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FISSION EXCITATIOH PUNCTIONS FOR CHARGED PARTICLES 

J. Jungerman 

September 21, 1949 

I Introduction 

The produo'bion of fission by means of bombardment w'i'bh charged particles 

has been observed by various inves'bigators 0 1,2,3,4,5 All. of the investlga:bions 

have utilized the [3-activity of the fission fragments as indicator of the number 

of fissions. In particular in the excitation function measurements of .:;;. C. Wright 

and the author5 it VfaS necessary 'bo malce an asswnption oon('.8:>:'ning the [3-activity 

of the fission fragments in order 'co obtain all absolute cross section scale. The 

assumption was made tha'b the [3-acti vi ty of the com.plex of fission fragments w'8os 

the SSJll.e, for a given time after a short bombardment, foT' fission produced by 

charged particles or by thermal neutrons. 

In recognition of the possibly um'larranted asswnptions made in the 

above experiment concerning the beta-activity of the fragments from the charged 

particle fission, it VfaS decided to repea'b the eXl,?eriment by a more direct method. 

This method cons'isted in counting the pulses of ionization produced by the fission 

fragments in an ionization chamber. The de'bection of a fission pulse in the 

presence of the ionization produced by the beam itself is made possible by using 

a oancellation principle s1,lgges'bed by C. Wiegalld"r- It This principle was used to 

measure fission exci tation functions on the 60-inch GrOCktH' cyclotron and the 

184-inch Synchro-cyc10tron. 

!!... . .Ap.paratus 

1. Beam Collimation and Energy Reducing Equipment. Fig .. J. shows a schematic 

*n v;~--later discovered that this method had been used by Baldwin and Klaiber6 

to measure fission pulses in an x-ray backgrounde 
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drawing of tl?-e experimental arrangement. 

The beau collimation was similar to that of Kelly and Segr~ 7 except that 

the exit slit of the coll:ynator was w'idened to 1/411
0 The beam:emerging from the 

defining slit was found to be qui'be homogeneous in 811ergy by Kelly and S0gr~ 

because the fringing field of the cyclotron magnet causes the collimating tube 

to act as a velocity selector. The energy of this homogeneous beam could be 

varied by means of aluminum foils placed in the 'blvo wheels shovm in the figure. 

The arrangemen'c was similar to 'chat described by Kelly8 except that a windoVJ of 

.001" dural was substituted for tho Faraday cupw One of the wheels could be 

rotated while the cyclotron was in operation. This wheel had altuninum foils 

ranging in 'bhiclmess from. 1.5 mg/cm2 to 30 mgjCI~2 and one slo1~ had 339 mg/cm2 of 

aluminum; which i"las greater than the range of ei therthe deuteron or the alpha-

particie beams. The second wheel was provided .viTi th aluminum foils whose thickness 

increased about 30 mg/cm2 from slot to slot. In this way it was possible to vary 

the energy of tlle beam particles over the entire e:nerQr r8.J."1ge of the exci'bation 

function in steps corresponding to the energy loss in 1 0 5 mg/cmf of aluminum. 

2. Fission Ionization Chall1ber and Beam Current Collecting Equipment. After leaving 

the ,meels the beam passed through a .001" dural windowD then through about 1 am 

of air ll and then entered the fission chamber through anoth:;,r &001 dural vvindow. 

The beam encoun'l:;ered the fissionable material after passing through 3.4 cm of 

argon and another .001t! of ~~luminum upon .vhich the fissionable material was 
~' , 

'deposited. Any of six'diffJ~~ent samples could be selected while the cyclotron 

was ,in operation by means of a remote controlled sample changere 

Each sruuple was provided wi th a mask which covered all but a circular 

area of 3/8" diameter. The mask was made of ,,002 11 brass and vms therefore of a 

thiclmess which was greater than 'bhe rangeelther of the fission fragments or of 

the alpha"'particles emitted by the radioactive samples e Before striking the 
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sample the beam vms fur'!;;her collimated by passing through a hole 5/l6!l in diGmo'ccr 
,: 

in aluminum of .0625" thiclmess. The hole was accur8:l::;ely positionod with respec'c 

'. to 'bhe sUJ.llple mask. It vms '!;;hus assured that all 'blle bemn particles passing '!;;hrough 

the ionization chamber had actually traversed the fissionable substance. 

The distance from the sample wheel to plate B was one half inch. This 

vms equal to the range of the fission fragments at the pressures used (abou'c 150 

em Hg). Plate B Was connected to the grid of' the first tube of the pre-amplifier • . 
It vms constructed of aluminum leaf (.17 mg/cm2) 1'J'hich "lras held in position by a 

brass ring. Plate C was constructed similarly and served as a cancellation 

electrode. It was placed such that plate B was equidistan'l:; from A 8J."ld C. The 

po'l::;cntials were as indicated on the diagram.. Since the pulse from the ionization 

in the cha'TI.bcr was detGrmined by thG collection of the elGctron, the cancellation 

action can be understood as follo'V;'"S: an electron falling in the po'cential gradient 

from A to B produces a small change in voUage of plate B 0 1m electron falling 

from B to C produces a change in voltage of equal magnHudo.1 but of opposite sign 

on plate B. If the dista.nce ,till is made equal, to BC" ,'chen tho ionization pulse 

produced by the charged particle beam from side A13 will be carwelled by Gl1. equal 

and opposite pulse from side BC. The fission fragm.ent~ hovJ'6ver, spenc1q its 

kinetic energy producing ionization in side AB only and henGf:.! produces a relatively 

large unbalanced voltage on the pre-maplifier grid. 

