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FISSION EXCITATION FUNCTIGES FOR CHARGED PARTICLES

Je Jungefman

September 21, 1949

I Introduction

The production of fission by means of bombardment with charged particles

,, _
1:2535%5 411 op the imvestigabions

hés been observed by various’investigatorSo
have ubilized the B-activity of the fission fragments as indicator of the number
of fissionses In particular in thé»exgitétion funption measurements of S.'C,vwright
and the author® it was necessary o make an assumptlion concerning the B-activity |
of the fission fragments in order to obfain an absolute cross section scale. The
assunption was made that the Beactivity of the complex Qf fission fragments was
the seame, for a given time after & short bombardnent, for fission produced by
charged particles gf by thermal neutrons. |

In recognition of the possibly uwarranbed assumptions made in the
above experimént concerning the Eetaractivity of the fragments from the charged
particle fission, it was decided to repealt the experiment by a more direct methode

. '

This method consisted in counting the pulses of ionization produced by the fission
fragments in an ionization chambere. The detection of a fission pulse in the
presence of the ionization produced by the beam‘itself is made possible by using
a cancellation principle suggesbed by C. Wiegand™s This principle was used %o
measure fission excitation functions on the GO-ihch Crocker cyclobron and the

184=inch Synchro-cyclotron.

II 60-inch Cyclotron Experiments

-

A. Apparatus

l. Beam Collimation and Energy Reducing Equipment. Fig. 1 shows a schemabtic .

*It was later discovered that this method had been used by Baldwin and Klaiber®

to measure fission pulses in an x-ray background,
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drawing of tﬁe expefimental arrangement.,

| The'beambcollimatiqn'was similar to that of Kelly and Segré7 except thab
the exit slit of the collimabor was widened torl/4"o ihe beam “emerging from the
defining slit was found to be quite homogeneous inmensrgy by Kslly.and Segrs
because the fringing field ofl%he cyclotron magnet causes the collimating tube
to act as a veiooity selector,. Thé‘énergy of this homogeneous beam could be
varied by means of aluminum foils placed in the two wheels shown in the figures
The arrangement was similar to that described by Kelly8 except that a window of
001" durgl‘was substitutéd for the Faraday cup. One of the wheels could be
rotated wﬁile the cyclotron was in opgratione Tgis'wheel had aluminum foils
fanging:in thickness from 1.5 mg/bm? to 30 mg/bﬁz and one slot had 339 mg/bm? of
aluninum; which was greater thgn the range of either the deuteron ér the élpha—
particle beams. The second wheel was prov@ded:with aluminum foils whose thickness
increased about 30 mg/bm? from slot to slote Inlﬁhis-way‘it‘was possible to vary
’the enérgy of the beam particles over the entire energy range of 'tﬁe excitatlion
function in steps corfesponding to the energy loss in 1,5 mg/cm? of alﬁminum.
2 Fiséion Ionizgtion Chamber and'Beam Current Collecting Equipment. After leaving
the wheels the‘beam passed through a 001" dural window, then through about 1 am
of air, and then entered the fission chamﬁef through aﬁoth;r_¢001 dural windows
The beem encountered the fissionable material after passing through 3.4 cm of
argon and another 001" of %1uminum upon which the fissionable material was
‘deposited. Any of sixﬁdiffé}enb samples could be selected while the cyclotron
was in operation by means of a remote controlled sample changerse

Eﬁéh smnplq‘was provided with a mask which covered all but a circular

area of 3/8" dismeter. The mask was made‘of 0002" brass and was therefore of a
thickness which was greaﬁer than Ehe range‘either”of the fission fragments or of

the alphaswparticles emitted by The radioactive samples. Before striking the
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.
semple the beam was further collimated by passing through a hole 5/16" in diameter
in aluminum of ,0625" thickness. The hole was accurateiy positioned with respacy
bo the sample mask,. «It was ‘thus assured that all the beam particles passing through
the ionization chamber had actually traversed the fissionable substancea.

The distance from the sample wheel to plate B was one half inch. This
was eqﬁal to the range of the fission fragments at the pressures used (about 150
cm Hg)e Plate B was connected to the grid of the fiést tube of the pre-amplifiers
It was constructed of aluminum leaf (e17 mg/cm®) which was held in position by a
brass ring. Plate C was constructed Similarly and served as o cancellation -
electrode. It was placed such thét plate B was equidistgnt'from A and Ce The
potentials were as indicated on the diagram. Since-the pulse from the ionization
'in.the chamber was determinsd by the collection of the electron, the cancellation
action can be understood as follows: an electron falling in the poltential gradient
from A to B produces a small change in voltage of plate Bes An electron falling
from B to C produces a change in voltage of equal magnituds, but of opposite sign
on plahe Be If the distance AB is made equal %o BC,/theh the ionizebion pulse
produced by the charged particle beam from side AB will he canceiled by an equal
end opposite pulse from side BCe  The fission fragment, however, spends its
kinetic energy producing.ionization in side ABvoﬁly and hence produces a relatively
large unbalanced voltage on the pre-amplifier'grid.

