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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 range(3 found' are of the same 

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

The difference in the forward and bacblard, recoil ranges in the deuteron 

case is consisteBt wi'th the moment~ corresponding to compound nucleus 

formation., The ranges found in the proton case are shorter than those' 

of the deuteron case, the differences being greater for the lighter 

fragments. These differences are explained by the change in mass of 

the compleme,ntary 'fragments, due to evaporation of neutrons prior to 

fission in ,the proton case, which causes the observed fragment to re-
, 

ceive a smaller fraction of the total kinetic energy. 

-4"'" 
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E. M. Douthett and D., H. Templeton 
Department of' Chemistry and_ Radiation Laboratory 
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July 23, 1951 

I. INTRODUCT'ION 

The ranges associated with the fission fragments from slow neutron 

fission have been studied by a number of experimenters. This work is 

adequately reviewed by Katcoff, Miskel~ and Stanler 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 of ' the 

fission fragments as determined by ionization chambei measurements. 2 

In the field of high energy fission, Jungerman and ~lright3 have studied 

the kinetic energies of fission fragments produced 9Y 45 Mev and 90 Mev 

neutrons 0 NO range measurements for high energy fission have been re-

ported. Such range measurements were undertaken by a radiochemical 

,~ethod because it makes possible the, independent study of fragments of 

various identities,. Because the production of sufficient radioactivity 

was a problem, the ,exPeriments were restricted to fission induced,by 

charged p~ticles. Originally 18 Mev deuterons ,,,,ere used, because of 

the high beam currents available. An improved t'echnique made possible 

experiments with 335 Mev protons. 



C) 
"~ 

-6- UCRL-l244' Rev. 

II. EXPERH1ENTAL", METHOD 

Fission was induced in a thin uranium source by 18 Mev deuterons 

and 335 Mev protons in the 60-inch and l84-inch Berkeley cyclotrons. 

Adjacent to this source during the irradiation was a stack of aluminum 

foils. After the' irradiation, the relative amount of a certain radio-

active fission product in each foil was determined by radiochemical 

methods. From these data and the known thicknesses of the foils, the 

mean range of that particular kind of the fisSion fragment was cal-

culated. 

The geome~rical arrangement is indicated in Figure 1. If the 

fis~ion r€coils are isotropic, half of them will enter the stack of 

aluminum foUs. Those with a, given range R leaving any one point of the 
! 

" 

source will be deposited on a hemispherical surface of radius R. A 

foil of thickness t in the stack will then contain recoils deposited 

, on a zone of the sphere, and since the zone has an area of 2nRt, the 

activity from a given recoil fragment of range R in the foil will be 

proportional 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 f<;>r all points of the source, and 

therefore for the whole source, if the ~bsorbers .aresufficiently larger 
,d 

than the area of the sour.ce. Because of straggling a~d the finite thick­

ness of the source, the observed curve of activity per unit foil thickness 

plotted against distance from' the Source, is of the type shown in Figure 1 

instead of being a perfect step function. 
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The first experiments were ~ade with stacks of many very thin foils, 

as had been done previously'(for low energy neutron fission) by Joliot,4 

Suzor,5 and Finkle andco-workers.6 The'aluminum foils were a commer-

cial grade· of hammered aluminum, purchased in sheets 5 1/4 inch x 

5 1/4 inch with thickness close to 0.2mg/cm2• Hovlever, it was found· 

that even the best of these foils varied in thickness so much from . 

point ·to point that high accuracy was impossible. The probable errors 

of the ranges calcuJa ted from these experiments were estirra ted as 

5 percent based on the internal ?onsistencyof the data. These results 

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 previous workers~4,5,6 

More consistent results were obtained with a thick foil technique. 
.: . . 

One can select' the foil thickness so that the given fission recoil is 
c 

completely stopped in just two foils, as ind~catedin Figure 2. Let 

~ and tn be the activity arid thickness of the nth foil and a and aO 

the activities per unit thickness of absorber at distances x and 0.· 
~ 

The arithmetic mean range is 

[sa x da 
0 

R = 
aO 

If the region of straggling does not include the first foil, then ao-
.• -" 

is equal to Al/tl ; the integral is the total activity Al plus A21 and 

R = (1 + A2/Al)tl 
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This'result'is independent of the shape of the activity distribution 

in the second foil. If the activity extends to ,a third foil, A3 is. 

added to A2 in the above expressione 

In the above discussion, it has been asslJJlled that the foils are in 

contact with each other during the irradiation. However, the results 

are valid so long as the foils are parallel and ,sufficiently' large 
) 

so that every recoil particle remains in the stack. 

,Eight experiments, listed in Table I 9 1-!ere carried out by the 

tTthick foil'" method. 
,J 

Table I 

Details of Irradiation Conditions 

Quantity of Source 
Bombardment Projectile irradiation Recoil thickness 

( fl8,h) . directioni3, (mg/cm2) 

1 33.5 Mev p 2 900 ; 1,,101 

2, 3, 4'J 5 335 Mev p 2 900 0 0 920 

6 18 Mev d' 20 forward 00920 

,7 18 Mev d 20 backward 0 .. 920 

8 18 Mev d 150 forward 0 0 055 

aWith respect to the beam direction. 

