun partioles in . 

passing through the ionizfition oh.amber~ This -.s done by turning the 

master switoh to the Faraday oup (V.C.) position eo that tJle integrator 

measured the voltage on the Faraday oup. In the lllSllult1m.e the ioni

zation ohamber was oMrl,in.g ita oirouit. After the l"EI.radayoup had 

reaohed an ~pproprlQte potential, the energy wheel was turned GO as 

to stop the bewn. After grounding the Famday oup and integrator, 

the master swi tah WIlE! turned to the ionisati<m ohamberposi tion and 

the potential of its oondenser 'WaS determined. Photographs of the 

beam viers' taken at the entrance to the Faraday oup tooheok the align

ment of the apparatus. Tho multiplication (number of ions produoed 
J 

by one beam partiole) produoed in the ionltation o~ber 1s then. 

where 'V is the numberot charges on the bea.m partiole (v • 2 for 

III phIl-partioles and vo 1 for deuterons) C and V refer to the oap-

aoitles a.nd voltages of the Faraday oup and ionization ch&.mber oir-
. -' ,: " 

clUits. 1£ themergy lO~l't by one of the beam partioles in the ion'" 

1&ation ohamber 18 known!) the avera.ga nU;llbet' of eleotronvolt8, w, 

neoessary to fonn en ion pair in argon can be detenn1ned tor the 

energy region involved. 
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Cl E is the energy loss in the ioni.zation chamber 1n electron volts 

Bnd Nt 18 the quantity referred to above. In thi s experiment l::!. E was 

oalculated from the usual expression for the rat& of enargylo8B by 

ionization. 

411" NzZe4 2mv2 
dE/dx = In --

mv2 I 

Tbis caloulation VIlla made byA~n .a.nd Hortm.a.n1S and they used the 

value 11.6 Z for 1. This value _$ detenained by Wllaon7 for protons 

of 4 Mev. If'dE/dx ismultlpliedby the length of the ioni&atlon 

chamber (1.90 om). Ll Ii! 1& obtainecl. The vel ue ·01' dE/dx depends on 

the number of argon atoms per cm3, B. This c~ be det~rmined from the 

gas laws it the pressure and temperature of the gaG is known. The 

temperattU"s was measured roreach bamba.rdnant and. the pressure was 

measured on a meohanical prElGsure gauge whioh in turn was calibrated 

against a meroury oolumn. 

3. Beam Energy Determlnation 

In eaoh bombardment the energy of the beam particles was deter

mined. this was done by mBflsuring the cUTJ'$nt oolleoted by the ion
J 

hatton chamber as a. funotion of the amount of aluminum plaoad in the 

beam by rotating the energy wheel. , A slot in the second energy viheol 

was selected that~~uld cause the beam to end in the ionimaticn chambOr 
"'; 

'f " • 

in the ¢ddl: •. '~r the range ot the rotatable energy wheel. Only the 
, '" : .... " . ~ .: '.: .'. . ". '. ~ 

cable oapaoity}lmB used in the ionizEltion ohamber oirouit (of necessity) 

. and the integrator \VaS used with 106 ohms to ground across its input. 

'l'hue in this caee the integrator beoeme.f.\current measuring devioe of 
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10...s runperes full scale. The auxili.ary ionilation chamber used tor 

the neutron baokground WIlS useful here in moni. to ring the cyclotron 

beam in e. rough .1_ Actually if the cyclotrod _e running steadily., 

thebeGm was sufficiently oonstant to obtain a 1"eproducable Dragg 

curvs without using e. monitor. A Bragg ourve obtained inth1s way 

1e shown in Figure 6. The slope at the end oi the curve 1s not as 

,ateepae uSUQl due to the 1'inite depth of tho ionintlon chMlbar. 

When the JneQD. rfilll,ge wae detennine(1.o the beam. energy was obtained frOm' 

the range-energy relation.lo Too loss of energy of the beQnl. 1n passing 

through the argon gas was converted to equivalent my(1G12 of a.luminum 

by using the previous expression tor d1£./dX. A similar prooedure de-, 

tennin0d the energy of the beam on the iiss1onablematerial. 