Plates D, B, and F constituted an ionization chember used tp measure the
beam current. The center collecting electrode, E, was surrounded by plates at
high potential (600v) so that the charges would not be collected that were not
formed in the region between the ionization chamber plates.

After traversing the ion chamber, the beam passed through a 001" dural
windowe It then passed through 2 cm of air and entered a Faraday cup throﬁgh a

similar window., The wvacuum in the cup was maintained by meahs of a connection
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to the cyclotron vacuun by means of two feet of rubber hose of.S/%" inside diametor.
Insulation for the -Faraday cup was provided by a piece of polystyréne.‘ Being near
the cyclotrdn; the apparabus was operated in.a magnetic field of 2000 gauvsssy in
this magnetic field the geonetry of the cup was such thaﬁ secondary electrons
ejected-frbﬁ the cup by the beam would have to‘exceed 220 ev in order to escape

being captured by~the'oup.

5.. Electronicse A block diagram of the experimental arrangement'is also shown
_ in Figure l.l‘The pulsés from the fission ionization chamber were pre-smplified
before the signalkwas sent through the thirty feet of cable that was nscessary
to reach the amplifier outside the cyclotronvshielding. The preamplifier was
equipped with.magnetic shields aroﬁnd cach ‘tube sothat the effect of the magnetic
field on the tube gain'woﬁld.be minimizede The pre-amplifier was so oriented
that the path.cf'the electrons in the tubes was parallel to the magnetic lines
of forcee A teét‘shQWGd that the electron collection in the fission ionization
chamber was unaffecéed by the magnetic field, |

The output of the amplifier was connected to a scale of 64 and mechanical
register. .Parallel outéu%s fed a pulse into a blocking oscillator which triggered
the sweep of a Du lont No. 248 oscilloscope while another pulse was simultansously
delivered to a delay line of two microseconds_wﬁich terminated on the deflection
plates of the oscilloscopes. By means of this arrangement the form of the ioniza~
tion ‘pulse could be observed if a 5'microse§ond sweep speed was used. The delay
in the arrival of the pulse on the deflection plates provided time for the sweeD
to starte By this method one can also observe the form of the base line before
the idnization pulse arrives at tﬁe deflection platess The shape of a typical
fission pulse can be obtained by observing the pulse form when fission is induced
by slow neutrons. Amplifier RC was adjﬁsted so that the pulse decayed to 1/e in

5 microsecondse



o AUXILIARY
ROTATABLE ENERGY IONIZATION

_ WHEEL CHAMBER,_ -
SECOND ENERGY WHEEL < +600V
FARADAY GUP < COLLEGTING ELECTRODE | |ONIZATION '
HIGH VOLTAGE ELECTRODES_ | CHAMBER . L
' CANGELLATION
~ ELECTRODE
+e00y 600V -600V
| | -
L V' \ BEAM
5 13
5T : /6 DIAME TER
. |moTOR / »
FISSIONABLE [MATERIAL
: ' SAMPLE WHEEL
PRE AMP| -
AMPL IF IER
| CONTROL | .
BOX 2 uS SWEEP
SCALAR DE LAY TRIGGER|
' : MECHANICAL]}[ scope | [ scopE
S . REGISTER | [DEFLECTING| | SWEEP
INTEGRATOR| |TIMER A PLATES -
AMP LIFIER

| FIG. | |
EXPERIMENTAL ARRANGEMENT



B

UCRL~436

T

The pulses recorded as fissions in this experiment was observed to
ES ’

have the same foima and magnitude as the slow neutron fission pulses. (Slow

neui:ronsv wore gensrated with paraffin and a Ra-Be s ource.)

4, Beam Current Integrators. The beam current v}as_ integrated by measuring the
voltage attained by a knowm capaci"core The capacitor could be charged dirsctly
by the beam current caught in the f‘ara.dair cup or it could be charged with the
beam current megnified by the orde£' of ten thousand times by measuring . the

charge collected by the ionlzation chambere Polystyrene cosxial cables conducted
the- currents to the voltage meastiring equipment. The voltage xnéasurement was

9 designed by

done electronically using a modification of a circuit of Vance
Ce ‘.«’ﬁ’iegand.‘ The circuit is characterized by a high input resistance and therefore

mekes is possible to mea_su.ré the voltage of the condenser without changing the

value of the voltagee This was tested for the Lovwes't capaclby ﬁsed in this

experiinen‘b, that of~the‘coaxial cables themselves (001 mierofarad), by charging
the condenser to &7 voi‘b and observing that the reading was unchanged after

five minutese The usual time for charging the condemser during the experiment
was about two minutes. This instrument was calibrated using a Leeds and Northrup
po‘cen‘cioﬁeter. It was found that no .appreciable cha.nge in calibration occurred
during the course of the experiment .