Because the p~ojectile has appreciable momentum, if the fission recoils 

are isotropic with respect to the excited nucleus they are not isotropic 

in the laborai;ory system.: However, it can be shovm by geometrical 
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arguments that the method of calculation introduces no error at all if 

the range of a fragment of a particular mass. is proportional to its init­

ial velocity or the square root of its initial energy, so long as the 

velocity of recoil exceeds the velocity of the fissioning nucleus so 

that there is some recoil in all directions in the laboratory •. This 

dependence of range on energy for fission fragments 'in g~ses is consis-
. I 7 

tent with the experimental measurements and the formula. of Bohr. ' 

To investigate how exactly this condition must be satisfied, we cal-

culated examples using the differences in forward and backward range 

actually observed in the deuteron experiments and the extreme as sump-

tions that the ranges were proportional to the zero, and first povlers 

of the energy. ·The errors introduced in such cases were of the order 

of only' one percent for forward and backward recoils, and insignifi-· 

cant for perpendicular' ,recoils. Thus we are confident that no· appre-

ciable error is introduced into the present results by the asymmetry 

of recoil. 

A., Source Preparation 

The sources were prepared by sputtering natural uranium onto a 

two mil aluminum sheet. 8 The aluminum sheet, cut to the desired shape 

for target mounting, was masked by a thin bronze masking plate during 

the sputtering process so as to define accurately the sOllrce area. The 

sputtering was accomplished in a low pressure argon atmosphere with 

an applied potential of 1500 volt's. The average source thickness was 

determined by weighing the 9leaned aluminum sheet before and after the 
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sputtering process. It was necessary once or tince to spot the sputter-

ing process and weigh the ~lumiilUm in order to det.erminethe amount 

of progress made. During these intervals arid after completion of the 

sputtering process, the uraniumtfc3.s in contact in th the air and some 

U02 undo~btedly formed. It must therefore be considered that each source 

contained unspecified amounts of the .oxide6 

The sources were thick enough to introduce some uncertainty into 

the result-so ·The correction for source thickness is discussed in a 

later section of this paper. It was not convenient to use thinner 

sources .. because, even w1th the thick foil technique, the 335 Mev proton 

experiments yielded relatively modest amounts of radioactivity in the 

bombardment times which were available. 

~ ~ 

l 

,,' 

B. Foil Thickness Measurements 

The "thick" foils were either 0 0 00033 inch or 0 .. 00025 inch commer-

cial rolled aluminum sheet. In the first three bombardments 

0.,00033 .inch foils, selected from a representative group of 32 foils in 

all, were used. The thickness iE each case was calculated from measure-

ments of the dimensions of a ,weighed area observed under graph paper 
\ 

over <in illuminated viewing plate. A special steel tool, comprised of 

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

. pendicular sides, was used to estimat~ the error involved in the thick­

ness measurements. The foil, placed betl-Jeerl the tool and a flat plate 

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

. scalpel, and it remained only to i-leigh the trimmed foil to determine 
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ci ts thickness • Thirty-two areas, _ each the same in shape and size as 

that over which it was expected the fission fragments would be collec--

ted dUring bombardment,_were thus trimmed from 21 foils ncit'se1ected 

for bombardment work. It was found 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 

~sed) was ± 0&3 percent. The maximum difference found in the 32 measure-
.f 

ments was 0.53 percent. On this basis the thickness of those foils 

used for bombardment work was established as that m~asured by the graph 

paper technique with an ~verage expected error due to nonuniformity of 

± 0.3 percent. 

Thickness measurements made by trimming the foils to a knovffi and 

well defined area were so successful that this method was employed for 

the -1/4 mil foils which were used in the remaining bombardments. The 

tools were made rectangular in shape so that the areas could be quite 

accurat-ely determined from micrometer measurements. Sixty foils were 

cu t from the 1/4 mil aluminum sheet. Each was first trimmed to an area 

slightly larger than that of the smallest area which could be mounted 

in the target holder, making possible one measurement 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 possibl~ a 
I 

second measuremeht of the thickness. Since the two areas were not far 

different, it was expected that the t.,ro 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 selected for 



" 

'. 

'"' 

-12- UCRL-l244 Rev. 

bombardment work, were trimmed again to a small rectangular area equal 

to that over which it was expected the fission fragments would be col-

lected. This third thickness measurement shovled the average expected 

error due to nonttniformity to be ± 0.2 percent. 

The thin foils, mounted adjacent to the source, "were all trimmed 

after bombardment to an area only slightly larger than that over which 

the fis~ion fragments were 'expected, and then weighed. It was possible 

that some activity was lost from the first foil during this operation ,,-

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

measurement was the most important consideration~ It is difficult to 

establish accurately an expected error in this thickness measur~ent, .. 
but an error as large as one percent "[ould produce an uncertainty of 

only 0.002 mg/ cm2 • 
- ( , 

The arbitrarily chosen value of one percent was a 

safe estimate. 

C. Target Assembly 

The target assembly for the 184-inch cyclotron is shown-in Figure 3, 

with the thicknesses of source,. spacer:s and foils greatly exaggerated. 