D. Results 

1. Excitation l1unct1ons 

Figures 7. e. and 9 show the exel tattoo functions tor the three 

Gubstanoes inwstlgatad. A third bombardment was made with both alpha'" 

particle and deuteron projeotiles in order to investigate the fission 

thresholds. In the ce,se of deuterons the nur.10er of fissions obServed 

238 . 
for til point a.t tull bea.m anergy ~6 about 13.000 for U • 7500 tor 

'l'h232 'and 4300 for u230• In the case of alpha-particle baIloo.rdmCnt 

, -1l38 '232 
the oo~~sponding number ot fissions was 7300 for tr , 5400 tor Th • 

aIld 18~ln the oa06 of rf36., The value oJ.' the bea.m energy differed 

as much as 2.5 Pet~ent trom run, to run. Sinoa, the 1'i edon oross section 
•• ~'> .. 

rises rapidly wl:th enera. this ,differenoe is important if agreement 
'_'. c.,_,; .. -f, 

is to be obtained betwGan different bombardments. Besides ohanging the 

) 
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abscissa of tho' excitation ~,:bi~n plot, an error in the oner(W also 

ohanges the ordinate such that if the energy is hi.ghar than thGoorreot 

val ue, the ordinQte is lower and viaG versa.. This effect arises from 

the faot that thE! nUil1.ber ot beam pa..rticles depends inversely on the 

energy lots in the ioniution oha..'llber. 

In tho caseoi' deuteron bombardments the neutron fission baOk

gro~ waatound to be about 2 counts for U238• ,0 for 'rh
232

6 and about 

20 for 0236• Those background figures Qre given relative to the number 

of beam partioles oO!T0spondingto theoh4rged part1cle fissions quO'ted 

a.bove. For the alphQ-partiole 1?omba.rdments the neutron flaG10n back-

, . ~23S 232 - .. 
goundwas about.l count for· U- • 0 for th • and about 151n the 

236 callie of U • For the latter subs w.nc a it was necessary to find the 

neutron background for eaoh point -since the numbers given could vary 

u much as a factor five at different times during a bo.mbardment. 

Thesensi t1.vity of the neutron ba.ckground to bean oonditions is 111ue-

tratad by the tact that during one of the e.lpha-p8l.rt1cle bombardments 

til. o.hanr-::;e of filament in the ion souroe raised the neutron ba,oY~rounci 

by a factor tour above the figures given. 

Frequent oheeks were made during the oourse of B bombardm~rit on 

tho nwnb~~c"Qrspur1oUG counts given by the aluminum. blank ta.reet. This 
, . ,- ';..'". 

was, ~$.peolallyneosssary it the beam energy was ohanged appreciably 
. , 

or 1.f the fission threshold \'l~UJ being investigated. Beam oonditions 

ware alwa.ys adjusted so that this oounting mte was zero. 

Figure 10 and Figure 11 shaw the fission excitation function 

near the threshold in greater detail. A logarithmic ordinate was used 
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since in this energy region the oross section 18 l~ited by p¢ne

tration of the Coulomb potential barrier. The results shown l.nclude 

the ends of bombardments 1 and 2 as vJell as the speeial threshold 

bomhar<im6nt,je 3. The lowest points on these curves represent the 

observation of less than 10 fissions and are therefore unreliable. 

In the caSGl of 0235 the axel tatioll funotlon was dot oorried below the 

ooerb)' at Which the neutron background beoame one-halt ot the total 

, fission count. 

2. Value of w 

The value of w, the average number of eleotron volts necessary 

to form an ion pair, was determined in several preliminary bambirdments 

as well as bombardments that proved unsatisfaotory tor the determin-

atien' of the fission excitation tunctiona. The results are tabulated 

in Table I. Eaoh value given represents the average or several ob ... 

eervatiens for the given bombardment. The resUlts fO.r lower energy . ' 

seem to show that the value of w is constant over the energy range of 

the experiment wi thin the expariment4l1 error. 

fable I 

hrtiale Energy (Mev) 'v ( ev ) 
d 16.9 27.1 
d 17.0 28.4 
d 17.0 29.'1 
d '., 16.0 33.2 
d 9.6 :n.9 
0< 30.1 31.6 
<X 28.8 28.7 
~ 30.4 30.5 
ex 29.6 31.0 
C)(. 22.4 31.4 
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The average value of w for deuterons of about 17 Mev is then 29.6 

ev. and for alpha~partieles of about 30 Mev it io 30.6 ev. These 

values were used to find the multiplication factor, M, introduoed by , 

the ionization chan 001" when the computation of the fission cross sections 

was made. The results re;lorted here for w in argon are higher than those 

given by other investigators. Nioodemus
16 

gives 26.9 for 17.4 Mev eleo

trons. and Sohmieder17 reports 24.9 for the alpha-partioles of polonium. 

