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Determinations were”made of the mean ●nd extrapolated

ranges in air of plutonium fission fragments for twenty individual

mmsses betieen 83 and 157. Colli~*ed IVuion fragmentu passing
..’

through air at 120 or I@ mm preaoure were doposit~, ●fter being

stopped by the air, on a series of Fimrteen thin laoquer filme.

These were ●nalyzed radioohemieally for individual fission produotm.

The oorreoted ●ctivities were plotted egainst distanoo traversed by

the fragmants, yieldimg differentkl rang. ourvos whoso widthe at.

half imximum were 1107*1.~ pereent, independent of fragment IM08.

The a~tivitiea found beyond eaoh distanoe wore plottod against dio-

tinoe giving integral range ourws. Mom ●nd extr~polated range.

were derived from these. Xm&he light!group the extrapolated ranges

decrease from 2.90 om (l%°C and 760mm) for nmo6 13~,to~j2Gom for ,

maq 11?; in the heavy group they deorease from 2.25 orsfor mass 127

to 1.95 om for umss 1%7. From the range-mass ourvQ drawn for wetll-
,

known masses, definite assign&nts of 92, 93, and 132we*e given to

S*5hY, IOh Y, and 77h To, rasp~tlvely. Eighly probable assignments
*

of 9L and 134 were give= to 20 m Y ●rid%&i 10 respectively.
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;%iua Idontifioation
of Plutonium ission Fragiment$

Introdwtion

Sinoa the diaoov~y of the prooesk of nuolear fission,

#everal meawremmts have been mad. of the range of the fission re-.,

ooil fragments. Cor80n and Thorntonl observed in a oloud ohamber.,,

!!Ww., that the -ximum range wa~ about ~ om standard air. Boot?, Dunning,

2
and $laek used a ohallow ionization ohamber to measure the number of

fission fragments as a funotlon of air pressure in the system. TWO

groups.appeared with maximum rangea of 1.5 om and 2.2 cm. B. MoMil18n3

,#””-
, irradiated a plate of U508 oovered witha series of aluminum

.,

foils. By plotting the gross reooil radioactivity in eaeh foil agkinat :-

thioknesrnof aluminum, e amxisnunrangs of 2.2 om air equivalent was
,.

obtained. .

Segre and WiogandLp u$ing two methods, meaaurad the relatlve

stopping power for fiaeion fragments of oollodion, aluminum, oopper,

silver, and gold. In one nqthod, the gross radioactivity that penetrated

various thio&nouses of foil was oolleoted on a celluloid plate and oountad-

The ma%humrange @alumin& was found to be 3.7 W/’m2 or about 2.cjom

norxml air equivalent. Xn the other method, fimion pulaea whioh penetrated

various thioknesaes of foil+wero counted in a shallow ionization ohamber.

. 1
D.R. Coreon and R.I,.Thortiton;Phys. Rev. U, 509 (1939).

2 B.T. Booth, J.R. Dunning; and F. Slaak~ Phys. Rev. 3, 982 (1959)s

3 E. MoMillan; Phys* Rev. %J G1O (1939)*

,#- 4 Il.Segre and C. ITiegand: ,Phys.Rev. ~, 808 (lg46).

1
~1~ U.KCLASSIfIED
1,~ ,,,,~.._. _ ...— ––—-_c’____– -

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



‘./

,
‘,

4

It waa found that the relative stopping powers for fission fragmemta of ‘

the above materials are roughly the same as for 4.6 Mev alpha particles.

