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ABSTRACT

The ranges in aluminum of several fragments from the fission of

'U238 induced by 18 Mev deuterons and by 335 Mev protons have been mea-

sured by a radiochemical method. The ranges found are of the same

order of magnitude as those reported for slow neutron induced fission.

The differencevin_the forward and backwand»recoil'rangeS'in,the deuteron
case is consistent with the momentmm ccrresponding to compound nucleus
formation,; The ramges found in the proton case are shorter thanvthose'
of the deuteron cgse; the differences being greater for'the lighter
fragmen‘tse These differences are explained by'the change invmass of

the complementary fragments, due to evaporatlon of neutrons prlor to
fission in the proton case, wnlch causes the observed fragment to re-

ceive a smaller fraction of the total kinetic energy.
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‘i; INTRObUCTION_

The ranges‘associated with the fission fragments from slow neutron
fission'have been studied by a nﬁmber of'experimenters° This work is
adequately reviewed by Katcoff, Miskel, and Stanley:L who themselves

have made an extensive study of the ranges in air of the fragments from

‘plutonium fission. The characteristics of this range study have been

found to be consistent with the kinetic energy distribution ef'the
fission'fragments as determined by ionization chamber measurements,?

In the field of high edergy fission, Jungerman and/wright3 have studied
the kinetic energies of fission fragments produced by 45 Mev and 90 Mev

neutrons. No range measurements for high energy fission have been re-

ported. Such range measurements were undertaken by a radiochemical

. method because it makes possible the independent study of fragments of

various identities. Because the proddction of sufficient radioactivity

was a problem, the experiments were restricted to fission‘induced,by
charged‘particles. Originally 18 Mev deuterons were used, because of
the high beam currents available. An improved technique made possible

experiments with'335 Mev protons.
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IT. EXPERIMENTAL?MET@OD

Fission was induced in é thin uranium source by 18 Mev deuterons
and 335 Mev protons in thé 60-inch and 184-inch Berkeley cyclétrons.
‘Adjacent to this source during thé irradiation was a stack of aluminum
foils. After'the'irradiatioh,;the relative‘amount of a certain radio-
active fission product in each foil was deiermined by fadiocheﬁical
methods; From these data éﬁd the knéwn thicknesses of the fpils; the
mean rénge of that particﬁiar kind of thé fissioh fragment wés cal-
culated. |

_ Thé geometfical arrangemeﬁﬁ is indicated in Figure‘l.. If the
fission récoils are isotropic, half éf them wili eﬁter the stack of -
aluminum foils. Those with a given range R leaving any’oge point of the |
source will be deposifed on a heﬁisphepical_surfacé of radius R. &
foil of thickness t in the stack will theﬁ conﬁain.récoils deposited
"on a zone of the sbhere, and since the zone has an area of 2wRt, the
activity from a given récoii fragment of range R in,the,foil will ?é
Proéortional to the thickness of that foil. This will be true for_,.
each foil out to a distance from the source equal to the range. It
' follows that the same will be true for ail points of the source, 'and
therefore for the whole source, if the aﬁsorbers_are,sufficiently larger.
than the area of the s;urce. Because of straggling and the finite thick-
ness of the source, thé‘obsérved qurve»of activity pér unit foil thickness
piotted against distance from-tﬁe source is of the type shown in Figure 1

instead of being a perfect step function.



i

7=, UCRIL~1244 Rev,.

The first experiments were made with stacks of maﬁy'very.thin foils,
as had been done prev1ously (for low energy neutron flSSlon) by Jollot b
Suzor,5 and Flnkle and co--wworkers,6 The- alumlpum foils were a commer-
cial grade of hammered aluminum, purchased in sheets 5 1/4 inch x
5 1/4 inch with thlckness close to 0.2 mg/cm_. However, it was foun&

that even the best of these foils varled 1n thickness so much from

point‘to point that high aGCuracy was impossible, The probéble errors

of the ranges calcula ted from these experlments were estlmated as
5 percent based on the 1nternal cons1stency of the data. These resplts
confirmed that the activity distribution in this experimental arrange-
ment is approximately'as.shown in Figure 1, in agreement with the re=-
sults of the prev1ous workers 495,6 |

More cons1stent results were obtalned with a thick foil technlque, 
One can select the foil thlckness so that the glven flss1on re001l is
completely st0pped in Just two f011s, as 1ndlcated in Flgure 2. Let -
A, and t, be the activity and thickness of the ath £o11 and & and ag

the activities per unit thickness of absorber at distances x and O.-

The arithmetic mean range is

a0
) x da
/0 ,

| 20 ,.
If the region of straggling does not include'the first foil, then ag.,

is equal to Al/tl, the integral is the total activity Al plus A2, and

(1 + A2/Al)tl
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This result is ihdependent’of the shape of the activity distribution

in the second foil, _If'the éctivity extends to .a third foil, A.3 is

added to 4o in_the above expreésion,
In the above discussion,‘it has been a;Sumed that the fqils are in

contact with each §ther during the irradiation. However, the reSults
'are valid so long as the foils are parallel and sufflclently large
so that every recoil partlcle remains in the stack.

‘ ;Eight expgriments, listed in Table I, were carriéd out by fhe
‘Wehick foil" method.

‘Table I

Details of Irradiation Conditions

Quantity of = Source

BombardmentA Projectile irradiation Recoil - thickness
‘ ’ (uah) ‘direction® (mg/cm?)
1 3BUevp 2 . 90 1,01
2, 3, 4y 5 335 Mev p 2 9° 0,920
| 6 18 Mev d - 20 forwerd  0.920
7 18Mevd 20 backward 0,920
8 . 18 Mev d 150 forvard 0055

' aW’ithjrespect to the beam direction.