Fano
18 

haa given an approximate calculation of w whioh mak,as it plausible 

that VI should be fairly insensi ti VEl to th e energy or type of pro:jectlla. 

3. Value of Hi{ 0(, 2n)At211 Cross Seotion 

In order to have an independent check on the absolut val~ of 

the oross section, it was dacide'd to measure the Bi( «,2n)At211 
orOSB 

seotion With the aqui pment used in this experiment. The exei ta ti on 

funotion for this reaction has been extensively st~died by Kelly and 

Segre.l1 A bismuth fo11 of lmotlm thickness was kindly supplied by Kelly 

and it was plaoed as one of the targat on the semple wheel. The At2l1 

formed by the alpha bombardment is an alpha emitter of 7.5 hour half 

life. An alpha oount of the bismuth sample after a bombardment with a 

known number ot alpha·partioles then furnished the or06S section for 
, 210 

formation of the At211 .At the beam. energy used (32.4 Mev) At is 

also £o~~ed with about one-half the cr088 section as that of At211. Since 

it decays by K oa.pture to po
210

, whioh has a 140 day alpha activity. 

it oontributes a negligi ble activity .i£ the sOOlple 1s counted 1inmEild-

iately after bombardment. The alpha count was made using the fission 

excitation funotion equipment. it was only necessary to l.tloNJase 

'> Quoted from Rossi and Staub, LA-lOO4R. Vol o I, Part II, p. 308. 
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the gain of the amplifier so that the soalar would be a.ctuated. To 

provide a check on the re11ability ot the appatatus as an alpha counter 

another of' the target positions of the sample wheal was provided with 

238 ' 
8. thin sample of U whioh had been oar0!'ully counted in the labor-

atory alpha counter. By seleoting this target with the sample changer 

the condition of the apparatus could be checked at any tim0. In order 

to obtai,n a reasonable a.lpha activity (300 c/m) it was neoessary to 

oharge the equivalent 21.7 miorofarad condenser in the ionization chamber 

circuit 15 times. A slight error was introduced here since a finite 

time is required to turn the master lllwitoh to ground position and then 

return it to the ionization ohamber position. However; the time to 

oharge the system. to full scale on the integrator was of the order of 

40 ssoonds, so this error was less than one or two peroent. The alpha 

aotivity was detemined to about three peroent. The value for the 

cross seotion obtained was .13 blil.rnG whieh 1 a in agreement with the 

result given by Kelly a.nd Segre11 ot .75 barns. 

E. Llisouss1on 

1. Comparison with Preliminary Experiment 

COmparisou of the present results with those fOll."1d in the pre

liminary experiment indicates that the assumption made ooncern1n~ the 

betlil.-aot1v1ty of the oomplex of fission fra.gments iSinoorrect by e. 

faotor of about 1.6 to 1.7. The assumption VJO.S that the betG.-a.oti vi tj" 

of the complex of fission frag;ments is the same, for a given number of 

fissions, tor charged partiole induced fission and for fission produced 

by slow neutrons. Ineaoh case the charged part~cle fission flGEilmS to 
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~ive mor~ beta act1vit1 in the fragments for the t1mse after bombard

ment 1nwst1gated. Newton19 Me investie;ated the fission yield versus 

maes speotrum for fission induced in thorillm by alpha-particles. He 

finds that the usual dip in the distribution found with low anergy pro

jeotiles (neutrons) ~s rison from 1/600 to 1/2 Qf the peaks of the 

distribution. The corraspondin~ new beta activities appearing 1n the 
\' . . 

fission frs.~ents might '11.,011 aooount tor the apparent inorease in beta. 

activity per ftasion. Newton finda thG value .6 wrn for the fiasion 

oross section at 31.5 Mev. This is considerably lOWer than the results 

of the present experl:nent. Part 01'. the disorepancy may be found 1n 

that he al\lGU!llas the inoident alpha-par-,.iole (mer~ to be 39 M.ev whereas 

measurements made with the oollimated bemn by Jungerman and Wril];ht5• 

by Kelly and segri11• and in thopreaent exper1Jnent lndiaate that the 

maximum alpha-particle energy ava.ila.ble was more nearly 37.5 Mev. 