Plates D, :8, and F constituted an ionization chamber used to measure the 

beam curren'!;;. The center collecting elec't:;rode" E, vm.s surrounded by plates at 

high potential (600v) so that the charges would not be collected that y.rere not 

formed in the region between the ionization chamber plates .. 

After traversing the ion chamber, the beam passed through a .001" dural 

windovJ'e It then passed through 2 cm of air and entered a Faraday cup through a 

similar windovv. The vacuum in the cup was maintained, by moa~s of a con...'1.ection 
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to the cyclotron vacuum. by means of tv'IO feet of rubber hose of 3/8" inside diarn.eter. 

Insulation for the ,Faraday cup was provided by a piece of polys·i:;yren.e. Being near 

the cyclotron, the apparatus was operated in a magnetic field of 2000 gauss; in 

this magnetic fie ld the geomet:ry of the cup w'as such that secondary electrons 

ejected ·frbm the cup by the beam would have to exceed 220 ev in order to escap~ 

being captured by the cup. 

3. Electronics. A block diagram of the experimental arrangement is also sho"m 

in Figure 1 •. The pulses from the fission ioniza'bion chamber 1-vere pre-amplified 

before the signal: was sent through the thirty feet of cable that "vas necessary 
" 

to reach the amplifier outside the cyclotron shielding. The preamplifier was 

equipped with magnetic shields around each tube sothat the effect of the magnetic 

field on the tube gain would. be minimized. The pre-amplifier was so oriented 

that the path of the electrons in -ehe tubes was parallel to the magne'bic lines 

of force. A test sho~'red that the electron collection in the fission ionization 

chamber was unaffected by the magnetic field. 

The output of the amplifier was connected to a scale of 64 and mechonical 

register. Parallel outputs fed a pulse into a blocking oscillator which trig~red 

the sweep of a Du Mont No. 248 oscilloscope while another pulse was simultaneously 

delivered to a delay line of t1,·ro microseconds vmich terminated on the deflection 

plates of the oscilloscope (t By means of this arrongement the form of '1:;he ionize.-

tion 'pulse could be observed if a 5 microsecond sW'eep speed was used. The delay 

in the arrival of 'I;he pulse on the' deflection plates provided time for the sweop 

to start. By tius method one can also observe the form of the base line before 

the ionization pulse arrives at the deflection plates. The shape of a typical 

fission pulse can be obtained by observing the pulse form 1'lhen fission is induced 

by s low neutrons. .Amplifi€lr RC was adjusted so that the pulse decayed to lie in 

5 microseconds. 
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The "pL1ises recorded as fissions in this experiment; vms observed to 

have the sarae £01Yl1 and magnitude as the slow neutron fission pulses 0 (Slow 

neutrons vrere generated with paraffin and a Ra-Bes ource 0) 

4. Beam. Current Integrator. The beam current was integrated by measuring the 

voltage attained by a knoVin capacitor. The capacitor could "be charged directly 

by the beam current caught in the Faraday cup or it could be charged with the 
~ 

bea~ current magnified by the order of ten thousand times by measuring the 

charge collected by the ionization chamber. Polys'l:;yrene coa:;t5.al cables conducted 

the" currents to the voltage measuring eqUipment. The voltage measurement I'las 

done electroni cally using a modification of a circuit of Vance 9 designed by 

c. Wiegand. The circuit is characterized by a high input resistance and 'cherefore 

makes is possible to measure the voltage of the condenser ..,.,.-j .. thout changing the 

value of the voltage. This was tested for the lowest capacity used in this 

experiment, that of,the coaxial cables themselves (.001 microfarad), by charging 

the condenser to .7 volt and observing that 'I:;he reading was unchanged after 

five minutes. The usual time for charging the condenser during the experimen'c 

was about two minutes. This instrument .vas calibrated using a Leeds and Northrup 

potentiometer. It was found that no appreciable change in calibration occurred 

during the course of the experiment. 

For the integration of the current from the ionization chamber a 

capacity of about 10 microfarads was needed. Several of the usual oil-filled 

condensers were tried but none proved satisfactory. That is" the test described 

above show'ed that the condensers had enough dielectric absox'ption so that about 

one half of the charge originally stored in them would reappear during successive 

discharges. The condensers made by the John Fast Co. of Chicago did not show 

appreciable dielectric absorption or leakage by the above teste Their dielectric 

is made of polystyrene. 



UCRL-436 

-8-

Since "fast" condensers of greater thru.l .1 microfru.·ad .vere not available, 

the range of the instrument was extended by using apotential dividing arrangement 

of capacitors. This had the consequence that the collecting electrode of the 

ionization chamber could reach as high as 100 voUs on the least sensitive 

capacity selector position, while the integrator received only 1 volt. It 

might be suspected that such a high potential might have an effect on the current 

collected. This was proven not to be the case by collecting the current with 

a voltage of 100 volts and 1 volt \vith no detectable change in the amount of 

current obtained per unit beam current. (The beam current was monitored "vith 

the Faraday cup.) By this potential dividing arrangement equivalent capacities 

of 21.7, 2.00, and .205 microfarads could be selected. All capacity elements 

were measured wi th a General Radio capacity bridge which was in turn calibrated 

with a standard capacitor. 