Because the projecfile has appreciable momentum, if the,fissioh recoils
are isotropic with respect to. the excited nucleus they are not isotropic

in the laboratory system.. However, it can be shown by geometrical
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arguments fhat the method of calculation introduces no error at all if
the range of a.fragment of a particular mass 1s proportional to its iﬁit~
ial Velocity or the square roqt of its initial energy, so long as the
velocity of recoil exceeds the velocity éf the fissionihg nucleus so

that there is some recoil in all directions in the 1aboraﬁory.‘ This

.dependence of range on energy for fission fragments in gases is consis-

1,7

To investigate'howvexactly'this conditioﬁ must be satisfied,‘we cal-
culated examples ﬁsing the differences in férWard and backward £angei
actually obéerved in the deutéron experiments and the extreme assump-
tions that the rénges ﬁere proportional to the ;ero,and first povers
of the ehergy. fThe errors inffoduced_in such'caSQS were of the order
of only one percent fbr £orward[énd backward recoils, and insighifi—-
cant for perpendiéhiér‘recoils. Thus we are con?ideﬁt that no:appre— ‘

ciable error is introduced into the‘present results by the asymmetry

~of recoil.

A.. Source Préparation'

The sources were prepared by sputtering natural uranium onto a
two mil aluminum sheet,8 ‘Thé aluminum sheet, cut td the desired shape
for target.mouﬁﬁing, was maékeé by‘a thin bronze masking plate durgng
the sputtering process so as to define accuratély the source area. The
sputtering was accomplished in a low pressure argon atmosphere with.
an applied potential of 1500 volts. ‘The average séu;ce thickness was

determined by weighing'fhe ¢leaned aluminum sheet before and after the
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sputtering process. It was necessary once or twiee to spot the sputter-
ing process and‘weigh the élumiﬁum in order to determine the amount
of progress made. »DdringAtheee'intervals and'after completion of the
sputtering process, the uraniumvﬁas in contact with the air and some
U05 undoubtedly formed. Itjﬁuef thereforevbe_considered that each source
contained unspecified‘emounts of the oxide.

The sources were ﬁhiék enough to introduce some uneertainty into
the'results. ‘The correcfion for source thickness is discussed in a
later éection_qf‘this papef. It was not convenleht to use thinner

~

soufces,bedause,'even with the thick foil technique, the'335 Mev proton

‘experiﬁents yielded relatively modest amounts of radicactivity in the

bpmbardmentltimes which were available.
g ' . AN i ‘ .
- B. Foil Thickness Measurements
The "thick" foile were either 0 00033 inéh of 0,00025 inch commer-
cial rolled aluminum sheet. In the flrst three bombardments

0,00033 1nch f01ls, selected from a representatlve group of 32 f01ls in |,

all, were used. The thlckness in each case was calculated from measure-

A ments of the dimensiqns of a weighed area observed under graph paper

.
L

over 5n illuminated viewing plate. A special steel tool, eomprlsed of

a hardened ground flat surface of known geometrlcal shape and with per-

'Ipendlcular sides, was used to estlmate the error 1nvolved in the thick-

ness measurements. The f01l, placed between the tool and a flat plate

glass surface, could be accurately trimmed to the known area with a

_scalpel, and it remained only to weigh the trlmmed foil to determine
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‘its thickness. _Thirty-two areas, each the same in shape and size as

lthatkover which it was;expected the fission fragments would be collec- .

ted during bombardment, were thus trimmed from 21 foils not:selected

for bombardment work. It wés'fbund that the.average difference between

the thickness'So measured and that measured by the graph paper tech-

nique (after applying a calibration correction for the graph paper

used) Was'i 0.3 percent, The maximun difference found in the 32 measure-
: ro .

ments was 0,53 percent. -On this basis the thickness of those foils
uéed‘for boﬁbar&heht work was established as that measured by the graph
paper technique with an average éXpectéd error dﬁe.to nonuniformity of
i b.3 percent. | |
>‘Thickness'measurements made by trimming the foils to a known and
well defined area were so éuccessful that this method wa? embloyed for
the 1// mil foils which were used in the’remaining bombardments, The
tools were made rectangﬁlar in'shape so that th§ areas could be quité
accurately determined from micrometer measuremeﬁts. Sixty foils weré
cut from the 1/4 mil aluminum sheet. Fach waé first trimmed to an area
slightly larger than that of the smallest areabwhich could be mounted
in the ﬁarget holder, making possible one measuremenf of the thickness.

Using a second tool, each.foil was trimmed again to an area equal to that

of the smallest convenient size for target mounting, making possible a

second measurement of the_thick_nesso Since the two areas were not far
different, it was expecte&'that.the two measurements should agree.
The average difference between the two over the sixty foils was

0,07 .percent, Some of the foils of this group,’not'selectéd for
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bombardment.work, were trimmed again to a small rectangularvarea'eQual
to that over which it was‘expected the fiesioh fragments would be col-
lected. This third thickness measurement showed the average expected'
error due to nonuniformity.tc be + 0.2 percent. |

The thin‘foils, mqunted adjacent to the_scurce,»were all trimmed
after bombardmeat to an area only s}ightly larger than that oVer which
the fieaion fragments were*expected, and then weighed. It was possible'
that some activity was lost from the first foil during thisloperation

because of mal-alignment of the trimming tool. However, the thickness

‘ measurement was the most important consideration,’ It is dlfflcult to

*establlsh accurately an expected error in thls thlckness measurement,

but an error as large as one percent would produce an uncertalnty of
only 0.002 mg/cm . The arbitrarily chosen value of one percent was‘a

eafe estimate.

C. Target Aséembly
The target assembly for the 184-inch cyclotron is showm'in Figﬂre 3,A
with the thicknesses of source, spacers and foils greatly exaggerated.

The source and the collector f01ls were spaced apart by 0,002 inch

-aluminum spacers to facllltate disassembly after the irradiation. The

spacers, fqlls, and source were allgned and held in place by four machine
screws which threaded into-an aluminum block’adapted to the probe of the

cyclotron. Vent holes were provided so that the air between the foils

_could eScape when the target was let down to the cyclotron'tank pressure.