For the integration of Ehe .currer‘rl: from the ionizatiqn chamber a- -
capacity of about 10 microfarads was needed, Séverél of the usualvoil-filled
condensers were tried but none proved satisfactory., That is, the test described
above show:ed that the condensers had enough dielectric absorption so that about
one half of the charge originally stored in them would resppear during successive
dischargese The condensers made by the John Fast Co. of Chicago did not show
aﬁpreciable dielectric ebsorption or leakage by the above teste Their dielectric

is made of polystyrenec.
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‘Since "fast" cbndenéers of greater than .1 microfarad were not aVailable,.'
the range of 'bhe.qinst;-tmen’c was extended by using a potenti al dividing arrangemen‘c
of capaci’cors”.- This'hbad»‘che consequencé that the collecting electrode of the
ionization chamber could reach as lf_iigh as 100 volts on the least sensitive
cap'aci’cy selector position, while the iﬁ‘cég::a’co_r receiyed only 1 volte It
'might be \suséecfsed that such a high potential might have an effect on the current
collectede This was >proven not to be the case by collecting the current with
a voltage of 100 volts and 1 volt with no detectable change in the amount of
current obtained per unit beam currents. (The beam current was monitored with
the Faraday cupe.) By this potential dividing arrangément equivalent capacities
of 217, 2.00, aﬁd ‘.205 microfarads could be selec’ce_d. All capacity élements
were measured with a General Radio capacity bridge‘which was in turn calibrated
with a standard capacitore.

.:Atcon’crol box contained a master gang switch which simultaneously actuated
& sweep second t:’uﬁer, the scaling_circui’c,. end the current integratore It had
two "on" positions; one position allowed 'vol‘cage on the ionization chamber to be
mfaasured by the integrator; while the other connected the Faraday cup to the

integrator. |

S5 Targe"&\sa-l The samples of fissionable material wore pre’iaared'{as descri'bed in
reference 5. They were masked to 3/8" diameter circle in order to minimize the
fission_ﬁackgfound due to neutrons gez:lera’ced by the cyclotron. The emount of
Ifissionable material was determined byb elpha counting. - The alpha counting was
done with the ionizﬁtion chamber and the electronic squipment used for the
expgrimen‘b. In additibn ‘the samples were removed and counted in the Llaborabory.
" alpha countere. The thicknesses agreed within experimental error (3 percent).‘

In the case of U908 the specific activity was assumed to be known 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 unknown, the specific activity was determiged’experi-
mentaliy.f Two determinations of the spécific activity we;evmade for each substence.
They agreed within two percent.

Thevhomogeneity of the Th252 and UZS§ sample$ was tested by alpha
counting porﬁions of the large foii from which the bombarded sample was cut, H
These portions'were of the same area as the sample and ths alpha activities differed
by a maximum of three percent from th;vmean.. In the case of U299 the inhomogeneify
would be expeéted to be gréaﬁer éince it was made in 21 coabs and bakings wheréas
the other samples Were made in 130.. The thickness of the targets were as follows:
U238,‘O.85O mg/éng Th232’ 0.683 n%y%ﬁZ;‘and U235, 001927mg/¢m2° The TPO sample
contained.greater thén'QS peréent U235. Since %he ranges of fission fragments
and alpha particles are of the same order of magnitude the determination of
semple fhickn@ss by alpha'gount cancels to some degree the error made in the
fission count due to the finite thickness of the samplee The error in the fission

cross section is estimated to be less than 10% from this source,

Be Mbthﬁd.

le Excitation Funb?ionsé ‘In_the excitation ;unction measuréments; operation was

as follows: a value of the.beam energy was selected.by rotating the Wheeivcontain- 
ing the fine stéps of aluminum.thickness to the appropriate positione A target

was selected with the sample changere Then the master switch was turned to the
ionization chember positione This started ﬁhe‘charging of the capacity of the
iﬁnizétion chamber circult, started the scalar operating, connected the ionizar
tion chember circuit to the current integrator, and started the timing clocks -