A control box contained a master gang SVr.l tch which simultaneously actua'eed 

a siwep second timer, the scaling circuit, and the current integrator. It had 

wo "ontl positions; ona position allovred voltage on the ionization chamber to be 

measured by the integrator, while the other connected the Faraday cup to the 

integrator. 

5. Targets. The samples of fissionable material w-ere prepared as described in 

reference 5. They were maslred to 3/8" diameter circle in order to minimize the 

fission background due to neutrons generated by the cyclotron.. The amotl..'1t '01' 

fissionable material vras determined by alpha counting. - The alpha counting vms 

dona with the ionization chamber and the electronic equipment used for the 

experiment. In addition the samples vrere removed and counted in the laboratory 

alpha counte_r. The thiclmesses agreed within experimental error (3 percent).' 

In the case of U238 the specific activity v.as assumed to be la1O'v'ffi and equal to 
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750 counts per minute per milligram of uranium.. Since the radioactive composition 

of the Th232 and u235 was unknovm, the specific activity was determi~ed experi-

mentally. Two determinations of the specific activity were made for each substance. 

They agreed wi thin tv"(O percent. 

The homogeneity of the Th232 and U238 samples was tested qy alpha 

counting portions of the large foil frbm which the bombarded sample was cut. 

These portions were of the same area as the sample and the alpha activities di'ffered 

bya maximum of three percent from the mean. In the case of u235 the inhomogeneity 

would be expected to be greater since it vms made in 21 coats and bakings v,hereas 

the other samples were made in 130. The thickness of the targets were as follo'ivs: 

The -0235 s amp 161 ' 

contained greater th~ 95 percent u235 • Since the ranges of fission fragments 

and alpha particles are of the same order of magnitude the determination of 

sample thickness by alpha count cancels ,to some degree the error luade in the 

fission count due to the finite thickness of the sample. The error in the fission 

cross section is estimated to be less than 10-10 from. this source. 

B. Method. 

1. Excitation Functions. In the excitation function measurements, operation v'es 

as follovvs: a value of the beam energy vvas selected by rotating the wheel contain-' 

ing the fine steps of aluminum thickness to the appropriate position. A target 

was selected with the sample changer. Then the master Swl teh was turned to the 

ionization chamber position. This started the charging of the capacity of the 

ionization chamber circuit, started the scalar operating, connected the ioniza­

tion chamber circuit to the current integrator, and started the timing clocko 

7men the integrator showed that the capacity had reached 'bhe appropriate 

potential, the master switch was returned to " off" position and the number of 
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fissions and the time was recorded. At full beam energy this process would 

take about tv,ro minutes and several thousand fissi ons would be obtained. The 

target was' then changed and the process repeated. After all three targets had 

been bombarded# the energy was again changed by a small amount. In this manner 

three exoitationfunctions were obtained simultaneouslyo 

At the beginning of each bombardment the number of fissi'ons per 

unit beam versus the discriminator setting of the scalar was measured. After 

a certain value of the bias is reached, practically all the fissions are counted 

and therefore one obtains a fission piateau.. Figure 2 shows a typical fission 

count versus discriminator bias curve e At very lOVi values of 'che bias s_etting 

a point is reached where the pulses due to the beam ionization are counted and 

the plateau ends. The beam ionization will always make some pulses due to the­

fact that the distance AB is not exactly equal to Be 0 Also nuclear reactions 

other than fission would cause a condition of unbalance if charged particles 

were emitted that did not pass through both of regions AB and Be. In order 'co 

minimize the number of spurious counts from the beam ionization, the operating 

point chosen near the end of the plateau on the high bias side .. Fallacious 

counts could also arise from sparking of the deflector or of the high voltage 

on '(:;he dees of the -cyclotron. These were of greater he~ght than the fission 

pulses and hence could not be removed by discrimination. It was therefore 

nacessa~ to have the cyclotron in a very steady condition if reliable results 

\~re to be obtained. This was found to be the case if the cyclotron had been 

running previously for several days so that it was well baked in. 

One of the samples consisted of an aluminum blank of the same 

thicJmess (.001") as that upon which the fissionable m€tterials .. rere deposited. 
'. 

By selecting this sample while the cyclotron continued to operate at the same 

level. it was possible to discover how many spurious counts were being recorded 
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as fissions for a given discriminator setting. If operating conditions of the 

cyclotron were satisfactory, it was always possible to reduce the nurnocr of 

spurious counts from the aluminurn blank target to zer09 

A second condition on the method of operating the cyclotron was that 

it produce as fevl neutrons as possible 0 To minimize the effec'l:; of 'I:;he neutrons 

the s81nple area was made as ne ar the beam area as practicable. Since slo1[r neutrons 

are very effective for producing fission in u235
9 the entire fission ionization 

chamber was covered wi tIl 1/32',' of cadmium. Even wi'eh these precau'bions the neutron 

effect was very sensitive to cyclotron conditions.. An upper limit for the neutron 

fission background could be obtained for any fissionable sample selec.ted by 

rotating the energy wheel to the slot which had sufficient alurn.illl1Il1. thiclmess to 

stop the cyclotron beGni. This gives en upper limit because S orae neutrons are 

formed in 'bhe a.1uminurn in the slot as the bemu is stopped there, whereas under 

conditions in '{{hich the baron passes through the slot the nurnber formed there 

would be less. Some neutrons are always generated ill the slot since it in 

general contains alu."Uinurn to lovier the inc\dent beem energy. The background 
\ 

was obtained by counting the nWTlber of neutron fissions for the S3m8 time as 

the charged particle bombe.rdm.el1t. The auxilif"ry ionization chamber, discussed 

belov;, monitol"ed the cyclotron radiation level 'during the measurement. 