Bogglld, Brostrom, and buritsenq, and Boggild, Arroe, and

Sigur.geirsson6have made extensive cloqd-ahamber studies o!’the stopoing

of f’iSSiOKl fragrnent~from uranium in xenon, argon, hel.iwn,hydrogen, and

deuterium. The Maw fragment tracks usually show some curvature caused

by many collisions with gas atoms thet are net close anoogh to give

observable recoil

~efinite brttnche$

at the end of the

of branohes along

tr?oks. ,Nunerouscollisiozis,however, do g~,verise tci

and a tuft of’seveml short’brazwhes frequently appears

range of a fission fra~nt. B:ya study of the distribution

the traaks and also by direct measurements of the angles

and lengths of individual large branchoe, velocity.range ourves were con.

strutted fc,rthe light %nd heavy groups of fission fragments. Thees curves

show that first the fragments ●re slow~d down mostly by electronic inter.

aotions but that during the last portiou of the path most of the StGpp~IIg

rosul.ts from nuolear C’ollislona. The ~reatest variation in’ran~e reduced to

normal air was fram a mean total range fur both fragments of 7.2 cm in helium
\

to 3.9 cm in hydrogen.

Experiments to determine the range of fission fragments of a single

mass were performed by Freedman@ Metcalf, and Sugarman7. Their apparatus

aonsisted of a smll ground quartz joint containing a thin enriched uranium

5
J.K. Boggild, 11.J.Brc+wtrom,and T. Laurftsen; Kgl; Danake vie?.SeIs.
Math-fys. Medd. ($hth-phys. Comm., Aoad. Sci. Copenhagen) Q, ~~(1940).

6
J*K. Boggilci,O.H. Arroe , and T. Sigurgeirsaon; Phys. Rev. , 281, (1947).

7
3.3. FreednmnO R.P. Metealf, and N.
CC-1%9, April q, 19&, plutonium

Sugarmm; Manhattan
Project Record IXB,

Project Report
6.6.1 (19h6).

— _— .-—.

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



-5-

souroe at one end, and a cellophane disk at the othea$and for oolleoting

,.

the fission f’rwgmenta. AC alumiaum foil, If+ rng/om2thiok, was plaoed

just h frmt of the cellophane to prevent diffusion of s%opped fission

fragmenka to the cellophane. The chambe~ was given a aeriea of irradiations

far various>pressures of air. After each bombardment the cellophane oollec+~

i.ngdisk wns analyzed radioohentcally for 8Kim bari”um~~g ad $1.7h atranthns .
,. -m

Then by plotting activity against air yresawe, %bsorption curve~ were ob-

tained for fiasim reooila of the given mass numbers. The mnximum ranges

‘were2.%3 om amd 2.0% or.of nornml air for me,saes91 and 139, respectively.

SirAcothe absorption aurves that ware obtained were not horizontal, as

expected, over the firs-tportion of the range, the experiraentawere repeated

by Flnkle, Hoagland, Katooff, and Sugarman8. A very thin zapon film

(-lG#g/pm2) was substituted for the aluminum foil and measurements were

made for plutonium as well as for uranium2~q. Thie t~inethe absorption aurves

were nee.~lyhorizontal over the initial portion and resembled corresponding
.

eWves for alpha ~rtiolesg Tho maximum ranges were 2.Ii8cm and 1.95 cm

2%
normal air for ,msses 91 and 139, respectively, from uranium . 2.+ cm ‘

9

and l.~q cm, respectively, for these nsses from plutonium.

In continuing ● aerie8 of experiments initiated by F. Jollot9,

Suzor10 irradiated with thermal neutrons m stack of aluminum foils plaoed

over a thin layer of uranium oxide. woe of the fission reooila of a given

range leaving any point in the s~uroe

on a hemisphere whsse radius is equul

aonsideratioas that the activity of a

proportional to the thickneau of that

would thus be deposited in the aluminum

to the range. It follpws from geometrical

‘:#
fiosion produot dapoaitiedin my foil ie

foil up to a distanoe from the urani’um

,P 8
B.J. Finkleo E. Hoagland, S. Katcof’f.and N. SugarMn; Mmhattan Project ,
Repo~t CK.1805, June 70, 19~; Platonium Project Reoord IXB, 6.5.2 (15&6).l!;,,,\

i!l~~
9 F. Joliot; Compt. Rend. 219, /+~6(I?u).~,(,:
10
F. Suzor; Compt. Rend. Z?& 11% (19/+7);J. Phys. Radium ~ 39

-
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equal to the range. Three isotopes were separated radiouhemioally from

#’- each of the foils and the autlwity per unit thiakness plotted aga$nst di6.

tanoe from the uranium. The curves were horizontal over the initial porti&
,,:,,

and then dropped gradually to zero. The average rangea for 1711,ziraonium970

67h molybdenum%, and 77h tell,urium332were found to be ~.75, 5.78, and
,.