The source and the collector foils were spaGed apart by 0.002 inch 

-aluminum spacers to facilitate disassembly after the irradiation. The 

spacers, foils, and source were aligned and ~eld in place by four machine 
I 

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 extended into the circulating beam of, the cyclotron, which struck 

the target almost parallel to t~e foils. In this arrangement, , the range 
\ 

measured corresponds approximately to that of recoils at right angles , 

to the beam. The uranium is disposed so that it is a thick target with 
, , 

respect to the beam and'~'thin target with respect to the recoils. The 

effective energy spectrum of' the protons therefore extends from 335 Mev 

down perhaps to very low eneFgies, and the shape of this spectrum is 

unknown.' The thick target was necessary because oth@'rwise insufficient 

activity would have 'been obtained in reasonable bombardment times. 

The target assembly for the 60-inch cyclotron was subs'tantially 

the same except that it was mounted with the .foils perpendicular to the 

deflected beam. The foils and source were so thin that they absorbed 

little power from the deuteron beam. The alumimun ba'cking blbck, w11;ich 

absorbed most of the power, was water cooled.' In this case the target 

was thin with respect to the beam, and the effective energy of the 

deuterons was about 18 Mev.' 

Those recoils which are ejected at an angle sufficiently small 
, / ' 

wi threspect to the plane, of the source can be stopped in the spacer 

betH'een the source and the first Toil" and presumably there are some 

which spen~ only part of their range in this first spacer, being collected 

in the foil beyond. To avoid an error due to, this cause, a thin foil 

(about 0.2 mg/cm2) was placed in the first position and the second foil, 

of the thicker variety, was used-as the control foil. The geometry was 

such that no fission recoil could reach the second spacer without having 

traversed more than d. ts range 'in the first thin foiL ,The ranges itlere 
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then calculated from the expression: 

R = tl + .t2(1 + AJ/A2). 

This arrangement 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~ 

Do- Ohemical Procedure 

After the irradiation, the target was disassembled. Each foil 

was placed in an individual test tube and dissolved with 6 M hydro-

chloric acid~ The same amount of mixed carrier solution was added to 

each test tube, and the samples divided into two nearly equal parts 

for chemicalanalysis~ When silver carrier was added, it was,added 

separately after the other carriers. The exchange bet'Teen silver ion and 

freshly formed silver chloride has been shmni" to be reasonably fast,9 

and the solutions were thoroughly 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 so~ution. 

The carriers were separated using quali~ative analytical methods 

and purified by the chemical procredures outlined by Newton.10 The final 

precipitate was mounted in~small aluminum dish and weighed (glass or 

porcelain dishes were used for the silver chloride samples). The dish, 

covered with a thin piece of Cellophane, was counted with an end 

windowed, chlorine-argon filled Geiger tube. Since only r~lative values 
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of the specific activ~~ies-were required, no attempt was made to deter­

mine absolute disintegration rates. 

E. Identification of the Radioactivities 

Ba140 was identified by its half-life of 120 8 days, and dis­

tinguished from 12 day Ba131 Qy the growth of its daughter La140• 

This growth showed that not enough Ba13l was counted under the conditions 

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 of the 39 hour Ba133m _and. 29 hour Ba135m would not 

mask the La140 growth. In bombardment 3 the lanthanum growth was obs­

cured, but it was inferred from the other results that the 12 0 8 day, 

activity could be called Ba140• In the 18 Mev deuteron experiments~ not 

enough of the short-lived barium activities was produced to be of any 

concern. 

The radium spallation productsll which contaminated the barium 

samples in the high'energy bombardments were taken into accoUl1t, in 

several ways.. In bombardment 1, which utilized the first foil as the 

control fOil, alpha activity was detected only in the two samples from 

the first foil. The beta activity due to the radium was corrected .for 

by convertlng the observed alpha counting rate to the equivalent ,beta 

counting rate; the equivalence being determined Qy a su;ttable raqium 

standard counted in bothl counters. Radium vJaS separated from 'the barium 

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

columns eluted with citrate.12 Bombardment 3 showed that the r~nges of 
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the radium spallation products· were less than the thickness of the 1'very , 

thin" foil adjacent to the source. Radium contamination in the samples 

of the thin foil caused no error, because the activities of these 
t . 

samples were not used in the range calculations. 

Resolution.of the decay curves for the tin samples showed the 

three half-lives of the 27.5 hour Sn12l, 9.5 day Sn125, and 130 day 

Sn123 isotopes.13- l5 

All cadmium samples gave decay curves of the same shape, which 

could be ·resolvedinto two components for. the isomers of Cd1l5~ The 

half-lives observed were 43 days and 53 hours. The reported value of 

56 hours16 is in disagreement. This activity has also been studied by 

Folger, Stevenson, and Seaborg17 who report that the half-life is 53 

hours. 