It was found thc.t the lov,est neutron background. was reached v;hen the 

arc cUl'rent and voltage of the cyclotron were as low as possible. This is 

r0asorw.ble since then the amount- of beam that is circulatinG betriGen (and some 

of it striking) the dees is as small as pos sible 0 In practice the auxiliary 

ionization chamber shovm in Figure 1 was found useful for est:L.!l8.'i:;inr; the 

neutron background. It was merely a large (108 i113) air filled chamber with 

600v positive potential and a collecting electrode. It was placed near the 

target chamber of the cyclotron. The collec'lJed current was delivered to a 
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direeJ
,;; cU:r'rent EnTl.plifierwhich read 10-9 runperes full seElle a , It was discovered 

that there vias a dei'inite posH,ive correlation betvreen the neutron backgrotU1d 

and the reading of" tb,e d"c .. amplifier" This ,is plansible since it means thc"t 

the general dellsi ty of radiation in the target area increased when the neutron 

density in0:ceo,sed.. In this manner a continuous check on the quaJ.5.ty of the 

beam was obtained" VVhen op'bim\,jlll condl tions were reached the current from this 

ionization chamber vms of the order of 10=11 ampereo A steady beam satisfying 

the condi tioJ.'ls described above liVas in general more dH'ficult )eo obtain in the 

case of alpha~parti.c:le bombaroJne11'ts c This difficulty vnth the alpha-particles 

was reflected in a neut:ron baokground which was comp:ir.ai)le or gr'eater than that 

for-Dled by deuterons, although one might expect tho oppositj6 tD be the case 

because of the small binding energy of the deute!"on$ The nfH.1.tron baclq;round 

1vas especi.ally' important in the case of -0235 .. In this 08.se~ although it; was 

only oIle percent a'!:; the full beam energy> it beCf'ullO tho limi tine factor at • 

threshold eIlergies (I 

The u.:n.steadiness of the alpha p&x'bicle be01Y, vms pSirticuls.rly trouble­

some at the enex'gios nS:?J' the fission threshold.. In this region the fission 

cO'Ullt;ing rate is at a minir.1I.;tr'l cilld the energy loss by the b08L1 in the fission 

ch81Tc'ber at a ma::;:imunl" In order ,to get sufficient fission.s ina J:'oasonable time~ 

it is then necesse.ry to h3:\1""'6 the beam intensity as high as possible e Actuall:>rJ 

iJc was necessary to lovier the beam intensity from the high energy vahle to avoid 

spurious count;:;;;) 

28 Measurement of the Average Energy Required to Form all Ion Paire In each 

exci tation function bombardment D data was als 0 taken to find the number of ion 

pairs produced by one of: 'the beam particles in passing through the ionization 

chambert') This VIas done by turning the master svrit:c;h to the Faraday cup (FcC,,) 

position so that the ini:;egrator measured the voltage 011 the Fa:r.aday cup.. In 
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'b11e meantime the ionization chrunbor vms charging its cireu:i.'Go M'tor tb.e Faraday 

(~Up had reached an ,appropriate pO"cBntialj') the energy vI!1oel was turned so as to 

stop the beam. ,M'tor grounding the Faraday cup and integ1"8:(;0:1:', 'l:;he master' switoh 

was turrlBd to the ionizD:tion chamber position :?nd the potentie.l of' its condenser 

was determined" Photographs of the beam were talren 8.'C the entrance to the 

FaT8,clay oup to check the aligJ:Jment of the app8.rrJ~us.. The l!1ultipEcation (mmlber 

of i,Dna produced by one oemn particle) produced in the ionizd;ioc:l ch3Xllber is theng 

II - (
0, '\ 
J..) 

wner'1,3 v is the number of charges on thebee.m pa1'ti(:10 (Y ::: 2 for alpha pe.,rticles 

2nd iT -, 1 for deut'3rons) G and V refer to the capacities and v()l'c::l,ge~; of tho 

F'm.:'Gldny cup and ionization cha:c.iber circuits.. If tho energy loS'l; by one of' 'bhe 

'be81n pru;·'ticles in the ionization chamber is 1<.::nown~ the average llLJJnlJo:c of e looT-ron 

vol't;,:<," w.~ necessary to form an ion pair in organ Cf';ll be deter"mined for tho ene.rgy" 

(2) 

6E is the energy loss in the ionization chomber in electron yoJ:bl D .. nd LI is tho 

qUf;1,ntity referred to abowo In this experiment 6E was calculnted from the 

'usual exp:cessi9n for the rato of energy loss by iOl1i.zation~ 

41TlifzZe 4 
;:: _. -.:~~--....... 

m~ 

2my2 
111- o-

r 

':rhi:;; ealeulation 17as made by /'.1'on at a1o,10 and they used the \TDJ,ue 1l~5 Z for 

,»' " 1 . d' . d b "f- 1 11 f +- f HUB va uo was e'Germ1l'1B y ,\~ son or pro ... ons 0 If clE/dx is 
.. 