3.11 mg/en?, reapeotively. The aorreaponding mximum ranges were lb%O, J.+.1+0,

mnd ~.% mg/cm2.

A similtir series of experimentswas performed by Fbk16, Hoagland,

11
Katcoff, and Sugarmnn . In this case eight fission produots from uranium

,--

were investigatedand the total activity of each foil was plottod against the

thiokness of aluminum. Straight lines were obtained over most of the range,

and these were extrapolated to zero activ%ty to give valuea of 3.7).+,?.~, ~.57,

3*34, 5e16, 2.7R, 2.69, and 2.@+ mg\cm2 for masses 89, 9%, 103, 129, 1?1, lb,

IJJ, and lM, respectively. These results ●re not aocurate because it was

diti~vveredlater that the method ueed to determine the thickness of the ●luminum

foils was unreliable.

N. Sugarman
12

measured the approximate ranges of the &elayed neutron

emitting isotopes from uranium fission by means of a slightly modified alumi.

mm foil teohnique. From fission yield considerations and ,froma comparison

of the ranges of the &%l second and 1,~2 seoond isotopes with the ranges of

the better known 55.6 second and 22.0 uecond isotopes, the former were aaaigned

possible masa numbers of 87 to 90 and 129 to 135, reapeotively.

During the investigation reported here the ranges in air of plutonium

fission fragments

Both differential

dlreotly from the

were measured for twenty mau numbers between 83 and 1%’7,

and integral range curves (Figs. 2 and 3) were obtained

data for each mazs. Then froma rangeva. mass ourve (Fige 4)

,r it was passibla to make definite assignment of masa to three deoay chains

I

11 B.J. Finkle, E. Hoagland, S. Katooff, and N. Sugarman; Mnhattan Prsjeot
Report CC.’2O76, August 2%, 19&; Plutonium Project Reoord IXB, 6.6.3 (l131@.

12 N.SU&LrIIIRX$J. Chem. Phy6. ~, “w, (1947).
I

~’
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whom ●caignqmztswem doubtful provioualy. and to gito strong support for

/-’

/--

nms8 a8s”ignmentmto two othor ohaim. Some Oobolussonu WePa made as to tho -

dependenoo of range on the nmsa and anergy of the fragments. and datawere

obtained * the distribution In rnnga of Rra@uent6 of umiform rnas.

Experimentall&@o& and Roaulto

low And om~ inch in diamster~ At OM md W8 a thin foil of plutmium

(-0.1 mg/&#) perpendicular to tho axis of +he tub. (Fig. x]. atartlng at

about four ineheo from thi8 fctilthere were moumtwd on beryllim spaeti ring,

at intemls of one-eighth inoh ● serles of about fourteen sapon laequm’ fIIms

($ Pg/01B2 thiok)● The @pacer rings wero ~ea$wrd aeuurately with miermter

oalipers. The apparatus was us=lly filled with dry air to ● prouuro of 120

or 140 mm xnerouryat a knom temperature. It was then Arrediated with neutrone

in the Los Alamo- homogwzeous pile for ti&m vu”ying from 30 minutes to lk

hours. The sapon films were 90 situated that nearly ●ll f$,88ion“fra~ent* in

the amss range being studied (which di~ not strike th~ -31s o!’the tube)

were 8topped in the region of tha fUms. Fraetiml 1y al1 ,ofthe 8topping wae

by the air, the zapon oozrtributimgat mmt only about rim poreant. It was

aommm3 ●s ● fir8t approximation tl’mtthe 8topped fissior&fragment8 would de-

posit on the nearest zapon film, i.e., fra~nts stopped witMn IA6 inoh on

●ither sid. of a film belong to that film.