'rhi.a Vlould a1 so aooount for the discrepanoy 1n the fission threshold 

Tspor.ted by Nowton. He finds 23 to· 24 Mev for the threshold whereas 

the rasul ts of tho preliminary experiment and the present one indioate 

a VIil.lue of around 21 Mev_ 

2. Comparison of Fission Crose Sections and Caloulated Total 

Cross Seotione 

. It Opps$Gimer-Ph111,1pe -type interaction is negleoted, it is 
. ,l, 'I:.l'~( : I _ ,~ " 

possible .to oomputEt the totaieross section for formation of the oom-
, ; . "" , ~ . . 

pound nuoleus of any pair of target a.nd bombarding nuolei using the 

method of Bethe9 and Bathe and Konopi.nsld·.10 This oaloulation is 

based on the transmission ot the inoident partiole through the potential 
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barrier of the target nuoleus. The potential consists not only of 

the coulomb foroes but in addition inoludes the oentrifugal potential 

of the Q. th partial wave. Thus we find 

c:rtot : 11}-2 [ (2~+ 1) P,e 
.e 

as given in the disoussion of the preliminary experiment. This oan 

0.1 so be written 

Where Po is the penetration probability for the a wave (R= 0) Qnd 

~ ~ &: f O~ .f+ 1) P~/Po 

Bethe and Konopinski gi va limiting expressions for j. ~ in the cases 

that x :> 1 and x( 1 where x = B/Bt. Here E is the energy of the bom-

barding partiole in the laboratory system. and at is the Coulomb barrier 

adjusted eo that B oan be used in place of the relative kiri.0tic energy. 

For x < 1 

.i! : y'(2 - x) 

where g = .262 (zZaAr /[a + A] )1.; A 1/6 

z ande. refer to the charge Elnd mass of the '.nc1dent particle and Z 

a.nd A refer to the same quanti ties tor the target nuoleus. ro = 
RA,-l/s 10.13 where R if:! the nuclear radius. For the 08se oonsidered" 

deuterons on uranium" g: 6.9 rol • 

'Bt :&Ze2(a+,A)j1u. 

: 19.0/ro in this case. 

If E)-B' /J :It? 1 t; : g2(x - 1) + .744 e;4/3(2x _ 1)2/3 

P is determined fram the following expression. 
o 

P .. -2g b'(x) 
o - e 
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The function Y(x) is given in graphioal f,orm by Bethe. 20 It is aleo 

seen that Po depends on ro through the. faotor g. 

For a given ohoioe of TO these expressions then allow caloulation 

~f the total cross seotion. The value at x = 1 can be obtained. by 

interpolation betwa0tl the two expressions tor x<1 and x'>l. Two 

ohoices of r were taken, TO : 1.o·Qnd ro = 1.3. The resulting ourves 
- 0 

are plotted on the 0238 deuteron eltoi tfAt10n funotion for the fission 

threshold. It is seen immediately that the choice r 0 • 1.3 is exoluded 

since it predicts' a total oross section whioh is lower than the Olle 

obser~d for fission alone. The choice TO : 1.5 gives a total cross 

seotion whioh is greater than the fission oross section and therefore 

some competition ~th the fission process is allowed. On the dubious 

assumption of no competition one obtains 1"0 : 1.45. One might expeot 

competi tion to be 1 GSS below the Coulomb barrier beoause particle' ro-

Qotions involving the emission of oharged partioles will tend to be 

suppressed. Haweve:r, reactions whioh emit neutrons are atill possible. 

Weisskopr21 has oalculated the total cross seotion !oralpha-pare 

tioles on a thorium target by a procedure whioh he says is equivalent 

to the one disoussed hare. The ourves he obtained are plotted on the 

corresponding threshold exed tation function. The threshold curves 

give result's which are vary sitnila:r to the U238 (d, fission) conolusions. 