;!ll~ltipEed by the length of the ionization chamber (1&90 or:1) 8 A; is obtained"o 

1:ho v8,lu(3 of dE/dx depends on the number of argon atoms per cm3" IT.. 'l'llis Oall 

oe cletennined f2;'oro. the gas lavrs if the pressure and temlJCrah:tre of the gas is 

kncvm" The temperature vms measured for each bombarOrJlent 8l'lQ the pressure was 
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measured on a mechanical pressure gauge which in turn was calibr8:ted against;' a mercury 

(:j (} 1 '1)1":0.11 $ 

3.. BeG.J.11 Energy Determinatioll.. In each bombardment the energy of the beam pm~·t:icles was 

determ.in3d" This ViaS done by measuring the current; colle.cted -by 'ehe ionization ehwlbel~ 
"-;,.,". 

as a :t."ctn(.'tion of' the amount of aluminum placed in -the bOWl bJr rotating the energy whee}::" 

V,rb,en the meall range Tia.s determined, the bearr. ener[~y WG.S ob"eainod from the range-enol"s'Y 

relation calculated from the expression fordE/d.;:: giV"0n abov-e .. 

1"1 vo Results .. 

J." EXGi tatioll FUl1ctio11S.. Figures 3, 4 3l1d 5 show the excitation functions for the 

t;hrr:18 5u'bstn.nces imrestigated.. In the case of deuterons the nwiber of fissions ob",erved 

038 0n2 
fo!.' a point at full beam energy was about 13,000 for U~ , '1500 for Th'·".) and 4300 

In the case of alpha particle bombardment the correspondine; number of fissionG 

vra.s T300 for U438
9 5400 for Th232 and 1800 in the case of U235 .. The value of the berun 

enei:ogy di:.f.'fered as much as 2 .. 5 percent; from run to r·v.l'l.. Since the fis3ion C:COSG s0etion 

riS'3S rapidly vvi·ch energy, this difference is important if e.greeEl?llt is to bo ol)'Gainod 

r)e:'Gl:Yeen different bombardm.0ll'Gs.. Besides cha.'1.ging [;ho absciss1Ct of the Gxcitation funcl.~ion 

plots an error in the energy also changes Jehe ordinate such that if '1:;he el1Gr2;;/ is 

assumed higher than the correct valuo, the ordinate is "lowT.')r and vice versao This 

ef'f'eet arises from the fact thfi'.t the nt1l21ber of beem particles depends immrsely on 

the erl0rgy loss in the ionization Chf:l.mber" 

In the case of the deuteron bombardments the neutron fission baCllq;roilD.d. was 

i'o'Glnd to be about 2 counts for u238 , 0 for Th232
!) [lnd about 20 for u2;.55 c These back-

grrnmd figures are given relative to the nWllber of beam particles giving the ntU111)8r of 

ob.a.rged particle fissions quoted above for full energye For the alpha particle bomb[c\.rcl·~ 

n1el1'CS the neutron fission background vms about 1 count foX' 1)238 ~ 0 for. Th232 ~ and abou'c 

lE' ill. the case of U235 .. For the latter substance it vms necessary to find the noutronback ... 

ground for each point sin(:ot110 numbers given could vary by' as much 8.S a factor five tct 
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different times during a bombardment. The sensitivity of the neutron back­

ground to beam conditions is illustrated by the fact that during one of the 

alpha particle bomb[',rdments a change of filament in the ion source raised 

the neutron background by a factor four above the figures given. 

Figures 6 and 7 show the fission excitation functions near the threshold 

in gre,ater detail. A 10garitlli"TI.ic ordinate was used since in this energy region 

the cross section is limited by penetration of the Coulomb potential barrier. 

The results shown include the ends of bombardments 1 end 2 as viell as the special 

threshold bombardment, 3. The low-est points on these curves represent the 

observation of less than 10 fissions and are therefore tmreliable. In 'bhe case 

of u-235 the excitation function was not carried below the energy at which the 

netrcron backgroWld bece.me. one half of the total fission count. 

2. Ve,lue of w. The value of w, the average number of electron yol ts necessary 

to form an ion pair, vvas determined in several pre1imin8lJ' bombardments as well 

as bombardments that proved unsatisfactory for the determination of the fission 

excitation functions. The results fcre tabulated in Table I. Each value given 

represents the average of several observations for the given bombardment. The 

results for 10vJer energy seem to shovil' 'Ghat the value of Vf is constant over th.e 

energy range of the e:X"Periment vvi thin the experimental error. 

The average value of w for deuterons of about 17 Mev is then 29.6 ev, 

and for alpha-particles of about 30 Mev i't; is 30 0 5 ev. These va1nes were used 

to find the multiplication factor, lvI, introduced by the ionization chamber when 

the computation of' the fission cross sections was made. The results reported 

here for w in argon are higher than those given by other inyestigators. 