Aftu irradiation, eaoh film,.OXOOpt the first and l@8t, w@8 d16solved

in ●oetone or comentrated MIM$ and analyzed radioohemiaally for a feu fi8sion ‘

produotw. The prooedures were modifiod from those reported An Chap. 8, Vol.

‘IXE,of the Plutonium Projeot Record. Some modificmtIon’was uuual1y needed

bemuse bo or more elements wwo isolated from all of eaoh solution. Ordinar-

ily a 8olutlm ts divided into aliquot8, one for eaah of the .1-nts analy~ed

:,,
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b~for~ any preoipitatiom were made, Xn the oaoe of’the yttrium malyses

m ehemieal aeparatiom from the rare earths were neomsary beoause of the

great diff’erewo im fra~nt range. Slement 61 was not isolated from any

(T1/2 ● @h) waa kept down to about two percent of the /+7h61149 activity

by removing tho 12*8d bariw#@ paren% i~ediately after 2-7 hour irradiations.

’55 was partially extraoted from the elememt &l by means of?he b??tammriwa

●xtiumamalgum The sanariun?q~ fission yield ia only 1/3 of the 611~ yield;

furttire, a axmll 47h sanmrium153 oentamination would lmrdly affeet the

range of

lattere

moved by

-SC 149 baoause the range of the former ia shorter than that of the

The eff’eotof all other contaminating rare ”earthisotopes was re-

a re~olutlon,of the decay aur’ws.

The ●ctivity of eaoh sample was followed with a G-M tube for one or

two half-lives. In some oaaea it was neoeasary to analyze the deoay ourveo into

two components. The times of bombardment and deoay were chosen so as to empha.

●iae the o~onent under investigation. The activity at a apeeified time of a

giv- Isotope from eaoh film was correoted to 100 peroent ehemioal yield ●nd to

● single solid mgle, and then plotted ●gainat diutance of ●ir traversed by the

fragments. Figure 2 @hews five representati~e differential

are really smoothad-aut histograms. The vertioal scale for

is entirely arbitrary. The distanoe, plotted as abscissae,

●lr at }5°C ●nd 760 mm mercury pressure (nornml temperature

range Curves.-these
*

eaah of the ourves

was correoted to

and pressure). ‘Me

sapon thiokne8s was taken into aoaeumt by relating ita etopping power for fission

13
fragments to that of aluminum and then relating the stopping power of aluminum

lL. One-half the thiokness of the plutoniupfor alpha partiales to that of air

fotl was ●lso inoluded in the distance, taking one mg/am2 of the foil equivalent

to 0.36mg/OIn2 of ●irl~. By plotting the total aativity of a given isotope
*

‘~ & Se re and C. Wie nd Phys. Rev. 70 609 (1W6). Zapon was taken to
f Pbe he same as co lod~on sinoe tha~omio oomposition$ are nearly identioal.

14 M. S. Livingston and H. A. Bethe, Revo ModsPhy8~ 9L 272, (l$l~i’).
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stopped beyond eaoh film againat the distinoo, integral range ourvee were

obtained. Figure ~ shows five such curves corresponding to the differential
P

ourves of Fig. 2# again the vertioal scale for each sia88 is entirely arbitrary?

The dashed horizontal portions were drawn in by extrapolation. Tho steepest

,.%,.,
,-.,,.

....

slopes of all the ourves were extended to zero activity to give extrapolated

ranges.

All of the data were obtaine~ from &? overl.appir?gruns. The re.

,“

suits are given in ~ble I where the values are #egregated by

,, various experiments. In eaoh runat least one range that had

in a prwious run was redetermined beeauue relative values of

● funotion of =ss number could be obtained

range values were normlized in as direo’taF

value (2.?04 cm) of the extrapolated “range

.. lation which reduced to zero the algabraio

tions between the average8 of the direotly

ing averages of the normalized ranges, the

,#--

Xineu into the

been measured

the range as

accurately only in thi8 way. All

manner ●s possible.to the average

3f masa 1090 Then after a oalou.

mm of the weighted peraent devia.