Then the integrator showed that the capacity had reached the appropriate

potential, the master switch was returned to "off" position and the number of
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fissions and the time was recorded. A% full»beani energy this process 'wo—uld '
take about :’gwo minutes ond several thousand fissions would be obtained. The
target Wé.S'then cha_ngea and the procéss répéa’ced. After all threo targets had
~been bomba.rdéd, ‘the energy was again changed bby a small amount. In this manner
throe excitation functions were obbtained simultaneously.
A% the bogimning of cach bombardment the mmber of fissions per
unit be.amr versus the discriﬁxina‘cor. se’cting of the scelar wes measurede After
a 'éertvaih value of the bias is reached", practically all the fissions are counted
and therefore one db‘bains a. fission Pla‘ceéu. Figure 2 shows a typical ifission
c‘t‘)un‘trversus' discriminator bias curve. At very low values of the bias setting
a pdin’c”‘is‘f réé.éhed where the pulses due to the beam ionizabtion are counted and
the plateau ends. The bean ionization will always mele some pulses due to the
fact that the distance AB is notmexactl‘y' equal o BC, V.A'lso nuclear reactions
other than fission would cause a condition of unbalance if charged parbicles
were _elﬁitt_ed that d:.:l not pass throﬁ.‘gh both of reglons AB and BCe In order to
minimizé Ithe nunber of spurious counts .from the be.am‘ ion'iﬂ'Zation, the operating
point chosen near the end-of the plateau on the h;'.g;h bias side. Fallacious
counts could also arise from sparking of the deflector ;)r of the high vol’caéé
on the dees of the cyclotron, _Thesev were of grea‘ce‘z_' height than the fission
pulses aﬁd hence could not be rémoved by dis'crimirilation,- It was therefore
ne'cess'a':.;j to. have the cyclﬁ‘cron in a very steady condition if relisble results
wore ‘to be. o'btained. ~ This was 'f“ound to be the case if fhe cyélo’crén had been
'runningﬂ préviously for several. days so that it was .Well baked ine
One of the sampleé consisted of an aluminum blank of the seme

thickness (+001%) as that uéon which the fissionable materials were déposi'bed-.

- By selecting this sample while the cyclotron continued to operaté 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 pdssible to reduce the number of
Spuriousvcounts frém the aluminum blank térget'to %2eros

| A second condition on thelmethod of operating the cyclotron was that

it produce as few neutrons as possible. To‘minimize the effect of the neubrons
the sanple arca was made as near the beam area as practicable. Since slow neutrons

are very effective for producing fission in UZSSS the entire fission ionization
chamber was covered with 1/32" of cadniwme Even with these precautions the neubron
effect was very sensitive %o éyclotron conditions. An upper limit for the neutron

fission background could be obtained for any fissionable sample selected by

g

rotating the energy wheel to the slot which had sufficient aluminum thiclkness to
stop ﬁhe cyclotron beaﬁ. This gives an upper limit because some neutrons aTe
forﬁed in the aluminum in fhe'slot as the beam is stopped there,fwhereas under
conditions in which the beam passes through the slot the number formed there
would be less., OSome neutrons are always generated‘in‘bhe slot siﬁce‘it in
general contains aluninum to lower the incjident beem energy. The background

{
wes obtained by counting the number of neutron fissiocns for the some time as
‘the chérged particle bomberdment. The auxiliery lonlzalbion chembsr, discussed
below, monitored the cyclotron radiation levei\during ‘the measuremsnb.

It was found thet thé lowest neutron background was reached when the
arc current and volbtage of the cyclotron were as low as possible. This is
reasonsble since then the amount of beam that is circulating between (and some
of it striking) the dees is as small as possible., In practice the;auxiliary
ionization chamber shown in Figure 1 was found useful for estimating the
neutron background. It was mercly a large (108 ing) air filled cheamber with
600v positive potential and a collecting electrode. It was placed near the

target chamber of ‘the cyclotrone The collectbed current was delivered to a



UCRL-438

direct current amplifier which reaﬁ 1079 amperes full scale, . It was discovered
that there was a definibe positive correlation between the neutron background
and the reading of the d.c. emplifier. This is plausible since it means tha
the general density of radiation in the target area increased when the neutron
density increacsed. In this manner a conbinuous check on the quali%y of the
bean was obbained. . Vhen op%imumAconditions were reached the current from this

jonization chamber was of the order of 10711 empere. A steady beam satisfying

the condifions described ebove was in general more diffiecult Lo obLain in the

caseo of alpha-particle bombardmentse This difficulby with the alpha-particles
was reflected in a neutron background which was comparable or greater then that
formed by deuberons, although one might expect Tthe opposite to be the case
becaﬁss of the small binding energy of . the deutérono The neutron background
was especially important in the case of U255a In This cese, although it was.
only one percent at The full beem energy,‘it became the limiting factor at -
threshold energiese |

| The unsteadiness of Tthe alpha particle bean was particulerly trouble-

ion

[45]

.("
18

s

some &t The energies near the fission threshold. In this reglon the :

sion

w0

counting rate is at a minimum and the energy loss by the beem in the fi
chamber ot o meximum. In order bto get sufficient fissions in e reasonable time,
it is then mecessery to heve the beam intensity as high as possible. Actually,

it wes necessary to lower the beam intensity from the high energy value to avoid

spurious countse .