Aglll was identified by the 7·.5 day half-life. In addition, one 

absorption, curve was taken for each proton,. bombardment, using the 

most active sample from the control foil, to differentiate it from the 

8.6 day Agl06. The absorption curve~ showed that the radiation counted 

was predominantly a beta spectrum wit~a range of 400 mg/cm2 of 

beryllium, which corresponds to the radiation of Aglll~ The level of 

radiation counted that could be associated with Agl06, which has an 

abnormally high ratio of gamma ray counts to electron counts,18 was of 

the order of 0.2 percent. 

When the 9.7 hour 81"91 activity ~s sought, the final strontium 

separation was made after.13.5 hours after the end of bombardment so that 

the 2.7 hour 81"92 and its 3.5 hour daUghter would not interfere. The 
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isotope was identified by the 9.7 hour half-life ,vhich tailed into 

the long half-life of from 54 to 61 days. Corrections for the activity 

of the 54 day Sr89 were negligible for the observations used for the 

range caluclations. 

The strontium samples were purified chemically to remove the 
~ '. i 

61 day Y daughter of the Sr9l after the Sr9l had substantially all 

decayed to permit observation of the decay of 54 day Sr89 in all cases 

. but bombardments 6 and 7. In these cases, the range of Sr89 was deter-

mined from the change in the mean normalized specific activity caused 

'by 'the change in the relative abundance of the activities. 

The activity in the samples from the foils beyond the range of 

the fragments was so near background level that its decay was confused 

by statistice,l fluctuations. However, a low level of Na24 contamination 

was indicated in the Sr9l samples • 

III. EXPERIMENTAL RESULTS 

The observed specific ac.ti vi ties of the sampl es, i. eo, counts per 

minute per milligram of sample, could be used for range calculations 

since, for a given bombardment, the same amo~t of inactive'carrier had 

been added to each of the dissolved foils. For a given sample pair, 

i.e., both froIl). the same foil, half the percentage difference between 

the two specific activities was recorded each time the pair was counted, 

and an average of this quantity was taken to be the observed experimental 

uncertainty,. independent of the statistical counting error .. Included 

in this were errors due to chemistry, differences in self-absorption, 
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self-scattering and back scattEpring, and small differences in counting 

geometry. 
-

The sUm of the two specific activities of an 'identical pair was 

divided by that of the control foil in each case and recorded as the 

normalized specific activity of that foil. For a given isotope 

investigation, the sanples from all foils decayed with the same h81f­

life so that this normalized 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 corrections were made whenever necessary for the decay' 

in the time between the counting of the various samples. 

Table II lists the mean normalized specific activities determined , . 
as described above for one experiment. The error shown in each case is 

the combined observed' uncertainty, estimated from the data, due to the 

errors mentioned above~ As shovm, 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 was in every case less 

than one percent. In some cases, however, its magnitude was comparable 

to the observed error in the other foils. For the sake of consistency, 

this correction was subtracted in ~ll cases before substitution into the 

equation, although generally it contributed little ~o the accuracy of 

the measUrement. 

The mean ranges calculated from these data using those formulas al-

ready deve19ped 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 

Isotope 

Source' 
Foil No'. 1 
Foil No .. 2 (control foil) 
Foil No.. :3 
Foil No.4 
Foil No. 5 

0.920 mg U/cm2 
0 .. 218 mg Al/cm2 + 1.0% 
1.7100 mg Al/cmZ-± 0.2% 
1.7099 " " 
1.7l50 i' " 

107078 " " 

Observed mean normalized specific activity 

Studied Foil No.' 1 Foil No. 2 Foil No..:3 Foil No. 4 Foil No.5 
------------~------~------------
Ba140 0.120Oj:.0015 1000O;t.0017 O.4078±.0035 O.OOO8±..o007 O.OOO8±..0007 

Sn12:3,125 Ool05~.003l 1.OOOj:.024 0.4877±.0094 00002l±.0005 OoOOO~.OOOl 

Cdl15 O.1254±.002:3 1.00Oj:.0024 0.62:31±.0041 0.0045±.0007 O.0004±.OOOl ' 

Aglll 0.138~.0027 1.OOOj:.0089 O.659±.OlO O.0074±.0004 O.OOOl±.OOOO 

Sr91 O.12l9±.0007 1.00Qt.014 O.9966±.0046 O.0972±{;'0013 O .. 0047±.0005* 

Sr89 O.1296±.00081.OOOj:.0027 O.8899±.0035 O.l038± .. 0012 0.0013±.0013 

*Na24 contamination probable. 
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Table III 

Experiments with 335 Mev Protons 

Bombardment 

Sr89 

Uncorrected mean ranee 

Sn123,125 Ba140 

1 
2 
3 
4 
5 

1 
2 
3 

Mean range corrected for straggling 

J.08±.04 
3-.08±.02 

Weighted averages, bombardments 2-5c 

2.67+.04 . 
2.80+.038, 
2~82+.0la 
2.62+.01 
2!.64±.03 

aUsed to estimate straggling, and not included in weighted average. 

bLarger error~due -to chemistry. 

c-
Uncorrected for source thickness. 



j. 