~bserved ranges and the Qorrespon&

results were re.normalized to a

value of”2.509 cm for nmsa 1~. These numbers ●re listed in the third oolumn

of Table II and are plotted in Fig. & The normalized mean ranges were cal.

culated from the data in a similar way and are listed in the fourth oolumn

of Table 11, but they could not be determined as precisely as ths extrapolated

ranges. The last coluqm of Table 11 gives the average values of the width at

half maximum of’the different~al ranKe curve8 for the various masa numbers.

The indioated limits of error are merely the 8tandard deviations from the
.
mean of the individual determinations. Parentheses indiaate that only two

individual measurements were made. The widths are all the same within experi.

mental error and the over-all average is 11.? peroent, with a standard devia-

tion of’1*3*

Radiochemical analyses were not performed directly for some of the

isotopes listed in Table I. Instead, their radioactive c?au~hters were first

.
..-
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extr=ated quantitatively from ths grosu fission product nativity, discarded,

mid them allowed to grow in again from the parents. This method SS used

173 who$e daughter i8 i?2hI133, beoause a direot meacuremant isfor 60m Te ,

made vary diff’ioultby ofi?mrtellurium isotopes and their deoay produots.

A dirtit isolation of the iodine is also troublesome beoauoe 6.?h 1135 and

its 9.2h xenon daughter interfere seriously. $inee the tellurium parent

o~&7~ ~l?~ i. very short-lived (<2m), an initial iodine separation remove8

the 6.7h I permanently, but more 22h 113~ can be formed from its 6Chq,To pa~rit.

This regener~ted 22h 1-6 then ieolated together with the 54m I(13U that was

farmed from ite @m Te
(134)

parent. Thedeoay ourves w=e easily resolved into

f+minuteand 22-hour oqmponents. By suitably adjusting the times of bombard.

ment, deoay, and growth, ●nd by counting the beta rays from the 22h I through

~ mg/om2 of alumin- ●bsorber, all other components were made negligibly
\

sma3.3● - measurements with 21h Pd112 were umde without the interforenue of

~3.4h PdlWby utilizing the 3.2hq.il- daughter of 21h pd
112

in ● -ruler

similar to that de”aoribedfor the iodine daughters. The range to? xws 92

92 dir~”tly and onoe by isolatiq$ thatnas measured omoe by hola$&ng ~+~h Y
.

~.@i’Ywhioh grew from its 2.?h S#2 parent duringan interval ●fter tho

jilIll irradiation. The two values are in G108o agreement, within 0.6 pereent.:[i~
~F;
;11”, Wh*n att-pts were -de to measure the range of the fission frag-

,} ‘~,
mmte Qf -8s 139 by analyziag f’er@m: Ila139,differentialrange curv- wme;<

, I

j, J

‘,, !!

j [’ obtained tht were oemsiderably distorted. This is attributed to appreia,ble
1

~ ,’

tigratiom imtho apparatus of the b~, X.139,
!~. ,&andparont. The differential
,
!I,‘,

curves obtained from 1208d Ba
lldlwere normal ●lthough its xenon aIkOf)6*OF km

4,
‘:’
~II ● hlf.life of sixtem $eoonds. Therefore it appears that this method of rang.
;,:
y
[1 determinatiowdoas not apply to th- M- n~era w~ah-*~ in *O ~lY
:~’

,.k- part of their deoay ohaina ● gaseo,b isotope with ● half-life greater than

1,I

~,,,!!, 20-30 seconds. The differaatial’raageourves obtained from 2.4h Br83 la+oked,,,,;,,
II
: norml although bromine may cdat in volatilo eh~mieal fonw*, However Imoadns
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la woh wol@WO st&e6 mig)ztroaot rqiidly + th the beryllium and zspon,
,,

$hwa prmenti~. - undasix%ble migratien.