~ The supporting foil for the source was dished slightly so that uranium
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source éxtended»iﬁtozthe circulating beam of the cyclotron, which struck
- the target alﬁosﬁ parallel to the foils, In this arrangement,ithe range
meésured_éorreépondg approximatély tg that Qf‘recoils at‘r%ght angles
to the beém. The ufanium»ié disposed so that it is a thick target with
respect to the_beém and”g‘thih target with respect to the recoils. The
effective energy spectrum of the protons therefore extends ffom 335 Mev-
dowﬁ perhaps td.véry low energies, and fhe shape of this spectrum is
'vunknown.' The thick target was necessary because oth@fwise'insufficient
ac%ivity'would haﬁe"been.obta;ned in reasonable bombardment times.
o The target assemﬁly for the 60-~inch cyclofron was substantially
the: same exqept that it was mounted with the foils perpendiéularvto the
deflected beam; ~The foils-and‘squrce were so thin that they absorbed
" little power from the deuteron beam. The aluminum backing block, which
absorbed most of the power, waS‘water’cooled;’ In thig case the target-v
~ was thin with respect to the 5eam, and the effeéti;é energy.of.ﬁhe
deuterons was about 18 Mev. |
Those feco%lé which are ejected at an angle sufficiently‘small

with respeqt to the plane:of the source can be stdpped in the spacef
betﬁeen the source and the first foil, and presumably there‘are some -
which speﬁq only part of'tﬁeir range iﬁ this first spacer, being collected
in the foil beyond. To avoid an grrof due to this cause, a fhin foil |

(about 0.2 mg/cmz) was placed in the first position and the second foil,
‘>of the thicker variety, was used as the control foil. The geometry was
such thét no fission recoil could reach the SGCOndispaéer without having

traversed more than its range “in the first thin foil. . The ranges were
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_then calculated from the expression:

R =t +.t2(1 + AB/A2)_
This arrargement was used for bombardments 2 - 5, the results of which

showed this precaution to be unnecessary. Thereafter the thin

foil adjacent to the source was not used.

D.. Chemical Procedure

&fter phe irradiation,-the target waS‘disasseﬁbléd. Each foil
wag placed in an.individual test tube and dissolved with}é M hydro-
chloric acidt The same amount of mixed_carrier'sdlution was added to
each test tﬁbe, and the samples'divided ihto two nearly equal pafts
for chemical,anélysis, When silver carriéer was added, if was -added
separately after the other cafriers,' The exchange between silver ion and
freshly formed silfer chlbride has been shqwh”to'be reasonably fast,9
and the solutions were thoréughly stirred to effect this exchange. The

silver chloride was then separated by centrifuging and the filtrate

. divided into two nearly equal aliquots; Duplicate samples of the silver

‘were obtained by dissolving the silver chloride with ammonium hydroxide

»

solution, then dividing the solution.
The carriers were separated using qualitative analytical methods

and purified by the chemical proeedures outlined by.Newton.lO The final

' precipitate was mounted in.a,émall aluminum dish and weighed (glass or

porcelain dishes ‘were used for the silver chloride samples)., The dish,
covered with a thin plece of Cellophane, was counted with an end

windowed, chlorine-argon filled Geiger tube. Since only relative values
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‘ofvthe specific &ctiVitiesﬂwere required, no attempt’was made to deter—

mine absolute disintegration rates.

E. .Identification of the Radioactivities
Bal40 vas identified by its half-life of 12.8 days, and dis-
tinguished from 12 day Bal3l by the growth of its daughter La'40,

This growth showed that not enough Bal3l was counted under the qonditions

used to cause any serious error. . In bombardments 1, 2, 4, and 5 the

barium separation was effected after eight days after the bombardment

so that the decay'pf the 39 hour Ba133m,and 29 hour Bal3%™ yould not

mask the La14o_growth; In bombardment 3 the lanthanum growth was obg=-
curéd, but it was inferred from the other results that the 12,8 dayf

activity could be called Bal40, In the 18 Mev deuteron experiments, not

.enough of the short-lived barium activities waslprdduced to be of any

concern.

11

The radium spallation products which contaminated the barium

samples in the high energy bombardments were taken into accoﬁﬁt,in

several ways., In bombafdment l,vwhich utilizéd the first foil as the
control foil, alpﬂg activity was detected only in the'twd samples from
fhe first foil. The beta activity due to the'radium was correctéd f6r
by convertiné'the observed alpha counting rate to the equivalent beta

counting rate; the equivalence being'determined by a éu;table ra&ium

standard counted in botl counters. Radium was separated from‘the barium

samples during the chemistry of bombardment 2 by the use of Dowex resin

columns eluted with citrate.l? Bombardment 3 showed that the ranges of

\
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the radium spallation produc%s'were-less than the thickness of\the wery '
thinf' foil adjacent to the source. Radiuzﬁ contaniin_ation in ’E{he samples .
of Eﬁe thin foil égﬁséd no error, beqaﬁse the activities of theée
'samplés were not used in the range calculations.,

Résolution,of the decay curvéé for the_tin samples showed the
three half-lives of the 27.5 hour snt?L, 9.5 day Snl?5, and 130 day
Sn123‘isotopes.13'l5.‘ |

A11 cadmium samples gave deéay,curves of £he same shape,‘which
could bé resolved into two components for;the isomers of Cdll5‘ The
half-lives obsérved were 43 days and‘53 hours. The répo;ted value of
56 hourslé:is'in‘disagreement. This activity has.glso been studied by -

Folger, Stevenson, and Sgaborg17 who report that'the half-life is 53

hours.