Bombardment 
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Table IV 

Experiments with 18 Mev Deuterons 

Uncorrected mean range 

Sr89 Sr91 Aglll Ba140 

4.05±;.Q.3 3.99±.O2 3 • .38±.O4 2.91±.O2 

.3.71±.O.3 .3.66±.O2 3.06±.,O5 2. 54±.Ol 

4.4O:t.04 .3.76±,.04 3.262:.02 

of the :control foil lies near the mean range. This effect explains Why 

the ranges caluclated for Ba140 in bombardments 2 and .3 are greater,than 

those of bombardmen:t,s"4- and 5. 

It is possible to make some deductions concerning the magnitude 

of ~he straggling from these data. If a tangent is drawn to the activity 

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

distance axis at the extrapolated range. We define the straggling para­

meter as the difference between the mean range and the extrapolated 

range. If it is assumed that the shape of the activity distribution CUl~e 

is that of an integrated Gauss error cUrve, then the straggling parameter 

can be adjusted to fit the observed data. In the case of Ba140, the 

parameter was adjUsted to make the data of bombardments 2 and .3 consis­

tent with the weighted, average of the ranges.from bombardments 4 and 5. 

Similar estimates were made using the dat~_from bombardments 4 and 5 in 

the case of those longer ranged fragments which penetrated appreciably 



-22:" UCRL-l244 Rev. 

into the fourth foil. The activity distributions in the deuteron ex­

periments allowed a single estimate of the straggling parameter of !gIll. 

The resulting parameters, listed in Table V, are rather sensitive to 

errors in range and in observed activity ratios. For example, a one 

percent uncertainty in the 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 activity distribution curve is Gaussian is not critical. 

These parameters include the effect of the source and are not to be 

confused with the straggling of recoils from a thin source. 

The data for barium and strontium sho't-l that for the conditions of 

bombardments 2-5 the straggling p~ameter is 15 ± 1 peryent of the un­

corrected mean range for both heavy and light fragments. If this value 

is used for all fragments; then the values for Ag111 from bombardments 2 

and 3 are lowered about one percent. The only other case which re­

quires this correction is that of Ba140 in bombardment 1. A parameter 

of 0.47 mg/cm2 Al was used,_ on the basis that the thickness of the source 

is.largely responsible for the straggling in this case. The values for 

Ba140 from bombardments 2 and 3 are not corrected; nor are they included 

in the average, because they were used to estimate the straggling parame­

ters. 

A difference betvleen the range of Sn123 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 shi£t in 

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

Straggling Parameters 

Bombardment Fragment Straggling Parameter 
(mg/ cm2 Al) . (percenta ) 

2 Ba140 0.38 14 

3 Ba140 0.41 16 

4 Sr91 0.50 14 

4 Sr89 0.57 16 

5 Sr89 0.56 15 

6 Agll~ 0.43 13 

apercent of the uncorrected mean range. 

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

the relative abundance of the two isotopes. No such trend was distin­

guishable. Unfortunately, the low activity level of the 130 da~ Sn123 

isotope gave rise to statistical fluctuations larger than the magnitude 

of the expected shift. 

It has been mentioned that the observed decay of the tin samples 
- 121 showed the presence of the 27.5 hour Sn isotope. The range calcu-

lations referred to above were made using the activities obserVed after 
i . r . 

the 27.5 hour activity had decayed to a low level~ No range is re-

ported for this isotope because the associated soft f- radiation 

(0.38 Mev)19 l~ t<;> large 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 was ob­

tained from bombardments 6 and 8, both made under identical conditions 

except that the two uranium sources diffe:r.ed considerably in thickness. 

The differences between the observed rang~s for the two bombardments are: 

Fragment ~R ,(mg/cm2 Al) 

Ba140 0.350 ± .028 

'Aglll 0.374± .058 

Sr89 0.353 ±'.050 

weighted mean 0.354 ± .023 

The three are in agreement within the limits of the experimental error, 

and the weighted average was taken to be equivalent to 0.865 mg/cm2 of 

source thickness, the difference between the measured thicknesses of the 

two sources. Corrections were then made on the assumption that the effect 

of the source upon the mean range was proportional to the measured source 

thickness. 

In bombardments 2-5, each range was measured two or more times 

under comparable conditions, and the agreement found is evidence of the 

consistency of the experimental method. The results of bombardment 1,' when 

corrected for the source thickness, are in ~ood agreement with the other 

high energy,results. Listed in Table VI are tbe final averages of the 

corrected results, obtained by weighting the various determinations in­

versely as the squares of their probable err-ors. 



Fragment 

Sr89 

Sr9l 

Agl11 

Cdl15 

Sn12'3,125 

Ba140 
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Table VI 

Corrected Mean Ranges 

Range in mg/cm2 aluminum 

335 Mev p ,18 Mev d 18 Hev d 18 Mev d 
900 ·forward backwal"d . 900 

4.01 ± .03 4.43 ± .03 4.09 ± .04 4.26 ± .,63 
j 

4.36 ± 
.).: 

4.00 ± .03 .03 4.04 ± .03 4.20 +l.03 - " 

3.44 + ;'.03 
.:' . 