By measw$~ tbe *ang* of fission fraggmts of unoortain -se an

●~aignment ean be mwia in -ny easee by referenoo to the range-mass ourve

of Fig. 4. 9%ioma dem for fiwe deomy chains* In three separate OX.

purhwzks the range Of fragnentB that result in ?7h To wae found to b. greater

~ *ho range of thoee I@oe* *s$ i? known to be 133. This plases an upper

litit ~ 132 On the =s8 of ??h T., tta fi~@-m~ute ~nt~ony ~r~t, OX@ i**

2&h I daughter. Ihssm lower than 132 are ruled out beoau8e they are assigned

ta WWwr *llAmun isotopes. Thefiefaots oombined with some seoon~ry eon.

d~~+lona (emg~ fisaioa yidd ●etablish the =SS assi~ent at 132* The

MM wsa experiments showed that fragnmnts resulting in l+3mTO hve, within

●xperim@tal error, very nearly the sa&$ range as tho8e of mass 1?3. For the

W r*80ns that were pre80nWd abowc, the mase @f &$a Te and its %&a I daughter

IOU86b~ /jr@*r tkn 135. Since mase 13% is definitely assigned

tepoo, 13b ia wury probably the oerieot ma8a number. A6e\gnnent

-as weultirequire serious distortion of the range.rnss ourve.

to othar ieo-

to ● greeter

The MA*S numbers of 3.5h Y, 10h Y, and 20m Y have all been unoertain.

Tb pmeent Fang- studies (Fig. h ati ‘hbles I and II) denimstrate that Gll three

&*a*e are in the interval Z-96 $noltasive,●nd that the mea ixmrease$t in the

10& Y okuld not be prepared from t~raonlum by m:(npp) reaotion under e~ditions

——— . . . .. ,.--,..,..,.—.—.. .—.. --- -—
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be assigned to mass 96 which is also unlikely since this would require
*

considerable distortion of the nmas vs. range curve. Assignment o!’the
b

20m Y to 9F is impossible because then it could not have been produoed

by (n,p) from na&Fal zireonium+ioh is not stable there. Thus assignment

of 20m Y to a mass of 94 5s very probably correct. .

The foregoing disoueaion of nmos determination assumes that there

x

are no radical changes in slope of the mats.rnnge ourve in the regions con.

~idered. Xn Fig. b the crossed points indioate mass numbers whose &seignmerit

has been facilitated by these range m-surements.

Diziaussionof Results

The uncertainty in the ●bsolute values of the mmwslized extr~.

polated ranges which are listed in ‘fableII, is about

this may be attributed to variation in the thiaknes~

These were not measured

area were weighed. The

to all films whioh were

the same batoh of zapon

individually; in8tead several

mean thioknoss value obtained

1,% percent. Much of

of the zapon films.

large films Or known

in this way was applied

made in as reproducible a fashion as posuible from

lacquer. If any air leaked into the apparatua before

or during an irradiation the measured ranges would be low. However, a leak

was suspected in only one or two of the runs. Small aystenmtic errors may

havo been introduced by inaccurate reduation of range in zapon and in the

plutonium foil to range in air. A few duplicate runs were made with a different

plutonium foil and the results are indiatinguishabl.efrom those obtained with

the main foil. All of the preceding errars can have only ● small effect on

the ratio of the ranges of different fission fragment masses that arzi measureti

in a single run.

The scattering of points in the differential curves may be produced
P

by several factors. Although the zapon films were stretched tightly across

the spacer rings when inserted irrtothe tube, they may have buckled occasion.

ally during the irradiation. The films have been observed to expand under

!,,,
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uertmtn oondltions. TheIradioohemical analyses were subjeot to the usual

.r-

errors. !’70Corrections were app]iod for th8 diff,erenoe6in self-absorption

of the beta-rays from samples of different weight beeause the r~diation was

generally hardi

The graphioal method used to obtain the extrapolated fission f’rag-

.. smnt ranges is subjeot to some inmcuracy; individual authors were able to

arrive independe~tlyat virtually the same results. However there is an

uacerta~nty in the absolute range values of ●bout one percent osused by the

arbitrary assumption that the stoFped fragments depooit on the nearest zapon

film.