-Aglll_waé identified by the 7.5 day half-life. In addition, one
'absorption;curve_was taken for each prdtoq&bombé;dment, using the

most active sample from the control foil, to differentiate it from the
8.6 day\Agloé; The abSorption’curves-showed that the radiation counted
was predominantly a beta spe'ci:rum ﬁtH é. range of 400 mg/cm2 of
beryllium, which corresponds to the radiation of Aglll; The ievel of

106

radiafibn counted that could be associated with Ag™ ", which has -an

18 was of

abnormaily high ratio of gamma ray counts to electron counts,
the order of 0.2 percent.
When the 9.7 hour srot activity wés-sought, the final strontium

séparation was'made after 13.5 hours after the end of bombardment so that

the 2.7 hour Sr92 and its 3.5 hour datghter would not interfere. The
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isotope was identifiéd‘byrthe 9.7 hour half—life.which tailed into
the long half—life of from 54 to 61 days. Corrections for the activity
of the 54 day_SrS9 were negligible for the observations used for the
rangé caluclations.

'The,strontium samples were purified chemically to rempvelthe
61 day Ygl daughtef of the Srg; after the spt had substantia}l§ all
89

in all cases

89

: decayed to'permit obsérvatién of the_decay of 54 day Sr
but bémbardments 6 and 7;,.In these caées, the range of Sr~” was déter-
mined from the‘éhange'in the'mean'néfmalized specific activity caused
‘by the change in the relatlve abundance of the activities.

| The act1v1ty in the samples from the foils beyond the range of
the,fragments was so near background level that its decay Was confused

by statistical fluctuatlons. However, a low level of Na?s contamlnatlon

Was 1ndlcated in the Sr9l samples.

ITT. EXPERIMENTAL RESULTS

~ The observed specific activities of the samples, i.,e., counts per
minute per milligram of sample, could be used for range calculations
éince, for a given bombardment, the séﬁe ambunt of inactive’carfier had
been‘added'tb each of the dissolvéd foils. Fof-a;given sample pair,
i.e., both from the same foil, half the percentage difference between
the two spécific activities.was'recorded each time the pair was counted,
and an averagé of this quantity was taken fo be the observed experimental
‘uncertainty,. independent .of the statistical cbunting error, Inclgded

in thié were errors due to chemistry, diffefences in self-absorption,
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self-scattering and back scattgring,vand small differences in counting
geometry.

The sum of the two specific act1v1t1es of an 1dentlcal pair was
divided by that of the control foil in each case and recorded as the
normalized spe01f;c act1v1ty of that foil. For a given isotope
1nvest1gat10n, the sanples from all f01ls decayed with the same half-
life so that this normallzed specific activity remained a constant
figure except for the statistical variation. The error due to fluctua-"
tions in counter sensitivity and to statistics was estimated from this
variation. Small'correctidns were made whenever necessary for the decay
'invthe time between the countingvof the various samples,

Table II lists thg.meén‘ﬁormélized specific activities determined
as described above for'dne experiment, Theiérrdr shown in each case is
' the combined'observed'uncertainty, esti@ated from the data, due to the
errors meﬁtioned_above;"As_shown, each isotope investigation included
an examination/of a least one foil beyond the end of the range. The.
normalized specific activity found in this foil waé in every case léss;
than one percent. In some cases, howeﬁer, its magnitude was comparable
to the observed error in the other foils, Fo?'the sake of consistency,
this correction was-subtracted in ali cases before substitution into the
equation, althcughAgenerally it COntributea little to the accuracy of
the measurement. |

The mean ranges calculated from these data using thoséﬁformulas al-

ready developed are listed in Tables III and IV. Because of the straggling

effect near the end of the range, these formulas are not valid if the end
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Table II

Data from Bombardment No. 4

Target detail

Source - 0,920 mg U/cm®,

Foil No, 1 - 0,218 mg Al/cm2 + 1 O%
Foil No, 2 (control foil) 1,7100 mg Al/cm2-+ O. 2%
Foil No. 3 1.7099 n

Foil No. 4 11,7150 " "

Foil No. 5 1,7078 " "
Oﬁserved mean normalized specific activity

Isotope - - ' .
Studied Foil No._l *  PFoil No, 2 Foil No. 3 Foil No. 4 TFoll No. 5

Bal40 o,lgoqt,0015 i;oooi.0017 0.4078+.0035 0000840007 0.0008+.0007
sn1?3,125 o‘1052+'0531'1;ooo+.024 0.4877£.,0094 0,00214.,0005 o;oooz+.0001
calls 0 1254+,0023 1.000%.0024 0+623L+.0041 0.0045£,0007 0,0004+.0001
agttt 0.1382¢.0027 1.000£,0089 0.659£.010 0. 0074+ .0004 O. 0001+.oooo
st 0.1219+. 0007 1.000¢. 0L 0.9066+ 0046 0.0972£:0013 0,0047+. 0005%

srd9 o.1296i.ooosr1.ooqi.ooz7 0.8899+.0035 0,1038+,0012 0,00134.0013

#Na4 contamination probable,
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Table III

Experiments with 335 Mev Protons

viHhw o

_Bbmbdrdment o | Uncorrected mean range
srP? et ag™ - call5  sn123,125  pal40
" B ﬁ 3 52+ O ) 2067i004
3.,66+.03 3.63%. 04 3.11+.04 2.80+.03
3.66+.06 3,72t,23P 3,12%.,02 * 2,82+,012
3.62+,02 3, 65+ 03 3. O7+ 03 3.00+ 01 2,76+.05 . 2,62+.01
3.63+.02 3.04+.03 2,99£.0, 2.85t.04 264,03
Mean range corrected for straggllng
1 . . 2, 53+ 04
2 '3.08+.04
3 _3;081;02 )
Weighted'averages; bombardments 2-5° )
3.63+.01 3.63+,02 3.07+.01 3.00+.01 2.82:.03 2.63+.01

3

aUsed_to estimate straggling, and not‘iﬁcluded in weighted average.
bLarger error-due ‘to chemistry.