20 Heasurement of the Average Energy Required to Form an Ion Paire. In each
excitation funchion bombardment, data was also taksn to find the number of ion
pairs produced by one of the beam particles in passing through the ionization

chambers This was done by burning the master switch to the Faraday cup (FeCa)

position so that the integrator measured the voltage on the Faraday cup. In



the meantime the ilonizabion chember was charging its circulb. £
cup had reached an \app"‘opl‘la‘i‘e potential, the energy wheel was ‘cgrmd so ag to

stop the beam. ;;:fter grounding the Faraday cup and integraior, the masher switch
was ftuwrned to the lonization ch sber position and the potential of its condenser

wag determined. Photogrephs of the beam were taken at the entrance to the

Faraday cup to check the aligmment of the spparatuse. The multiplication (number

of ions produced by one beem particle) produced in the icnizetion chamber is then:
C...
o Sre Y o
T "
7 M= = - , (1)

FoCo FoCos

where v is the number of charges on the beam particle (v = 2 for alpha particles

| 23

The

(e

end v = 1 for deuterons) C and V refer to the capacitles and volbages o

s clrcuitse If Ghe energy lost by one of the

beam porticles in the ionization chamber is known, the average number of electron

i

o form an ion pair in srgon cen be deGermined for the energy
region involved.
w o= AB/M (2)
AE is the energy loss in the loniza wtion chamber in elsctron voits and U is the
quantity referred to above. In this experiment AE was calculated from the

usual expression for the rate of energy less by ionizabtions

R " '
49T NzZe™ In 21 (5)

E/’ d‘?‘: = o 9]
nv” I

(6]

o i A 3 10 ) L] 3
This calculation was made by Aron et al., and ‘they used the velue 11.5 Z for

11

I. This velue wes determined by Wilson ™~ for protons of 4 lav, If clE/J/c ig

ultiplied by the lengbh of the ionization chamber (1.90 cm), AT is obtained,

(5]

The wvelue of dl]/d,& depends on ‘the number of argon aboms per cm”, He This can

be dstermined from the gas laws if the pressure and temperature of the gas is

lnevmes The Temperature was measured for each bombardment and the pressure was



determined. This was done by measuring the current collectsd by

measured on a mechanical pressure geuge which in turn was calibreted aga inst a mercury
30 LWN e

3. Beam Energy Deberminations In each bombardment the energy of LH@ beam particles was

as a Punction of the amount of slumimm placed in The beam by rotating the energy wheels.
i

When the mean range wes determined, the beam energy was obt ﬂLuOd from the range-~energy

relakion caleculate for dE/dx given sbove,

Qu
i
%]
o]
=
ct
=
[6]

g
=

Je Resulbse
i» ELxcitation Functions. Figures 3, 4 and 5 show the excitation functions for ‘the
three substances imvestigated. In the case of deulercns the number of fissions observed

4 4300

g

for s point at full beam energy‘was"gbout 15,050 for U258, 7500 for Th
for UF°%, In the éaée of alpha particle bombardment the corresponding number of fisslons
was 7300 for U238, 5400 for ThP32 and 1800 in the case of U9, The velue of the boen

energy differed as much s 2,5 percent from rgh to run. Since the Pission cross secbion
risss rapil dly'w1uh energy, this difference 1s importent if agreement is to
between different bombardments. Besides changing the sbscissa of tThe excltabtion funcilon

plot, an error in the energy also changes the ordinste such that if the encrgy is

1.

=]
s
e
(2N
[}

assumed higher than the correct valuc, the ordinate is lower and vice versa.

effesct arises from the fact that the number of beam parbticles depends inversely on
the energy loss inthe 1onlzatlon chamber.

In the case of the deuberon bombardments the neutron Tissicn background

\..x

found o be zbout 2 counts for U238, 0 for Thzgzg and ebout 2C for U2550 These baclk-

ground Pigures are given relative to the number of beam particles giving the number of

’

charged particle fissions quoted above for full energy. For the alpha particle bombard-

o

ments the neubron fission background was sbout 1 count for Uzégg 0 for Th2°2, and about

S 4
e

15

ground for each point since the numbers given could vary by as much as a factor five at

, Loz . . . )
n the case of U999, Tor the latter substence it was necessary bto find the neubtron backs
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different times during & banbardment. The sensitivity of the neutron baclk-
ground to beam conditions is illustratea_by the fact that during one of the
alpha particle bombardments a change of filament in the ion ﬁource raised
the neutron background by a factor four above the figures given.

Figuresé and 7 show ‘the fission excitation functions near the threshold
in greater detall, A logarithmic ordinate.was used since in this energy region
%he cross section is limited by penetrétion of the Coulomb potential barriers
The results shown include the ends of bombardments 1 end 2 as well as fhe speéial
threshold bombardment, 3. The lowest points on these éurves repreéent the |
-observation of less then 10 fissions and are.therefore unreliable. In the case
of U235 the excitation function was not carried below‘the energy at which the

neubron background beceme one half of the total fission counte

-~

2. Value éf we The value of w, the évéfége number of electron volts necessary
to form an ion pair,.was determined in éeVeral preliminary bombardments as well
as_bombérdments that proved unsatisfactory for the determination of the fission
excitation functions. The results ar§ tabulated”in Table I, Each value given
represents the average of several obséfjétions for the given bombarduent. The
results for lower energy seom fo show that the value of w is constant over the
energy range of thevexPeriment within the GXperimental errore

The average value of w for deuterons of abpu% 17 Mev is then 296 ev,
and for,alﬁharparticles of about 30 Mev it is 30.5 ev. These values were used
to find the multiplication factor, M, introduced by the ionizetion chember when
the computation of thé fission cross sectioﬁs was mades, The results repbrﬁed
here for w in argon are higher than those given by other investigators.