Many of the above errors bea~m..more important in the measurements

of the straggling. The observed spread in range of fragments of a siugle

rmas arises from three fundamental souroes: (1) the variation in initial
4, ...

oharge and kinetic energy ~ the fragments; (2),the statistical variation ‘....,m .’
in the number of oollisians,”~leatronioand fluolear,that are moountered

,W

,by the I’ragmenta: and (?) limitatic& introduoe~’by the experimental arrapge-
,.

ment. The latter were small and oon8isted of approximately a l.b peroent ‘

total spread in range caused by the thiakneas of the plutonium uous’ce●nd

roughly ● 1,5 peraent total spread oaused by the difference between a perpen-

.dioularpath from the,8ouroe to zapon and an exkreme diagonal path. These

experimental factors

for the light group~

spread that ueems to

wore slightly more

thereforo this may

oocur in the heavy

important for the heavy group than

&ooount for t~ slightly grea$er

groiap. ??oneof’the differential

ourvas (Fig. 2) are Gau86ian in form; all are steeper on the aide distunt

from the source. Unfortunately, the wark perfornmd so far does not reveal

whether this farm of the range distribution is inherent In the fissian pro-

cess or in the experimental arrangement- If thtiplutonium fi8sion source

were thick over a SWO1 fraotion of its area, or it a suall portion of it

were aoverod with f’orblgnsmttw, then an orig%nnlly GaussLan distribution

, ‘b
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wwld ha distorted to the observed shape. &naYl arigleficattoringof .

fission fragments from

results.

Acoording to

the walls of the tube might also lead to the same

17a relation derived by Bohr ~ the rarl~e R Of a fissim
.

fragment should be approximately prOpO~%iOIKL~to the square root of ite

energy B, and inversely proportional to the sixth rpot of its =ss M. This

assumes the ohargo Z proportimd to M. Deutseh anh Rasm ?
!3
have inveati.

gated the energy releas~ of plutonium fiasios frngment6 in a double ioni~a.
&

tion ohamber. By combining values for the uwxim~’ erkargyderived from their

paper with the range values found here, Oaloulationi were!mde of R#6/+’”2
6

for both the light and heavy fragments for mass ratios between l.”~and 1.9.

Tho ionization chamber data are most reliable in th$s region. The value of

~#6/#2 ma roughly constanb, in approximate agroe!mentwith Bohrtd oalcula.

tions; it dqoTeaued monotonically from 0.734 to O.’;@ for both the light and

heavy fragmbmt as the maas ratio was varied from 1.8 to 1.5. Below a miss
?

r&tia of 1.? tht?veia a ●+rp ohange in s~ope of the range vs. masa ourve

for both the light and heavy fragments. This seems to indioate that the

kinetio energy release in the fission

ureasratio of about “1.2in8tead of at

Jeatsehke19. The data of Deutsoh and

of pl~tonium reaches a maxim’umat a

symmetrio fission as calculated by

Ramsey an energy release do not extend

below a mass ratio of 1.2. However Jentschkel~ does give data down to ●

235ratio of abeut 1.1 for uranium *fidWaaiW23S fission. There is also

some indication from his ourves timt the kinetio energy dooreaaes as symmetrio

fission i8 approaokd. It”would be interesting to refine and extend the ion.

Bohrt Phys Rev. & 270 (1941). -’+ ..,. -.,.,. -
Deutsoh and M. Ramsey, Manhattan Project Repor; ~~RIO, Jan. ~1, 19~6.

Jentsohke, Zeit. f. Physik W&, 165 (19b3)~
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ization experiments so t~t this point cobld be settled.

F’--

previou8

“? were not
#f!//...
.7?41.’