.06 3.60 ± 3.77 ± .03 3.44 ± .04 -. 
., 3.37 ± .03 

3.19 ±.04 

3.00 ± ~02 3 .. 29 ± .02' 2.92± .03 3.10' ± .02 
-

I 

~ 
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The averages of the forvlard and backvmrd recoil ranges in the deu­

teron ease, which are, also listed in Table VI, correspond (to .n. thin the 

accuracy of the measurements) to the recoil ranges at right angles to 

the beam. These values are the ones to 'be compared with the proton re­

sults and'with low energy 'fission. 

The relative stopping power of ' the source observed here is in disa .... 

greement with that calcUlated from the results of Segre and Wiegand. 20 

Employing an experimental arrangement somewhat similar to that used here, 

these experimenters'mea.sured the , relative stopping powers of aluminum, 

copper, silve~ and gold for slow neutron fission fra~nents. The stopping 

power of uranium was calculated from these results and checked by a co~ 

parison of a very thick uranium ,source with a very thin one. ,They re-' 

ported that one mg/cm2 of aluminum is equivalent to 3.4 of uranium 

or 2.7 or U308~ For a uniform source the source correction-should be 

equal to the aluminum equivalent: of half the source thickn~ss. ,On this 

basis, one mg/ cm2 of aluminum vJaS equivalent to 1. 24 mg/ cm2 of our source 

material. Th~ discrepancy is in the direction corresponding to uneven 

thickness of our source. A thickness variation, because of the geometry 

of sputtering, roughness of the alUininum surface, diffusion of the'uranium 

into the aluminum under the conditions of the sputtering, or chemical reac-

tion of the uranium with the aluminum, may be the cause of this effect., 

Suzor5 suggested similar eXplanations for wide discrepancies observed in 

his work concerning slow neutron induced fission. He also observed quite 
. 

an appreciable difference in the relative stopping power of a uranium 
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source electroplated onto copper and one electroplated ontoi:lickel. 

The observations concerning the straggling described above are in 

line with the magnitude of these source corrections. 

IV. DISCUSSION OF RESULTS 

Tile differences between the forward and backl-lard ranges of frag­

ments from the 'deuteron induced fission are related to the momentum im-

parted to the uranium nucleus by the deuteron. These'differences, from 

bombardments 6 and 7, are: 

..•. ~ 
.,- , 

Fragment 

Sr89 

Sr9l 

Aglll 

BaJ.40 

weighted average 

~R (rug/cm2 A~) 

0 • .3.39 ± .047 

0 • .326± .027 

0.322± .066 

0 • .372 ± .021 

0~.35l ± .015 

The probab}e errors do not include contributions from the source cor­

rection, because the- same source was used in these two exper~ments. Within 

these errors, the differences agree, and to simplify the discussion the 
, 
average value willbe considered. 

The excitation'energy of 27 ~ev (corresponding to capture. of .an. 

18 Mevdeuter6n) is in the region where compoUnd nucleus formation is pro­

bable. If a compound nucleus of mass A is formed with a forward kinetic 

energy Eo and the total kinetic energy of the two fragments 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 difference in kinetic energy between the forward. and backward directions 

ilE = 4 V EEJ1(A-M) / A· 

The effect of the loss of a few neutrons has been neglected, but it 

amounts to only a few percent. Usin~ 155 Mev for E, simil~r to the values 

found2 for Slovl neutron induced fission, and 18(2/240) for Eo, the 

following differences were calculated: 

M ilE (Mev) 

89 9.3 

91 9.3 .' 

111 9.6 

140 9.5 

.An average of 9.4 'Mev was selected as representative of the region stu-

died. The uncertainty in the correct value of E is unimportant. 

Since the observed differences in range and the estimated differ-

ences in energy are both nearly independent of M, then the stopping power 

of aluminum 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 cm2/mg, bas~d on t~e above data. 

Nuclei which are 'excited by "stripping" reactions in which only one 

nucleon is captured, or by "hi~and-run" reactions in which neither is 

cap~ured, would gain considerably less momentum than those forming true 
. ' 

compound nuclef. If such reactions were important, then the stopping 
, 

power calculated above would be too large. 
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The variation of ionization along the recoil paths has been studied in 

various gase~ by Lassen~21 If it is assumed that the rate of enere;y loss 

in aluminum. varies in the same way, normalization of his curves to the 

ranges in aluminum yield estimates of'the stopping power., Such esti-

mates (for the first tenth of the range) yield values ranging from 40 to 

50 Mev cm2/mg for the rate of energy loss in aluminum~ Since the average 

energy 10s~ over the whole path must be about 20 Mev cm2/mg, our estimate 

27 is more likely to be., low 'than high. In the absence of a theory of the 
.~, ( 

stopping mechanism for fission fragments in metals, it is difficult to 

say whether the disagreement of the values converted from the gas measure-

ments with that which we calculated is unreasonable. 
, 

Since ca1uc1ation on the basis of the alternate modes of reaction 

described above leads to values of the rate of energy loss less even than' 

the average over the whole range, these data support the assumption that 

compound nucleus formation is, in fact, thepredomi~ant mode of reaction 

leading to fission when uranium is bombarded with 18 Mev deuterons. 