Nicodemu312>gives 26.9 for 17.4 Mev electrons™ end Schmiedert® reports 24.9

*quoted from Rossi and Steaub, LA~1004R, Vol. I, Part II, pe 308



{ BARNS)

P

1

| > @I_VLL‘

1
| 8 W
o oA AA .
-8
N O _
" A _
u S A _
O
— O —
- AN -
- 0 S
) 38
B O A CA> Tha32' N
- [] y?23% -
| I l | Js |
7.0 7.5 8.0 8.5 9.0 9.5 10.0
‘ Eq (MEV) C
“FIG. 6,

0z 615



107 [ m 7 | | e ]
; | o -
N X @3 A -
B Oz _
_ 0 A& 4
- mie
O ? ;
IO-Z:-— | T
- i
O';f - ) E —
(BARNS) % }
" A
O
073 O -
- O Q y 238 i
| h 232 _
i A ] v 235 _
‘ . 7232 |
_ —+ = FroralTh 2 fo%1-34
X | X G-TOTALThZ?)?%"'S-
I\O'4 | e N 1 | 1
8 19 20 21 22 23 .
: a (MEV) FIG 7 ) I T?7R A1




. UCRL~436
-16-
for the alpha par%icles of poloniwmne Fanol4 has given en approximate calculation
of w which makes it plausible that w should be fairly insensitive to the energy

or type of projectiles

TABILE I
Particle Energy (lev) w (ev)
d 16,9 271
d 1760 2804
d 17.0 2967
ol 16,0 3342
d 946 3143
a 3041 3le5
a 2868 28a7
a 30 o4 30 ¢5
a 296 310
a 2204 3led

3e Value of Bi(cc,Zn)l!\fog11 Cross Sectione In order to have an independent check
on the absolute value of the cross section, it was decided to woasure the

Bi(a,2n)at?tt

cross seotion with the equipment used in this experimente The
excitation function for this reaﬁtion has been extensively studied by Kelly and
Segfézn, A bismuth foil of lnown thiclness was kindly supplied by Kelly and it
was. placed as one of the targets on the sample wheel. The Aﬁ211 formed by the
alpha bombardment is-an alpha emitter of 7.5 hour half life. An alpha count of
the bismuth sample after a bombardment with a known number of alpha particles
then furnished the cross section for formation of the At211, At the beam energy

used (32.4 Mev) At2L0

is also formed with about one half the crecss section as
211 . . . . 210 ..

that of At®+~, GSince it decays by K capture to Po 7, which has a 140 day

alpha activity, it contributes =a negligible activity if the semple is counted

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

excitation function equipment; it was 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 counber anobther of the berget positions
, . . . . _3% . .
of the sample wheel was provided with a thin sample of U which had been care-
fully counted on the laboratory alpha counter, By selecting this barget with
the sample changer the condition of the apparatus could be checled at any time,
The alpha activiby was debermined to sebout three percents The value for the

cross section obtained was 0473 berns which is in agreement with ths result

given by Kelly and Segrd of 0,75 barns.

D. Discussion.

- le Comparison with PBeactivibty Lxperiment. Comparison of ¥the present resulbs

2 3

with those found in the previous expor1ment5 indicates that the assumption made

.

concerning the beta~activity of the complex of fission fragments is incorrect

by a factor of about leS to le7e In each case The chafged particle fission seems

U

to give more beta activity in the fragments for the times after bOMOqul ent 1ln-

. = o . iy . - . . .
vestigateds Newbtonl® has investigated the fission yield versus mass spectrum for

fission induced in thorium by alpha-particles. He finds that the usual dlp in ©the

Cl‘

distribution found with low energy projectiles (neutrons) has risen from 1/600 %o
1/2 of the peaks of the distribution. The COrresponding(new beta activities
appearing in the fission fragments might well account for the apparent increase

in beta activity per fissien., Tewton finds the value 0.6 barn for the fission Cross

section at 27,5 Meve This is considerably lower than the results of the present

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

alpha-particle energy to be 39 iev whereas measurements made with the collimated

beam by Jungerman and Wright5, by Kelly and SegféT, and in the present experiment
indicate that the maximum alpha particlehenergy avallable was more nesrly 375

Meve This would also acgounﬁ for the discrepaﬁcy in the fission threshold reported
by Wewtons He finds 23 to 24 Mev for the threshold whereas the results of tﬁe