Comparison of the ranges reported here with tho8e reported in

work Is difficult. One reason is ht the various axparimemks

all performed in the came mimer mid the data are plotted in

%-, different miya. Most previdus work was on tk fission of wanium2~q in.

stead of plutoniqm259,and many of the experixeritameasured the range. in
.$4./*
~ ●luminum instead of in air. The only direotly comparable experiment was

:‘* .

by Finkle, Hoagland, Katooff’,and Sugarman8. The extrapolated rangea given

there for masse8 91 and 139 are 2.66 em and ].92 cm (at normal temperature

and pressure) instead of 2,?iJom and 2.09 on ●s reported here. The oause

Qf this disereqmwy is probably tkt the earlier plutonium foil was far
?

froei uniform in thickness, as was pointed out in the original paper. There

*8 only one previous investigation 11 inwhioh the ranges of ● sufficient

dumber of fragment maasec were measured ~o~+obta~ a range-mass curve. Thils

235
. . .

*8 for uranium fls*ien fragments in sl*uw ‘tily● lim}tad region.

wac covered but the shape of the aurva was oonside~bly diff’eraxrtfrom the

’79 fiaai& ;agmentacorresponding ourve plotted in Fig. 4 for p~utoniwa

in air+ This nmy be due to the difference between the stopping by aluminum

and byair, but the older work was baaed on only a single experiment whioh

was not very relikble. It should b. repeated and extended to inolude mwe

fragment nmsses and also plutonium fission.

* The apparatus desaribed helw (F’ig.1) can be ●pplied to the study

of the shorter-lived fisisionproduots. Complet* or partial se~rations of

oertain fiaeion produots from oertain others oan be effeeted

bardment due to tho differences in range (see Fig. 2’). This

simplified ohwaleal prooadurea so that more rapid isolations

)-- out.

during the born.

~kes feasible

oould be oarribd

,
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rig. L Seotional -ew of fission reooil range apparatuc AU partm -0 of M axeept *ore Othelrwhe

indleated. The ohambar is ●ttaohed to ● waouum line by means of the !WartS tube on the -t
for filling to the proper preaaureg Af%er an irrodiati@ the tip of the lett-haM quarts tube

Am Mdcen ao that air leaks thr~ the aqpillary ta briw the w~e to atmoqbrio *thou*
rupturing the aapon film. ‘Ebeap-~ fiw oo~~n ~ =t~~ to R-t r-d •U~~~
of prea8urec ‘

--—.._
●
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w
bh68 180tiop* Normaliahd MOg’!mlisod Averhge mdt~ -
Ihmnber Extrapolated Mea= at Hal? kxixium

Ramge (am) ‘“ Raqe (cm) (percea%)

W 2.l$hBr 2:895 2*6G 1~.k.%1.$ ~

91 9.7h Sr 2.?~8 2.55 11.4:&7

92 3.5h 1? 2.717 2.55 ● 10.=: (0.6),

93 10h Y 2.697 2.?7 10.1 :0.7

(94’) -Y ~.~? 2052 10.5*O*7

97 ;t”17h Zr .2.661 2.50 10.7: 1.1
(-

,+ *

~7b MO,,,2*,635
~,.;.~’

2*M 10.82 O*5

~ 1:5 “36.% Rh 2.587 Z*42 11.4itia6 ,
t

109 Iy.@ Pd 2.ci08 2955 10.7s 0.9

112 21h W 2.U6 2*2i+ 1~.bs (0.2)

117 ““ 1.95h In 2.246 2*O8 10*1S 1.7

;~~, 93h Sb 2.2i@ 2*O9 11*9J (1.3)
t 1

1* &2h sb 2.243 2.09 12*G2 0.5

132 77h Te 2.199 2.05 ‘ 11.5:0.6

I 153 I hn To I 2.I?30 I 2.04 I )1.8: 0.8 I

1(34)1 I 43m To I 2.190 I 2.o4 I II*L2I*Y I
lUI 1209d B* 2.090 1*92 12.621.3

W ~~h Ce 2.Oho 1“89 11.920.6

‘ 1~ i+?h 61 1.977 1.82 13012 1*2

(157) 1~.l+hEu 1.949 1*?9 15.12 l.?
J
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