The ranges measured for the fragments from JJ5 Mev proton induced 

fission can be compared with those calculated for right-angle recoils from 

l8 Mev deuteron induced fission. A comparative ,plot, in Figure 4, shows 

the ranges from the higher energy fission to be systemati·Ca11y less than 

those from the lower energy fission. Numerical values for the 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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Fragment 8R (mg/cm2) liE (mev) 

'Sr89 0.249 ± .028 6.7 

Sr91 0.192 ± .029 5.1 

Agll1 0.153 ± .036 4 .. 1 

Ba140 0'.099 ± .016 2.7 

The range differences have been converted to approximate energy differences 

by use of "the stopping power (27 'Mev cm2/mg) estimated above 0 The effect 

of momentum imparted by the beam is insignificant on the energies of re-

coils at right angles to the beam, so these differences must b~ :re1ated to 

the differences in excitation energy of the uranium nuclei • 
. " ,. 

The ranges reported here are substantially the same as those 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 fission. Small differences are expected according to the mass and 

charge of the fissioning nucleus and accordin~ to the speed of the reaction, 

as discussed below. Accurate comparison of the ranges repo~ted here with 

previous work is difficult for 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 used u238 and -'charged particles. Our 

fissioning nucleus is likely an isotope of neptunium, at least in the deu-

teron case. The accuracy of much of the previous work is in doubt, and 

considerable disagreement exists between various re,sultso In those cases 

where the ranges were measured in substances other than aluminum, the con­

version to aiuminum introduces additional uncertainty. The distinction 
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between.~ and extrapola ted ranges confuses some of the comparisons. 

The most significant comparison can be made with' the ranges reported 
. . 

by Katcoff ,Miskel, and Stanleyl from their extensive study of slow neutron 

induced fission of Pu2.39. Their values, corrected to aluminUln, are illcluded 

in Figure 4. The pronounced dip in the center of their curve illdicates 

the lower kinetic energies tha.tprevail when the fission is nearly symmetri­

cal, an effect that has been verified by Brunton and Thompson.2 There is 

no evidence for a similar dip in our curve for fission induced by .335 Mev 

protons. Our points for the 18 Mev deuteron case. are too 'few to give ,. , 

evidence concerning a dip. 

According to these curves, the average kinetic energy of uranium 

fission induced by 18 Mev deuterons is 50r 10 Mev greater (considering 

both fragments) than that of Pu2.39 induced by slow neutrons, whereas the 

difference in nuclear charge should cause a small difference in the oppo­

site dir~ction. On the other hand, the resUlts obtained by Suzor5 for 

ranges in aluminum of fragments from low energy fission of U235; after 

correction for source effects, deviate from ours in the opposite direction. 

It is likely, that there should be some difference in the kinetic energies 

of slow and fast fission because in slow fission there seems to be some 

adjustment of the ratio of protons to neutrons in the two fragments22,2.3 

and there is a possibility of quantum mechanical barrier penetration effects, 

but such differences should.be small. 

Jungerman andYright3 by ionization measurements found thelkinetic 
) 

energy of fission of uranium and thoriUm induced by 45 ~Mev 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 U235 0 Their statistical errors were of the 

order of two percent. A s,ystematic error may be present because of the 

assumption that ionization is proportional to kinetic energy, since the 

principal fragments from the high energy- cases are different in mass and 

charge from those of the low energy case. Spallation of neutrons prior 

to fission may increase the kinetic energy by decreasing the nuclear 

dimensions; according to the simple model described bw Jungerman and 

Wright, this effect amounts to one percent in the energy for each seven • 

neutrons lost. ~ch proton lost decreases the energy about twO percent, 

but loss of several 'protons is unlikely:24 This decrease might be compen­

sated bwmeasur~ent of the ionization caused by the protonso This work 

confirms theid~a''tha1:"there is little difference in kinetic energy be-

tween fast arid slo"',~ission, apart from changes due to the identity of the 

particular nucleus which fissions, but because of the difficulties men-

tioned above the magnitude of the difference is not well establishede 

The, comparison of our 335 Mev proton and 18 Mev deuteron experiments 

is more satisfactory than the comparison with lo~ energy work, because the 

similarity of the experimental conditions allows us to place greater con­

fidence in the significances of the differences. These differences can be 

explained very well by a model similar to those discussed by Goeckermann 

and Perlman25 and bw Jungerman and Wright.3 To s:iJnplify the discussion 

we shall make certain approximationso The kinetic energy of fi~sionwill 

" be assumed to be 155 Mev, as before. In calculating the momentum distri-

bution between the two fragments, the mass of the complementary fragment 

will be calculated neglecting the two or three (or more?) neutrons lost 
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after fission from the fragments in flight. 26 

Our model for the high energy proton induced fission is as follows. 

The initial event is the excitation of the uranium by the proton b.Y one 

or more nucleon-nucleon collisions. The proton may escape with some frac-

tion of its driginal energy. It may have undergone charge exchange and 

escape as a fast neutron. In rare cases it may be capture4 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. Whatever the details of these initial 

events, there remains a more or less highly excited nucleus of mass 

about 238 and charge about 920 The excitation energy is dissipated by 

spallation, mostly of neutrons. When the nucleus is relatively unexcited, 

fast fission, with no preferential distribution of charge, competes 
, 

effectively with the other processes, especially when many neutrons have 
, 

been lost. In those cases where many protons have been lost, the fissiona-

bility paramet~r Z2/A is relatively less favorable. Thus the distribution 

of fissioning nuclei is principally among nuclides-more deficient in neu­

trons than is the distribution of spallation products which will be found 

by radiochemical studies. 