Nicodemus12 gives 26.9 for 17.4 Mev e1ectrons* end Schmieder13 reports 24 0 9 

* quoted from Rossi and Staub, LA-1004R, Vol. I, Part II, p. 308 
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for the alpha particles of polonium. 14 
Fano has given an approximate calculation 

'i 
of 'ltV which mams it plausible that w should be fairly in'3ensitive to 'the energy 

or type of pl~O je cti Ie • 

TJiBLE I 

Par"bicle Energz .(!:lev) 'v (evl -----
d 16.9 27 .. 1 
d 17.0 28.4 
d 17.0 29 .. 7 
d l6 .. {) 33 Q2 
d 9.6 31.8 
a 30."1 31.6 
a 28 .. 8 28 .. 7 
a 30 0 4 30 0 5 
a 29.6 31.0 
a 22.4 3104 

3. Value of Bi(a,,2n)At211 Cross Section. In order to haw an independent check 

on the absolute value of the cross section, it was decided to lD.oasure the 

Bi(a,,2n)At211 cross se~tion with the equipment used in this e:>;:perirnent.. The 

excitation function for this reaction has been extensively studied by Kelly and 

Set:;re 7~o A bismuth foil of Imovm thiclmess was Idndly supplied by Kelly and it 

was placed as one of the targets on the sample vrheele The At211 formed'by the 

alpha bombardment is an alpha emitter of 7.5 hour hetH' life.. .An alpha count of 

the bismuth sample after a bombardment vn th a known number of alpha particles 

then furnished the cross section for formation of the 1\:1:;211" At the beam energy 

used (32.4 Mev) At210 is also formed with about one half the cross section as 

that of At211. 210 Since it decays by K capture to Po $ which has a 140 day 

alpha acti vi ty, it contributes a negligible acti vi ty if' the sar~ple is counted 

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

excitation function equipment; it VtTaS only necessary to increase the gain of 

the amplifier so that the scalar 'would be actuated. To provide a check on the 
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reliability of the apparatus as an alpha counter a..'1other of tho targot posi"Cions 

, 1 l 1 1-1 \:;h' 1 238 of 'chesamp_e Wll.ee was provided Vd.'G,1 a " 1n s Sl.'np e of U v",hieh had been care-

fully cou.'1ted on the laboratory alpha counter. By selecting this target ;,-dth 

the sample changer the condition of the apparatus could be checked at £U1y t5_me. 

The alpha activi'\:;y was determined to about throe percent. The value for the 

cross section obtained was 0.73 b8,1'ns which is in agreement vlith the resul'l:; 

gi ve n b~l Ke l1y and Se g1'~ of 0 .. 75 barns. 

D. Discussion .. 

1. Comparison vIith (3-activi ty Experiment. Comparison of Jche preGent results 

-.vi t11 those found in the previous experiment5 indicates that the assumption made 

concerning the be'\:;a-acti-vity of the complex of fission fragrnents is incorrect 

by a factor of about 1 .. 5 to 1.7. In each case the charged particle fission seems 

to give more be t a ac ti yi ty in the fr ag;me nts l' or the t imB s afte r bomb ar dme 11.t in-

ves'cigatedo Hevrton15 has investigated the fission yie Id versus mass spocJCrtun for 

fission induced in thOl:iurn by alpha-par'l:;icles. He finds that the usual dip in '\:;he 

distribution found with lovl energy projectiles (netrtrons) hG,s risen from 1/600 to 

1/2 of the peaks of the distribution. The corl"esponding 110vr beta activities 

appearing in the fission fro.gmonts might we 11 accoul'l.t for the apparent increase 

in beta activity per fission. Hev!ton finds the value 0.6 barn for the fission cross 

section at 2705 Mev. This is considerably 10vrer than the results of the presen't 

experiment 0 Part of the discrepancy may be found in that he assumes the incident 

alpha-particle energy to be 39 IEov vJ'hereas r!leasurements made with the collimated 

beam by Jungerman 1.1l1d -v'V'right5 , by Kelly 'and Segre 7 , and in the present experiment 

indicate that the maximum alpha particle energy available was more nearly 37.5 

Mevo This Vlould also account for the discrepancy in the fission threshold reported 

by Uevltone TIe' finds 23 to 24 Mev for the threshold whereas the results of the 

p..ad;ivity experiment and the present one indicate a value of around 21 Mev. 
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2. Comparison of Fission Cross Sections and Calculated Total Reaction Cross 

Sections e Weissko~f16 has calculated the total reaction cross sectiop. for alpha­

par'l:;icles on a thorium target" TIe assumes 1.,48 x 10-13 em for the radius of 

the alpha particle so that the interaction radiusbet1:'reen the alpha particle 

1/3 . r' and the target nucleus has the form R = (r A + 1.48) x 10- 6~ where A is 
o '. .. 

the mass number of the target nucleus .. Weisskopf giv0spoints fox' r= 1,,3 
o 

and r ::: 1.5.. These points arc plo't:;ted on the threshold e:;:01 t('~tion function for 
o 

alpha particles .. 

By continuing the total reacti on cross secti on curve above the threshold 

an estjJl1ate of the competition existing vrith fissiOll can be obtained .. 

This is shawn for the choice r = 1.5 on the Th (a, fission) excitation o 

fUllctiono Since all ta.rget nuclei will have about the st1me total l"eaction cross 

section for a given projectile f:,.nd projectile energy, the conclusion is reached 

that competition is greatest in the case of thorium and least for -0235 ,. 

III l84-inch Syncl~ocyclotron Experime~t 

A.. Ap'parat~ and Method 

The fission chmnber and smnples used were the same as for the 60-inch 

cyclotron experiment. The sample areas were increased to 1/2 inch climneter and 

the beam. was again collimated to 5/16 inch. Collima-c;ion was done after tho 

absorber usecl to reduce the beam. energy so that beEm particles scattered in the 

absorber at larse angles would not be G.ble to traverse the fission chamber. 