Cr1 ' prs
‘Uncorrected for source thickness.



»

—21- | ' UGCRL~124/ Rev.

Table IV

Experiments with 18 Mev Deuterons

\Bombardmgnt ' Unéorrected mean range
sr®? sl pglll palA0
6 4.05€.03  3.99%.02 3.38+.0L  2.914.02
7 3716003 3.665.02 3.06£.05  2.54%.0L
8  4u0k.04  3.76:.04  3.26+.02

of‘the’éontrol foil lies near the.mean range, This effeét explains why
the ranges caluclated_for'Ba;AO in bombardments 2 and 3 arevgreaﬁerufhan‘
those éf bombardments%k&and 5

It is possible to make some deducﬁions concerhing the magnitude
of the straggling from these data, If‘avtangent is drawn to the.éctivity

distribution curve (Figure 2) at its steepest point, it intersects the

distance axis at the extgabolatéd range., We definé_the straggling para-
meter as the difference between the mean range and the exﬁrapolafed

range. If it is assumed ‘that the shape of the activity distribution curve
‘is that of an integrated Gauss error curve, tﬁen the straggling parameterb
can be adjusted to it the observed data. In the case of Bal40, the
parameter was.adjusted_to make the data offbombardmeﬁts 2 andIB consis—
tent with the weighted. average of the ranges from bomb;rdments 4 and 5,

Similar estimates were made using the data_from bombardments 4 and 5 in

the case of those longer ranged fragments which penetrated appreciably
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into the fourth fbil; The activity aistributions in the deuteron ex-~
periments allowed a single estimate of fhe stfaggling parameter of Aglll.'
The resulting parameters, listed in Table V, are rather sensitive to
errors in range and in obéerved activity ratios, ’For example, a one a
‘percent uncertainty in thé mean range combined with a one percent un--
certainty in the ratio of observed activities results in an eight per-
‘cent uncertainty in the'estimated straggling. The assumption that the
shape of the activiﬁy disﬁribution curve is Gaussién is not criticai.-
 These parametérs include the effect of the source and are not to be

"~ confused with the stragglihg of recoils from a thin source.

The date for barium gnd strontium show that for the conditions of
bombardménfs 2=5 the stragglihg parameter is 15 + 1 percent of the un-
correctedumean range for both heé&y and light fragﬁehts. If ﬁhis value
is.used for all fragments, then the values fo: Aglll from Eombardments 2
_ and 3 are lowered about one percent. The only other case which Te~

140

quires this correction is that of Ba in bombardment 1. A parameter
of 0;47 mg/cm?-Al was used, on the basis that the thickness of the source
is largely responsible fof the straggling in this case. The va;ues for
BalAO from bombardments 2 and 3 are not.corrected; nor are they included
in the average, because they were ﬁsed to estimate the_straggling paramé-
ters.

A differénce between the range of snl?3 and Sn125

was not dis- -
tinguishable, In this case, since both isotopes are present in the same
samples, a difference in range would be indicated by a gradual shift in

the value for the normalized specific activity of those samples taken
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Table V-

Straggling Parameters

Bombardmeﬁt Fragment ’ Straggling Parameter
o ‘ (mg/cm? Al) ‘ (perqenta)
2 Ba40 0.38 1,
3 Bal40 0.41 | 16
4 st 0450 1
4 sr9 0.57 16
5 sr9 | 0.56 15
6 agt . ou3 13

8percent of the uncorrected mean range.

from the foils beyond the éontrol foil, coincident with the change in

- the relative abundance of the two iSbtopes. No sucﬁ trend was distin-

_ guishable. Unfortunately, the low activity level of the 130 day Sn'?3 '
isotope gave rise to'statistical fluctuations larger than the magnitude
of ﬁhe expected shiff.

. It has been mentioned that the observed decay of the tin‘samples
showed the presence of the 27.5 hour Sn121 isotope. The range calcu-
lationé refefrgd to above were made using the activities(obserﬁed gfter
the 27;5 hour activity had decayed to a low level, No range is re;
ported for this isotope because the asspciated'soff f~ radiation
(0.38 Mev?19 led to iarge-errors due to differences in self absorption

between the various samples.
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A, Corrections for Source Thickness
Experimental evidence of the effect of the source thickness-wasvob-
talned from bombardments 6 and 8 both made under identical conditions
except that the two uranium sources dlffe"ed con51derably in thlckness.

The differences between the observed ranges for the two bombardments are:

Fragment o AR (mg/cm® A1)
Bat40 0.350 + .028
agtt | 0.374 + .058

sr%9 0 0.353 +.050

weighted mean '0.354 + .023

The three are in agreement within the limits of the experlmental error,
and the weighted average was taken to be equlvalent to 0.865 mg/cm2 of
source thlckness, the difference between the measured thicknesses ef the
“two sources. Corrections were then ﬁade on thevassumption that the effect
ef the sQurce upon the meanvfange was proportionalnto the ﬁeasured source
thickness.,

nIn bombardments 2-5, each range was measured two br more times
under comparable conditions, and the agreement foﬁhd is evidence ef the
. consistency of the experimental method. The reeults ofIEOmbardment‘l; when
I.corrected for the source thickness, are in good agreementiwith the other
high energy_results. Listed in Table VI are the fipal averages of the
eorreCted,results,__obtained by weighting the various determinetions in-

versely as the squares of their probable errors. J
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Table VI

Corrected Mean Ranges

Range in mg/cn? aluminum

FTOEment s Mevp 18Mevd 18 Nevd 18 Mev d
9090 - forward backward 900

st 0Lt .03 hed3 £ 03 409 % .04 4.26 .«:;03

spol 4,00 & .03 4.36 + .03 4.04 + .03 4-.20 :‘{’03 |

| Agin : 3.4 if*‘.oj 3.77 + .03 '3..44 + .06 3;60 + .04 -

calts "3.37 £ .03 = — e

anl23,125 3.19 + .04 - — -

Bal40 © 3.00 + :02 3.29 + .02 2.92 + .03 '3._10& ;02

K
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The a&erages}of the forward and backwardvrecoil ranges in the aeu—
teron case, which are also listed in Table VI, correspond (tb within the
QCcuracy of thevmeasﬁrements) to.ﬁhe:recoil ranges.at right anglés to
the beam. These values are ‘the qﬁes to 'be cofipared with the proton re-
sults and'with low energy fission.