Because the mass of the fissioning nucleus is less than in the low 

energy case, a particular fragment, say Ba140, is associated with a smaller 

complementary fragment· and therefore receives a smaller fraction of the total 

kinetic energy. If E is the total kinetic energy: of fission, A the mass. of 

the uranium nucleus before spallation, M the mass .. of the fission fragment 

being considered, and N the number of neutrons lost prior to fission, then 
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the difference in energy ~EM between deuteron and proton fission is given 

by the expression: 

~Er-1 = 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 place pre­

dominantly at a' single nuclide (or a fe1"r very close together) so that N 

is practically a constant, the observed differences in recoil energy would 

be approximately proportional to the masses of the fragments, while the 

observed differenc~s are almost inversely as the masses. This expression 

was used to calculate the value of' N c9rresponding in each case to the ob-

served difference in recoil energies. The results are: 

Fragment ·~EM(mev) N 

Sr89 60 7 26 

'Sr9l 5.1 20 

Aglll 4.1 14 

Ba140 2,.7 8 

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

of the proton and deuteron, and two units have been added to compensate 

f~r the probable loss of one to three neutrons prior to fission in the deu-

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

trons lost because of the appr.oximations made in the calculation • 
. ' 

The results of Folger, Stevenson, and Seaborg17 allow one to deduce 

that the strontium and barium fragments from ~roton induced fission studied 
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in the present work are largely produced as primary yields; that is, rela-
<1 

tively little of these activities result from beta decay of other primary 

products. Probably the Aglll is formed principally as Pdl11 or Rhlll. On 

the basis of the assumption that there is no time in fast fission for pre­

ferential charge distribution, one can estimate the identity of the princi-

pal fissioning nucleus responsible for each observed fragment. Theresults 

. of such estimates are: 

Fragment . Fissioning nucleus N 

Sr89 U216 or Np2l8 21-22 

Sr9l U220 or Np223 16-18 

Pd11l u222 or Np224 15-16 

Rhlll U227 or Np229 10-11 

Ba 140 0230 or Np233 6-8 

The agreement of these values of N with those calculated from the observed 

. differences in energy is probably better than can be expected of so crude 

a treatment, but it indicates that the trend of results is consistent with 

our model of the fission process. 

Attempts were made to calculate the effect of spa~lation on E by the 

equation (derived for tangent spheres): 

E/E'= Z Z (A 1/3 + A,1/3)/Z'Z'(A 1/3 + A 1/3) 
121 212 1 2 

where the subscripts indicate the two fragments and the primes distinguish 

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. Unfortunately,there are no data available 

concerning the independent yields of the products of concern to us from 

fission induced ~ 18 Mev deuterons. Furthermore, since the formula is not 

adequate to predict the variation of kinetic energy with mass ratio in the 

case of low energy fission, it need not be accurate in the high energy 

case o The agreement between our very simple treatment above and the obser-

vations may be evidence that the dependence of E on spallation is not 

very greato 

The differences in recoil energy can be explained in each case ~ 

various arbitrary numbers of protons together with some corresponding n~ 

bers of neutrons, but no single "average" fissioning nucleus can explain 

all the data. Thus we are forced to conclude that a considerable variety 

of nuclei undergo fission. 

Since the loss of two or three protons is enough to explain all of 

the observed decrease in recoil energy, it is demonstrated th~t extensive 

loss of protons'prior to fission is not a frequent event. 

Another possible mechanism is that fission occurs while the nucleus 

is still highly excited, and that neutrons escape from the remaining highly 

excited fragments. Ii' ,it is assumed that the excitation energy is ,shared 

between the fragments in proportion to their masses and that the neutrons 
, ' 

es'cape in random directions, then with the same approximations as made be~ 
!,. .• 

fore it results that about half 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 exp~aih the observed differences in recoil energy. We consider 

it unlikely that fission precedes very much of the spallation, but thi~ cal-

culation shows that loss of a few of the neutrons after fission does not 

r 
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affect our treatment very seriously., 

A consequence of these data is that the observed curve of yield of 

fission products asa function of mass nUlllber, which for high energy 

fission of urailiUlll has a brcadnaximUlll,11,17 is a weighted superposition 

of such curves for the various species which undergo fission. It is possi­

ble that these latter curves are peaked much more sharply. 

This problem was suggested by Dr. Glenn T. Seaborg, whose encourage­

ment and advice aided us throughout the work. We are indebted also to 

Dr. A. S. Newton for many helpful suggestions and to Dr. W. R. McDonell 

for assistance in the experiments. These experiments would have been. 

impossible without the cooperation of the crews of the 6o-inch and 

l34-inch cyclotrons. 

This work was performed under the auspices of the. U. S. Atomic Energy 

Commission. 
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