Peactiviby experiment and the present one indicate a value of around 21 Meve
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2. Comparison of F;ssipn Cross Sectlons and Caloulated Total Reaction Cross
Sections, Wéisskoéfi6 has calculeted the total reaction‘cross section for alpha=
particles on a thorium target. He assumes 1l.48 x 10=13 om for the radius of
the alpha particle so that the ihteractiog radius between the alpha particle
end the target nucleus has the form R = (ré‘A;/3“+ 1.48) x 10“159 where A is
the mass number of the target nucleus., Weisskopf givesvpoints for ro= 13
and r, = lebs These points are plobted on the threshold éxoitation function for
alpha particlese. |
By continuing the total reaction cross section curve sbove the thresholad
an estimate of the competition existing with fission cen be obtained.
This is shown for the choice ro= 1.5 on the Th (a, fission) excitation
function, ‘Since all terget nuclel will have about tﬂe seme total reaétion eross
section for a given proﬁectila and projectile'energy,bthe conclusion is reached

that compebition is greatest in the cage of thorium and least for 7?35,

III 184-inch Synchrocyé¢lotron Experiment

Ao A@paratus and Method

The fission chamber and samples used were theﬁsame as for the éO—inch
cyclotron éxperiment. The sample areass were increased t§ 1/2 inch dismeter and
The beam'was‘again collimated to 5/16 inche Collimation was done after the
absorber used to reduce the beam energy so that beeam parbticles scattered in the
absorber at large angl@s would not be eble to traverse the fission chamber.
However, it was nobt practical to‘havq.é collimator for each seample as in the
60-inch cyclotron experiment. The major collimabion was done 12 inches from the
fission chamber sovtham neutrons and other background generated by the beam
arresting process would not be formed in the immediate vicinity of the fission

chember. The Faraday cup was altersd for the new beam energies by making the
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collsctor a solid copper cylinder 3 inches in dismeter and 4f1/2 inches in lengthe
This geometry is sufficient to trap the proton beam (340 Mev) according to the
data of Petersen.” Secondary particles were trapped with a hollow two inch
coppe% cylinder lml/% inches in diemebter and L/B inch thick, which was attached
to the beam end of the large cylinder. Since the beam intensities were much
smaller than the 80-~inch ocyclotron beam it was necessary to reduce the cepacity
of the Faradsy cup cireuit. This was done by placing the voltage measuring
equipment fof the Faraday cup in the btdrget area. A meter giving the voltage
on the cup was then brought outside the shig}@ingo Aﬁ identical cireuit also
simultanecusly gave the voltege on the ionization chamber circuit. A small
air=-cooled oil diffusion pumf.maintained the Faraday cup‘at high vacuum (less
than 5 z 10~% mm“ﬁg)s B
The extérhal beam of the 184-inch-oyclotron is puised‘so That all beam

particles in a given.pulmaa:rive within the resolving time of the apparstus. This
circumstance males the counbing of fission pulses more difficult than in the
relatively conbinuous beem of the 60-inch cyclotron even though the energy loss
by Llonization of %hs beem perticle in the fissién chamber has decreased due
to the.hiéh energics involvede Thus 1t is essgnﬁial that the cancellation be as
good es possible. A suggestion of Oe Chamberlain made it possible to vary the
cancellation electrically. ThiS‘Was done by conneoting o variable capacity in
serigr with each of the plates A and C shown in Figure 1. The(value‘of one of
these variable capacities could be changed during bombardmeht by robabing it
with an electric motore Thus while the cyclotron beam was kepb Ganétant, the
emount of unéancelled beam pulse could be observed in the osciiloscope and

minimized with the electric motor. -

It was found possible to eperate with no spurious beem pulses counting

Mz

“Ve Peborsen, privebe communication
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as fissions provided the -bewm strength was such thgt, for example, about 150
fissions per minute were observed with deuterons of 190 Mev ;ncident on thé

U238

samplees If the beam strength were proper, reasonable fission plateaus were
again obtaineds As in the 60-inch cyclotron experiment the pulse form was observed
during operation as a check that the pulses observed were really fisslonse

It was also possible to get an estimate of the background fission rate

by inserting an ebsorber into the beam whose thickness was greater than the beam

ranges This could be done by remote cdntfoi.so.tRQJ *he_cyélotron beam was not T
changed. Twelwve different absorbers could be placed in the beam by this remote
control device, Aluminum abscrbers We?e used for alphe-particles’ and deulterons,

and copper absorbers were usedffor protonse This allowed various emergies to be
selocted without shubting off the cyclotron and also provided g method of beam

range determination. It was necessary to measure the beam renge in each bombardment
in order %o determine sccurately ﬁhe residual raﬁge of the beeam in the region where
the hiéh’energy curves join'ﬁhe curves obtained at the 60-inch eyclotron in the

case of a%par%iclg and deuteron bombardnenbs. The straggling observed also is

an indication of the homogeneity of the beame

5, Resultss

1 Excitatioﬁ Functions. Fipgures 8 - 15‘inclusive éhow the excitation functions
observed for alpha-particle 'and deuterén.bombagdmgntso The probable errors in

the deuteron bombordments are in general less than forraiphanpar%icl 5 because

the energy loss in the fission cheamber Dy a beam perticle 1s less for the former
and 2lso beczuse the maxiﬁum intensity of the alphea-particle beem was much less
than the deuberon beame The alpha=-particle beem was alweys used ab full intensity.
The points shown without brobuble error are from the 60-inch cyclotron experimente