Again it is neoessary to exolude the choice 1"0 ":. 1-.3. Interpolation for 

a valu6()f !"o which would make the fission cross section equal to the 

totalcrosssectioD.,between 1'0: 1.5 and 1'0: 1.S gives the value ro = 
'1.46 a Ie =lHrfJe 0 It should be ram.fiJ.rked here that the Coulomb oo.rrier 
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IV. APPBNDIX 

1. Cancellation 

The canoollation mechanism oan be understood in the following 

way,*a Gohomatl0 diagram is shown of the fission ionigation obMlber 

and the cancellation electrode and their associated cirouit. 

lr--a ---7 ~b-} 
A C 
I 01 C2 
V

l 
V V2 

'l1 oki ~ -Q2 Q2 
~x-+

-q 
R 

-L I,! '111'1 J+ 

Capacities C1 a.nd C2 

Voltages VI' v. and V2 

Charges ~ and Q2 

Suppose an ion pair ot oharges Q and -q is generated at a point x in 

the side ABo Since the mobility of the positive iona is muoh loss than 

the electrons, we need only oonsider the electron motion. As an eleotron 

moves toward the colleoting plate, B, it e;a.ine kinetioenorgy at the 

expense or the electrical systam. This ohanges the voltage of th~ 001-

lecting electrode by an amount 5 V. Since the oharge on oondensor C2 

is Q
2 

= C2{V2 - V) this means that the oharge Q2 on plate C will ohange 

by an amount 
, 

A 

The charge on plate 13 will bo Qssumed invariant in the eleotron col

lection time beoauso of the hizh,value of R (15 mezohms).· When the 

Ghsrge -q has. been collectedg the sum. of the charges on all pla.tes of 

the oondensers Cl and C2 must be zero. Thusg allowing for a ohan~e in 

oThe author is indebted to Prof. G. C. ~iok Q1'l,d S .. Co Wright for help· 
ful . dieeus~ions of' this sub.1eet. 
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the charge on plate A, WEI h!lve the condition: 

~ .. h ~ + Q2 ," f, Q2 + q : .. (-41 .. ~ • q) 

or - 5Q : bQ." 1 '~ 

Work hdcne by the batteries in supplying theea charges at their 

respective potentials. Since the changa in eleotriool energy of the 

, system is eqUtAlto the' gain in enerGY of the olGctron we have" 

o fiCl (Vl - V)2 of. fie 2 {V 2 - V)2J 't.vl 6Q1 + v2 6 Q2 : -q ~ : v)x 

using (i) and (2) 

&v:-~ ~ 
C

1 
.. c2 ) a 

Thus" as in tho CtUle of the usual ionizatl,on ehfm bel', th® pulSe height 

is independent otthe col1ectln~ voltage (if saturation has been reached)o 

The factor 1/(C1 + C2 ' is reasonable as,tiue is wHat one would expeot 

~or the case V1 = V2- That is. the plata C merely adds capaoity to the 

system. The fact that tho alpha-pulse height was independent of whether 

Vl :: .,V2 or -V2 _s checked experimentally. 

We now Gonsider the passage ot a high energy partiole through the 

entire cM.1!lber with the produotion of praotioally uniform density of 

charge per unit lenr;th,;>.' We then obtain for the pulse haight. 

E> Va: 6lr~:'T C2) 5a 
xdx : -~/2(Cl ... C2 ) 

o 

A treatment for side Be similar to the one given tor side AS 

shows; that 

'!,.,:, . 

where 9.g&\inan. eleotron has been oollected. y is the di stanoe ot the 

eleotron trom plate c arid b is the distanoe RC. Integration for the 
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pulse height from Q uniforn. distribution of charge i;i. ves for thi S oase 

S' Vb : f b/2(Cl +02>' 
Thus for complete cancellation it is necG$sary that Q = b. Tho can-

oollation is differential as well as int~ral for this sUnplo case, 
~~J.-; 

That is, the pulse height is oancelled exactly Cor every instant ot 

time, dt, if a : b. Tilis is not t.he case,for exa.mple. it one wishes 

to measure pulse heights a.nd puts a. grid in side A.B. Canoella.tion in 

this case is complete only after the chargee have boen colleoted. This 

is due to the different f~rm of d 8V/dt tor the siciGl with the grid end 

the 51 de wi thout. 

2. }.a"rect of Magnetio Field on Eleotron Collection 

Itmlr;ht be expected that the operation of an ionigntion ohamber 

in a m~net1c field of 2000 gauss would meet with some di.ffieulty if 

eleotron collection is mnployod. It vms shown experimentally thllt this 

was Dot the case by orienting the ionization chamber parallel and perpen

dioular to the magnetio 1'1·01 d and observing that ther~ was no change in 

the pulse heights from an alphs-partiole source. The reason for the 

1ne!'feotlvenesG of the magnatic field is the enormous number of collisions 

made by the eleotrons with the ~IitS atoms. This is mr;o.de ple.usible by an 

I?-rgument of Prof. G. Co Wiok. In this argument ono assumos tlmt tne 

oollisions made by the eleotrcn may be represented by a "friotion" term 

in the equn!cions of motion for the 'V&cuum CQ~;e. Let 'tho electric field 

in the ioni&atl.on ehalnber 00 directed along the positivG x direction 

and the magnetio ·f1 a1 d alone; the posi ti va z di rGoti on. Then the aqum.-

tiona of motion are I 



, 
F; and E are the electrioand magnetic fields, III Bnd e are the _ss 

and oharg;e of the electron, and k is the friction constant. 