The relatlve stopplng power of “the source observed here»ls in dlsa—
~ greement w1th that calculated from. the results of Segre and Wiegand. 20
Employing an experimentalvarrangement somevwhat similar to that used here!
these exﬁerimegterS’measﬁréd thé,relative stopping'powers'of aiuminum,v
-copper, silver, and gold for slow neutron fission fragmenﬁs. The stopping
power Qf uranium was c¢alculated from these results and checked by a com~
parison of a very thick ﬁranium,source with a very thin one, They re-
ported that one‘mg/cmz'of gluminum is equivalentito 3.4 of uranium
or 2.7 or U3Qg;f_Eor'a uniform source the source Qorrectionishould be
equal to the aiﬁéinum équivalent:of_half the source tﬁickness; .On this
basis, Qne mg/cm?.of aluminum was equivalent to 1.24 mg/cm2 of our source
material, Thgvdiscrepancy is‘in the direction cqrreSpéndipg to uneven
thickness of our source. A.ghickness variation,.because of the geometry
of sputtering,>roughness ofnthe aluminum surface, diffusion'of the'uranium
into the aluminum under the condltlons of the sputterlng, or chemlcal reac-
tion of the uranium with the alumlnum, may be the cause of this effect.
Suzor? suggested similar eXplanations for wide discrepancies observed in
his work concerning slow neutron inauced fission. He also obgerved quite

an appreciable difference in the felative stopping power of & uranium
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source electroplated onto copper and one electroplated onto"nickel,
The observations coﬁcefning the straggling described above are in

line uith fhe megnitude of these source corrections.

IV. DISCUSSION OF RESULTS
.The differences between the forward aud backward ranges of fraé-
ments'frou tue'deuteron iuduced fission are related to the momentum im-
parted to the uranium nucleus by”the deuteron. These'differences, from

bombardments 6 and 7, are:

Fragment | AR (mg/cm2 Al)
&8 ! .339 + 047
sr9l 0.326 + 027
gttt | 0;322 * 066
Bal40 0;3?)2 + .021 ,7
weighted average 0;351.i 015

-The probable errors do not include contributions from the source cor-
rection, because:the same source was used in these uwo experiments. - Within
these errors, tce differences agree, and to simplify the discussion the
;verage value'will ‘be considered, |

The excitation' energy of 27 Mev (correspondlng to capture of an.
18 Mev deuteron) 1s in the reglon where compound nucleus formatlon is pro-
bable. If a compound nucleus of mass A is formed with a forvard kinetic
energy E, and the total kinetic energy of fhe two ffagments'in the center-

of-mass system is E, then it can be shown that for a fragment of mass M
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the differénce in kinetic energj 5etween tﬁé forward.aﬁd bacéward directions
will be: . | |
OF = 4 \[EEH(AN) /&

Thé éfféct of tbeviqss of aifgw_neutrons has been neglected,‘but it
-amoﬁntS’to only a few percent, Using 155 Mev for E, similar to the values.
found? for slow neutfon‘induged fission, and 18(2/240) for Eg, the

following differences were calculated:

M 4E (Mev)
89 : 9.3
91 . 9.3 .
o 9.6
140 9.5

aAn average of 9.4~Mev ﬁas selected as rebresentative of the region étu_,
died. The uncertainty in the correct/value of E is unimportént.

' Since the obéerﬁed diffefences in range and»the estimated-differ-
ences in energy,ére both nearly independent of ﬁ, then the stopping power
of aluminmm for fission fragments must be nearly independent of M near
the beginning of the range. The average value of this stopping power is
estimated to be 27 Mev cmz/hé; based on the above data.

Nuclei which are‘excited>by "stripping® reactions in_which‘only‘one
nucleon is’capﬁured, or by "hit-and-run" reactions in vhich neither is
captured, Vouid gain considerably iess momeﬁtum than fhose_forming frue
compound nucle}. If such reactions were important, then the:étopping

power calculated above would be +00 large.
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The variation of ionization along the recoil paths has been étudied in .
‘various gases by'Lasééh{Zl If it is assumed that the rate of energy loss
in aluminum varies in the same way, norﬁalizétion of his curves to the
- ranges in aluminum yield estimates of'the.étop@ing power. Such esti—
mates (for the first tenth of the range) yieid valﬁes ranging frpm 40 to
50 MeV~cm2/mg‘for the rate of energy lﬁss in aluminum,‘ Si@ge the'average
‘energy loss over the whole path must be about 20 Mev em?/mg, our estimate -
27 is more likely to bé,low“than hig@. In the absen¢e of a the;ry of the
stopping mefhanism for fission fragments in metals, it is difficult to
say whether the disagreement of the values converted from the gas measure-
menﬁs with that.which we. calcula ted isiuﬁreasonable.