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

assumption of ons observed fission. The neutron fission background was aboub
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two percent of The charged beem fission rabe when deuterons were used on &

target of 138, In the case of alphe-particles this background was less than

wne percente

Figures 16 and 17 srhow ‘the présen"c s‘ba";u_s of the prokton excitation
functionse O.alw éno borb ardmonc has been made for energiles }Jelew 200 Hev and”
.qo the results are given only for higher e::u.ergies, The low valus of the cross
section observed as 'crompared 1Lr1 the results of the alphe~particle and deu‘t_er.on

bombardments is rather surprising. Decause of this, a check on the equipment

wes maede by changing the cye lotron besm to alphae~particles at h w end of a

EN

' - . . - —0"70
probon bombardment. The alpha particle cross sections so obtained for U°Y® and
Ka

098 checked within stetistics with previous bombardments. The neutron fission

o . . 25 '
background was about 2% for US90 for the proton case.

2o Fvaraday Cup vz;ieasuremen’cs. In the case of a@uberong the dB/dx curve as
caleulated from formula (8) was .verii_‘ied within ten percent in the range from 38
Hev to 192 MHev. The bes;q PLL was ‘obtainsd for w = 30 ev/idn paire. In the case

of alpha particles, the measurements were more difficult due to the smaller beam
~strength, but verification was again-obtained to about btwenby percent in the

range 100 Mev to 390 Hev using 30 ev/ion pair, In the case of the proton bombard-
ments, agreement to a;bout twenty oercent was obu'n ned in the energy region above

200 Hev with 30 ev/ion pair. It should be emphasized that the Faraday cup measurc-

}..J-
d"

ments were made with the same geometry as the fission e on function experi-

mente

"Discussione

fission cross section for full deuteron energy was ilnvestigated

17

by Goeckermann and Perlman~’ using chemical techniquese They found a value



T T T I T T 1 T 3
FISSION EXCITATION FUNCTIONS FOR u?3® u%%° g Th?232
BOMBARDED BY PROTONS O u?
2.0 o ’ -
D U235
232
1.8 AN Th _
1.6 -]
Latb 7% _
BARNS
1.2 | —
” -
o - o -
0.8 EI o - -
0.6 C —_ o .
0.4 x x g A |
0.2 - -
o) l 1 | 1 L | . e o 1 - :
0 40 80 120 160 200 240 280 320 360 400
Ep, (MEV)

,-_F',G: 16 |4o‘3s.- ]



T T T I T T T "' '
FISSION EXCITATION FUNCTIONS FOR Bi2°° AND Au'®?
BOMBARDED BY PROTONS | .

12

.10

.08

.06

(:) <:> EE) 1
A 4 & k
R T I ‘ L | I ' | 5 E l 1 ‘
40 80 ~ 120 ' 160 - 200 - ‘~ 240 280 320 _ 360 400
£, (MEV)

 14030-1



-

‘somewhat higher then the re ulbq of the present ev parlment.
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oL e

Oe2 barns which is in agreement with the present experiment within the experi-

mental errorse. O’uonz ~ and Seaborgl8 have investigabed inm spellation products
. ) 8 R} el - . s
and fissiom products of e 38 bomberded by 390 Mev alpha-perticlss. They estimatbe

Tthe value of the fission cross section to be aboubt 2 barns. This is seen to be

3

It is interesting to compere the calculated reaction cross section
end ‘the observed fission cross section in the high energy regione For the case |,
of alpha=-particles on a thorium barget, the threshold data from the GO—inch'qyclotron
show that for rs = 1,43 the fission cross segtion!bbserved‘would equal the calculated

reactlon cross section, Taking this value of r ©he total reaction cross section
0

can bs calculated in the region above the Coulomb harrier bv an approxzimate formula

given bJ Bethe and Lononlnskllg
G;'eac'bion =T 9(2 Po /ch
where )202 = wz(x-l),+ 6.744 g4/5(2x~1)2/5 for x ¥ 1.
x 1s the ratio of the cenergy to the effective barrier heigpt and g is a constont

which depends on the nuclear radius. Since Bethe and Konopinski do not use a

finite radius for the alphaﬁpartiolebtheir r. should be 1l¢67 in crdsr Lo correspond
to Weisskopf's choice of 1443, TQ1s ro gives the effective berrier height as
2546 Lev and a value of g. of 20.0. The results of this calculakion appear on
fh@vexcitation function of thorium bombarded with alpha-particles {Fige 9). This
chpice of T gives the minbnwn'pogsible competition with the fission processe _

N

It is seen that the competition begins to become appreciable above 30 Lev and

incroases ste adily with increasing alpha-parvicle energy. There is some chemical

. . o . . s e . - . ;e e
~evidsnce obtained by Jemes S that appreciable competition exists with the fisslon

process for the bombardaent of thorium by 37 Hev alphe~particless
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