•• • •• When thtll eleotron haG reached a steady drift veloel ty, :x • y • O • 

• y may then be eliminated fro:n the equations above and one hae 

0.. -.::;;:eE"",-= 
x .. k + a2e2 

~ 

One may evaluat<i k from the oaS0 11 = 0 for then It :eE/k. By 

• meusurement of the rise time of an ionization pulse :r. was measured to 
,) 

be about 106 em/sec. Thus k = 10.6 Ee. (It 'WaS the same for H : 0 

or II 1- 0 .. ) .' Inserting this value 1'01" k in the expression for x' ona 

obtB,ins 

For H :: 2000 ~uss (ulld E : 470 VOlts/em 1:1 1.57 a.s.u. VOlts/em ona 

which is practioally the same as' the oti.se of no ma~et1o field. Sinoe 

the correction term due to 1:1 is very small, tho prooedure used in 49118.1-
~ . 

uat1ng k: 1a justified. yean also be enlculatad immediately, 

~ :: -m~Ok : -lO~~cE : -.042~ 

for tho'wlues of E and If given above. Thus the eleotrons Qre collscted 

at: an anglo of about 2.4 degrees with raspaot to the electrio field 

direction. 

<. 



<-

-':'50--- -- --- --

V. BI flLIOGRAP'fIY 

1. D. H. T. Gant. Nature 144, 707, (1939) 

2. I. C. Jaoobeen and N. O. Lassen, Phys. Rev. ~ 867, (1940) 

G. UesGauer and E. Mo llafner, Physo Rev. ~ 880, (1941) 

4. E. l" ami and E. Segr~, Phys. RQV" ~. 680 II (1941 ) 

J. Jungarman and S. C. ~-r1ght. Phys. Rev. !i. 160, (1948) 

6.. T .. Jorgenson, iEDDO No. 467 

7. R. H. Wilson, Phys~ Rev. ~ 149, (1941) 

G. M. S. Livingston and li. A. 'i3ethe, Rev. 1"lod~ Phys. !t 261 8 (1937) 

9. He A. Bethe, Rev • Mod Phys. 2,. 177, (1937) 

10. H. A. Bethe a.nd Eo J. Konopinskill Phys .. Rev. !!t 130", (1938) 

H. E. L. Kelly and E.- Segre, Phys. Rev • .!2., _999, (1949) 

12. E. Lo Kelly, Phys. Rev. 76, 1006, (1949) 
- -

, 

13. G. C .. l1aldwin and G. S. Klaiber, Physo Rev. 1b 3, (1947) 

14. Ao W. Vance, Rev. Sei. lnst. 11 489. (1936) 

15. W .. A., Aron, B. G. Hoff'man and F. C. VlUliruns" OCF.L 121 t(Qvised 

16. P. B. Nicodemus, Thesis l1 Stanford UniVersity, (1946) 

17. K. Schmieder, Ann. dell' Phys. ~, 446 (1939) 

18 0 U. Fano. Phys. Rev. ~ 44. (1946) 

19. Ao S. 11ewton, Ph.,vs. Rav. 12. .. _17. (1949) 

20. H. A. 13ethe. Hav. Mod. Phys. !t 16&, (i 937) 

21. V. F. Weisskopf'. MODe 117611 (1947)$ Lecture Series in Nucles.r 
Physios. LA24. Chapter S6.p. 105. 



~, 

b '. 

The fluthor is especially gr8.te.ru~ tor the stimxdatillg interest 

ot Prot. ~~. Segre throughout this investiga,tion and nlso wishes to 

thank Prot. G. Co Wiok for his helpful discussions of the theol"etioal 

;". 
w' The oooperation of the personnal of tho Crocker cyolotron io 

gratefully aoknowledged. In partioub.r, special oredit is due the 

crew for th<ilir generous' assistanoe l.n taking the data. 



1 , 
\ 

, 
• 