Sinée Caluclation on the basis of the»alterhate'ﬁodes of reaction
deséribéd above leads to values of the fafe of eﬁergy loss less even Fhan”
the average over the whole range, these data supﬁbrt the assumption that
compound nucleus formation is, in fact, the predominant mode éf‘reaction
‘leading to fission when uranium is bombardéd with 18 Mev deuterons,

The rahges measured for the fragments from 335 Mev profqn induced
fission can be compared with fhose calculaﬁed for right—angle recoils from
18 Mev deuteron induced fission. A comparafive"pIOt, in Figure 4, shows
the ranges.frbm the higher energy;fission to Eé sysﬁematidally less than
those from the lowér energy fiésion. Numerigal values for fhe differences
calculated from the data of bpmbardments 2-7 only (to avoid the additional

uncertainty caused by the source correction) are:
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- Is

Fragment ' MR (mg/cm®) AE (mev)
589 | 0,249 028 6.7
srot 0,192 + .029 5.1
agHl  0.153 + 036 4l
Ba 140 \ 0.099 + 016 2.7

The range'differences have‘beeﬁ'conﬁerted to approximate energy differences
by use of\ﬁhé étopping'power (27 Mev em?/mg) estimated above., The effect
of momentﬁm_imparted by the beam is insignificant on the enérgies of Te-
coils at right angles to the beam, so these differences must be related to
the differencesvin excitation energy of ﬁhe uranium nuclei.

The ranges.;éported here are substantially the same as.thbse from.
low energy fission, as they must be if the recoil energy is due simply to
the coulomb repulsion of the two fragments according to the liquid drop mo-
del of fiséion. Small. differences are expected according to the mass and
charge of the fissioning nucleus and according to the speed of the feaction;
as discussed below. Accurate comparison of the rangés reporféd here with
‘previqus work is difficﬁltvfor several reasons. Most of the previous
‘measurements were made on fragments from the fission of U235 or of Pu239
induced by slow neutrons, while we ﬁsed R38 andiéharged particles. Ouf
fissioning nucleus is likely an isotope.of neptunium;vat least in the deu-
teron case, The accuracy of'much 6f the previous work is in déubt, and
considerable disagreement exists between various results, In those cases
where the rénges were méasured in substances other thanwalumihum, the con-

version to aluminum introduces additional unéertainty. The distinction
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betweenugggg and extragoiated ranges confuses some of thé édmparisénSa

The most significant comparison can be made with the ranges reported
by'Katcoff,-Miskel,-énd Staﬁleyl from their extensive study of élow neutron
induqed fission of Pu239. Their‘vélues, corrected to aluminum, are included
in Figure 4. The pronounced dip in the cenber of their curve indicates
thé lower kinetic energies that prevail when the fission is nearly symmetri-
cal, an effect that has been verified by Brunton and Thom.pson.2 There is
no evidencevfo? a similar dip in our cﬁrve for fission induced by 335 Mev
'profons. Our poihts for the 18 Mev deuteron caée‘are too few to give
evidencevconcerning évdip._ |

_<According to these curves, the average kinetic energy of uranium

fission induced‘by 18 Mev deuterons is 5 or 10 MeV~gréater (considéring
both fragments) than that of Pu239 induced by glow neutrons, whereas the
difference in nuclear charge should cause a small difference in the oﬁpo—
sifé diréﬁtioﬁ. én the other hand, the results obtained by Sué;r5 fér
_ranges in aluminum of fragments from low energy‘fiséion of U235;»a£ter
correction for source effeéts, deviate from ours in the opposité direction.
It is likely that there should be some difference in the kinetic energies
of sléw and fast fission because in élow fission there seems to be some
adjustment of the ratio of protons to ﬁeutrons in the two fragmentszz’23
and there is é possibility of quantum mechanical barrier penetration effebts,'
but such differences should_bé small,

Jﬁpgerman énd'wright3 by jonization measurements found the kinetic
enefgy of fission of uranium and thoriém induced by 45»Mév and 90 Mev

neutrons to be on the average about five percent greater than that of
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slow neutron induced fission of U35, fheirnstatistical errors were of the
crdef of two percent., A Systematic error may be present because of the
assumption that jonization is éroportional to kinetic‘energy, since the .
principal fragments from the high energy cases are different in mass énd
‘charge from those of the low energy case. Spallation of neﬁtrons prior
to fission may increase the kinetic energy by decreasing the nuclear
dimensions;‘according to_the.simple model described by Jﬁngerman and
ﬂwright, this effect émounts to one percent in the energy for each seven
neutrons lost. Each'proton‘lost decreases the energy about two percent,
but»loss o?fgeveraifbrotons.is unlikely:zé This decrease might be compen—.
sated by}meaéuré@eﬂt of the ionization caﬁSed by the protons. This work
confirms thé'idé;“%batwthere is liftle difference in kinetic energy be-
"tween fést aﬁd sldw;fisSion, apart from changes dﬁe to the identity of the
particular nucleu;”which fissions, but because of thé @ifficulties.men- |
tioned above the magnitude of the difference is not well éstablishede

The - comparison of ouf 335 Mev proton and 18 Meﬁ deuteron experiments
is more satisfactory than the comparisén with 1oy energy'work,vbecause the
similarity of the experimental conditions alldws us to place greatér con=-
fidence in the_significaﬁces of the differences. These differences can be
explained very well by a model similar to those discussed by Goeckermann
and Perlman<® and by Jungerman and Wright.3 To simplify the discussion
we shall make certain approximations. The kinetic energy of fission will
be aésumed to be 155 Mev, as before. In calculating the mdmentum distri—
bution betweén the two fragments, the mass of the complementary fragment

will be calculated neglecting the two or three (or more?) neutrons lost



=33 . 'UCRL~1244 Rev.
after fission from the fragﬁéﬁts in flight.z6

Our model for the high energy proton induced fission ié'as follows.,
‘The initial event is the exc¢itation of the uranium by the proton by one
" or more nucleon-nucieon collisions. The proton may escape with some frac-
tion of its original energy. It may have undergone éharge exchange and‘
~escape as a fast neutron., In rare cases it may be caeptured to form a-
compound nucleus. Some of the:nucleons struck by the proton may also es-
~cape with very high energies. Mesons may be produced in these initial |
events and escape the nucleus. :Whatéver the deﬁails of these initial
events, there remains a more or less highly excited nucleus‘of mass
about 238 and'chgrge‘about 92, TThe excitation energy is dissipated By
spallation, mostly of neutrons. When the nucleus is rélatively uneicited,.
fast fission, with no preferential distribution of charge, competes
effectively with the other processes, especially when many'neuﬁTOns have
been lost, In those Qéses where many protons have been loét, the fissiona;
bility parametér Z2/A is relatively less favorable. Thus the distribution
of fissiéning nuclei is principaiiy‘among nuclides more deficiént in neu~
trons than is the distribution of spallation products which will be found
by radiochemicel studies. ‘