HOliJBvor" it was not practical to have a collimator for each sample as in the 

60-inch cyclotron Gxperimento The major collimation was clone 12 inches from the 

fission chr::u:nber so 'Ghwt neutrons and other hack:ground generated by the beam 

arresting process would not be fanned in the immediate vicinity of the fission 

chero.bero The Faraday cup was altered for the new beam energies by making the 
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collector a solid copper cylinder 3 inches in diameter and 4-1/2 inches in length .. 

This geometry is sufficient t;o trap the proton beam (340 Mev) aocording to the 

data of Petersen. * Secondary particles >'mre trapped vvi th a hollow tyro inch 

copper cylinder 1'~1/8 inches in diameter and 1/8 inch thick, v[hich was attached 

to t,he beam end of tl10 large cylinder. Since the beam intensities vrere much 

smaller than the 60~inch cyolotron beam it '\'las necessary to reduce the capacity 

of the Farad.!-\)r cup d.rGui t.. This vras done by placing the voltage measuring 

equipment for the F'art~clay cup in the target area.. A meter giving the voltage 

on t:h6 cup v,ras then brought outside the shieldingo An identical drcui t also 

sim.ultaneously g&.,\1'0 the voltage _.on the ionization chrunber circuit.. A small 

air-oooled oil diffusion pump maintained the Faraday cup at high VaCUlJm (less 

T:'1e external bef'J!l of the 184-inch cyclotron is pulsed so that all beam 

particles in a given pulse [),rriv8 within the resolving time of the apparatus. This 

circ1..1IDstance makes the counting of fission pulses more difficult th81l in the 

re12.i;;i"ire ly continuous be8m of the' 60-inch cyclotron even though the energy loss 

by ionization of the bemn particle in the fission chamber has docreased duo 

to the high energies involved.. Thus it is essential that the cancellation be as 

good 8,S possib18* A suggestion of O. Chmnberlain made it possible to vary the 

C8J.lcel1ation electrically. This VIas done by c011llecting a variable capacity in 

sorie:3 with oach of the plates A and C sh01 .... "n in Figure 1. The ,value of one of 

'bXlt3S0variable capacities could be changed during bombardment by rotating it 

with 2 .. tL electric: mo'bo:;;',. Thus while .the cyclo'Gron be ron vms kept oonstant, the 

2JllOUIl'G of uncancelled bea.m. pulse could be observed in the oscilloscope and 

minimized with the electric motor .. 

It w'as found possible to operate with no spurious berun pulses counting 

*v .. PetGrsen~ priv3.te C011l.i'llunication 
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as fissions provided tho ·beam strenGth vvas such that, for e:x:amp10~ about 150 

fissions per minute were observed vlith deuterons of 190 Mev incident on the 

238 U sampleG If the beam strength were proper, reasonable fission plateaus VeTere 

again:obta,in,ed. As in the 60-inch cyclotron experiment tho pulse form was observed 

during operation as a check that the pulses observed Vlere really fissions e 

It was also possible to get. an estimate of the background fiss ion rate 
." .~. 

by inserting an absorber into tho beGJ.ll whose thickness was greater than the beam 

1'&'1.ge. This could be done by remote control so that tho cyc.lotron b0~11·was·-liot--~ 

changed" Twelve different absorbers could be ple.ced in the be8.lil by this remote 

control device o AltJJninu.Ll absorbers Vv'Bre used for alphe.-particles' and deuterons, 

a.nd copper absorbers were used for protonso 'fhis allO'vred various energies to be 

selet\'l;ed without shutting off the· cyclotron and also provided c. method of beron 

range de>Germination.. It was nocessary to measure the beam l'8.l1ge in each bombe.rdment 

in order to determil10 accurately the residual rcwge of the beam in the region v,here 

the high energy ctu~ves join the curves obtained at the 60-inch oyclo'i:;:con in the 

case of a:"paI'>ticle and deuteron bombC1.rClment.s.. The stragglinG observed also is 

an indication of the homogeneity of i~he beGlne 

1. Excitation Functions., Figures 8 - IS inclusive show the excitation functions 

observed for alpha-particle 'eJ1d deuJeeron bombt::l.rdments ~ The probable errors in 

the deuteron bombo.rc1nents are in general less than for alpha-particles because 

the energy lOGS in the fission chamber by a beGIn particle is less for the former 

8l1.d also because the maximurr._ intensity of the o.lpha-particle beam V:Te,s rauch less 

than the deuteron beron... The alpha-particle be8m was always used at full intensity. 

The points shown without probable error are from the 60-inch ClJclotron e:A.'j?eriment. 

The probable error of points that have zero cross section are computed on the 

assumption of one observed fission.. The neutron fission backe;:cound v{as about 
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brJ'O percent of the chare~ecl beem fission ra'be when deuterons w'Cre used on a 

"_"""'n>e'- of -2.38 l·r;;;: .. 1.0 a lJ U"""'. In the case of alpha-particles this background was less tha;.'1 

Figures 16 al1cl 17 show the presen'i:; status of the pro'bon excitation 

fUl1Gtions. Only one I:JOm[Jarc1"J.Orri:; has been made for energies below' 200 I,:Iev a..'1d 

so the results are given only- for higher energies. The lO'li1T valuG of the cross 

scction observed as compared yd_th the results of the alpha-pa.l~'i:;iclG and deuteron 

bO:nlbardments is rather surprising. Because of this, a check on the equipment 

YiS.S made by changing the cyclotron bea.m to alpha-particles at 't.he end of a 

prot 011 bomb ardJ.nent. 
~t?n 

The alpha particle cross sectio118 so obtained for U(~')() al1d 

U235 checked within s'batistics '!lith prev-lous bomL')ardrnents. The neu'bron fission 

'background yvas about 2;s for U238 for 'blle proton CQse. 