Because the mass of the fissioning nucieus is less than in the low
energy case, a particular fragment, say Ba14o, iS'associatéd with a smaller
complementafy fragmeﬁt:and fheréfore receives.a smaller fraction of the total
kinetic energy. If E is the total kinetic energy of fission, A thé»massﬂof
the uranium nucleus beforé épallation, M tﬁe maéé“pf the fission fragment .

being considered, and N the number of neutrons lost pridr to fission, then
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thé differepce in energy ABEy between deutefon and pfoton fission is given
by the expression:

Ay = EMN/A(A-N) |

if the’effect of spallation on the value of E is neglected., From this
approximate expression it follows that if the fission takes piace pre-
dominantly at a single nuclide (or a few very close together) so that N
is practicaily a constant, the observed differences in recoil energy would
be appréximately proportional to the masses of the fregments, while the
observed differences are almost invefsely as the masses. This expression
was used to calculate the value of N corresponding in each case to the ob-

served difference in recoil energies. The results are:

Fragment . _AEM(mgv) | N
5r89 ; 6.7 | | 26
sl 5.1 | 20
2l - 41 | 1
Bal40 | 2,7 8

One unit has been subtracted from N to allow for the difference in mass

'of the proton and deuterqn, and two units'have been added to compenéate
for the probable‘ioss of one to three neutroné priof to fiésion in the deu-

teron case. No great accuracy can be attributed to these numbers of neu-

trons lost because of the approximations made in the calculation;

The results of Folger, Stevenson, and‘Seabozfgll7 allow one to deduce

that the strontium énd»bérium fragments from proton induced fission studied
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in the presept woik_afe largely produced as primary yieldsg that is, rela-
tiﬁely litéle of these activities result from beta decay of other primary
products. Probab;y theiAglll is formed principally as palll or rR1LL, On'
the basis of thérassuﬁption that there is no time in fast fission for pre-
ferential charge distribution, one can estimate the identity of the princi-
pél fissioning nucleus reéponsiﬁle for each observed fragment. The'results‘

- of .such estimates are:
’ S

Fragmenf . Fissioning nucleus N
Srs? y2Lé or Np218 v21-22
spot ‘ , 0220 or Np223 16-18
palll R o PR . 15416
Rp11L 027 or Np?2?  l0m
pa 40 | | 7?20 op NpR33 ' 6-8

" The agreement of these values of N with those célculatéd from the observed
v differences in energy is probably better than can be expectéd of so crude
a treatment, but it indiéates that the treqd of resﬁlts is consistent with
our model of the fission process.

Attempts were made to calculate the effect of spallation on E by the

equation (derived for tangent spheres):

E/E' = le2(A11/3 + Aé'l/B)/Z]'_Zé(All/B + Azl/B.)

where the subscripts indicaté the two ffagmentsvand the primes distiﬁguish
the deuteron case from the proton case. The calculations were unsatisfac-

tory because the results were too sensitive to the choice of the modes of
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fission in the deuteron case. Uhfortunately, there are no data available
' concerning the independent yields of the products of concern to us from

fission induced by 18 Mev deuterdns. Furthermore, since the formula is not -

adequate to predict the variation of kinetic eneérgy with mass ratio in the
case of low energy fission, it need got be accurate in the‘high énergy
case, The agreement between our ﬁery simpié treatment above and the obser-
vations may be evidence that the dependence of  E on spailation is not
very greate

The differences in recoil energy can be explained in each case by
various arbitrary numbers of protons together_witﬁ some corresponding num--
bers of neutrons, but no single "average" fissiohing nucleus can explaip
all the data, Thus we are forced to conclude that ;ﬁédnsiderable variéty
of nueclei undergo fissién. ~

Since the loss of two or three protons is enough to explain all of
the observed decrease in recoil energy, it is démonstrated ﬁhat extensive
loss of protons prior to fission is not a frequent event. o

Anpther'possible mechaﬁism is that fission oceurs whilé the nucleus
is still highly excited, aﬁd fhat neutfonsvescape from the‘remaining highly
excited fragments. If it is assumed that the excitagion energy is shared
between the,fragménts in proportién ﬁo their masses and that the neutrons
escape in random directions, then with the samé approximations as made be-

fore it results that aboutLhalf as many neutrons are required to be lost

(from both fragments) as in the case when they are lost prior to fission

in order to explain the observed differences in recoil energy. We consider
it unlikely that fission precedes very much of the spallation, but this cal-

culation shQWS»that 1osé of a few of the neutrons after fission does not

~
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affect our treatment very seriously.-
A consequence of these data is that the observed curve of yield of
fission products as a function of mass number, which for high energy

fission of uranium has a bread maXimum,ll’l7

is a weighted superposition
of such curves for the various species which undergo fission. It is possi=
ble that these 1atter.curves are peaked much moreésharply°

This problem was suggested by Dr. Glenn T. Seaborg, whose eﬂcourage—,
ment and advice aided us throughbut the work, We are indebted also to
Dr. A. S, Newton fof many helpful suggestions and to Dr. W. R. McDonell
for assistance in the experiments. These experiments wbuld have 5eenﬂ
impossible.without the cooperation of the crews of the 60-inch and |
18/~inch cyclotrons. | |

This work was performed under the auspices of the_U.”S. Atonic Energy

Comnission.
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