Faraday Cup IvIeasurements. In the case of deuterons I 
dB/ dx curve as 

ea10ulated from formula (3) 1Ims verified vrithin ten percen'l:; in the range from. 38 

:Mev- to 192 lrev. The best fit vra8 'obtairnd for Vi = 30 GY/ion pa.iro In the case 

of alpha par'bicles" the measurements were more difficult dUG to the smaller besm 

strength, but verification lNas again obtained to about bventy pex'cent in 'bhe 

range 100 Mev 'bo 390 Tilev using 30 eV/ion pair. In 'bhe case of' the proton bombard-

men'bs!, agreement to about 'i:;1"renty percent was obtained in the Gllerg,y region above 

200 Hev with 30 eV/ion pair. l'G should be emphasized that the Faraday cup measure-

ments vrere made with the same geometry as the fission excita'bion function experi-

merrf. .. 

Co' Discussion. 

The fission cross section for full deuteron energy was investigated 

by Goockermenn and PerlIJl2J117 using chemical techniques.. They found a value 



2.0 

1.8 

1.6 

1.4 ~ O"f 
BARNS 

I 
1.2 

.. 
1.0 

0.8 

0.6 

0.4 

0.2 

0 
0 

.... :1,11. l~ 

I 

FISSION EXCITATION FUNCTIONS FOR U
238 

U
235 a Th 232 , , 

BOMBARDED BY PROTONS 

40 80 120 160 200 

o 

Q 
IS-

Ep (ME V) 

FIG. 16' .. 

240 

o 
D 
.~ 

~~ 

>.!. U 23,8 

U 235 

Th
232 

D 
D 

~R 

280 320 

.. 

o 

ex 
K 

, . 

360 400 

14031-1, 



• 
,~ C';?' ~ 

w-

I 

FISSION EXCITATION FUNCTIONS FOR Bi 209 AND Au l97 

BOMBARDED BY PROTONS 

.0 Bi
209 

.I6~ ~ Au 197 

.141- Cif 
BARNS 

.12~ 

.Il 0 
1' . 

. 08 0 .. 

.06~ 0 0 0 

.041-

0 
;02~ -

~ 6. 
K IS -

0 1 1 I· 1 . 1 I I ,I I I 
0 40 80 

..,. 
120 160 200 240 280 320 3'60 400 

Ep (MEV) 

!o. 

FIG.17:;~~~( .. 14030 -I. 



• of 0 0 2 bal~ns which is in agreement vrith the present experimerrc I'rithin the o:;;:peri-

mental errors. OfColUl0r and SeaborglG have inves'cig£rGccl tho spf:.llo.'i:iiol1 products 

f',ncl fissiol'r produc'Gs of 1]238 bombarded by 390 ?;Iev alpha-pc~:r'l:;ic18s. They estimate 
" - " 

the value of the fission cross sec'Gion to be about 2 bfl.rlls.. This is soen tD be 

SOl1l0Vrl18:!; higher than the results of' tho presen'G experLlent. 

It is interesting to comps.re the calculated l'eaction Cl~OSS sec'iJion 

and the observed fission cross section in the high energ;)T regiono For the case 

of alpha-particles on a thorium targe'!;, the threshold data from t h0 60-inch cyclotron 

show that for l' = 1.43 the fission cross section 'observed v{(luld equal the calculated 
o 

reaction cross sectione TnJdnG this value of r the total reaction or0313 section 
o 

can 'be calculated in the region above the Coulom.b barrier by 2.11. approximate form,ula 

gi ven by Bet;he :md X0110Pins ki 19. 

= 11" l.. 
2 

Po 
o;ead;ion 1\ 

~ 2 
c 

where l... 2 = 
c 

2 4/3 2/3 
g (x-l) + 0 0 744 g (2x-l) for x )0 1. 

x is the r8.ti 0 of 'I:;he onergy to tho cffecti va barrier height [illd g is a oonstant 

'which depends 011. the nuclear radius. Since Bethe and Konopi.l1Bki do not use a 

finite radius for the alpha-.r>article their r should be 1.6'7 in o1'c10r to correspond 
o 

to Weisskopfts choice of' 1.43. Tllis r gives tJ:1C Gffectiv8 (Jc..rrie:c I1Gigllt as 
o 

25.6 Mev and a value of g of 23.0. The x'esu1ts of this calcula"t;ion appear 011. 

the excitation function of thori1.;uD. bombarded 'lnth alpha-particles (Fig~ 9). This 

choice of r gives the miniJnWIl possible competition vnth the fission process. 
o . " 

It is see11. that the competition begins to become appreciable abcnre 2iO I.Iev ruld 

incroases steadily with increasing alpha-parJcicle energy" There is":3 ome chemical 

"evidence obtained by James 15 that appreci able competition exists with the fission 

process for the bombal'cujlGnt of thorium by 37 l'iiov alpha-pad;icles .. 

.". 
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