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Determinations were. made of the mean and extrapolated
'runges in ai; of plutonium fission fragments for twenty individual
masses between 383 and 157. Collimmted fission fragmenfa pasging
through air at 120 or 10 mm pressure were deposited, after being
stopped by the air, on a series of fourteen thin lacquer films.
.ThCIO were annlyz;d radiochemically for individual fission produste.
The corrected activities were plotted agﬁinst distance traversed by
the ffagmanta, yielding differential range curves whose widths at.
half meaximum were 11.7% 1.3 percent, independent of fragment mass.
The activities foundbbeyond each distance were plotted ggaihct dio-
tance giving 1ntegr&j range curves. MNean and extr&poi‘tid ranges
were dcriiod from these. In the light group the e*trapolutod ranges
-dgcronse from 2.90 em (15°C and 760 mm) for mass 83, to 2.25 om for
mass 1175 in the heavy group they decrease from 2.25 om for mass 127,
to 1.95 om for mass 157. From the range-mass curve drawn for well-
known masses, definite aasignhpnta of 92, 95, an§ 132 wete given to
2.h Y, 10h Y, and 77h Te, rplpgotive1y. Highly probab]: assignments

of Gl and 13l were giver to 20 m Y and Sim I, respectively.
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Introduotion

Since the discovery of the process of nuclear fission,
several messurements have been made of the range of the fission re.
coil fragments. Corson ;nd Thornton1 observed in a oloud chamber
thﬁ; the maximum range was about 3 om standard air. ‘ Booth, Dunning,
and Slack2 used a shallow ionization ohamber to measure the number of
fission fragments as a function of alr pressure in the system. Two
groups appeared with maximum renges of 1.5 om and 2.2 cm. B. MoMillan?
~ irradiated a plate of U, 0 covero§ with a series of eluminum

3-8 .
foils. By plotting the gross recoil radioactivity in each foil agmninst -

thiocknegs of aluminum, & mnx;num range of 2.2 om air equivalent was '
obtained. E

S8egre and liogandh} using two methods, measured the relative
stopping power for fission fragmerts of collodion, aluminum, copper,
silver, and gold. In one method, the gross radioagtivity that penstrated
various thicknesses of foil was collected on a celluloid plate and oocunted.
The m§21nun range in aluminum was found to be 2.7 mg/&me or about 2.5 cm

normal air equivalent. In the other method, fisesion pulses which peretrated

various thioknesses of foilfwero counted in s shallow ionizetion chamber.

1 D.R. Corson and R.L. Thorhton; Phys. Rev. 55, 509 (1939)

2 g.T. Booth, J.R. Dunning, ané F. Slack; Phys. Rev. 55, 982 (1939).
3 B. McMillan; Phys. Rev. 25,.@10 (1939) .

L E. Segre and C. Wiegand; Phys. Rev. 70, 808 (19Lé) .
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It was found that the‘rolativo stopping powers for fission fragments of
the above materials are roughly the same as for L.6 Mev alpha particles.

Boggild, Brostrom, and Lauritaenq, and Boggild, Arroe, and
Sigurgoirsson6 have made extensive cloyd-chamber studies of the stopoing
of fiassion frngments from uranium in xenon, argon, helium, hydrogen, and
deuterium. The heavy fragment tracks usually show some curvature caused
by many collisions with gas atoms that are nct close enough to glve
observable recoil tracks. Numerous collisions, however, do give rise to
definite branches and a tuft of several short brauches frequently appears
at the snd of the range of a fission fragment. By a atudy of the distribution
of branches along the tfacks and algo by direct meuSuremohts of the angles
and lengths of individual large branchoe, velocity.range ourves were con.
structed fcr the light end heavy groups of fission fragments. These curves
show that first the fragments are slowed down mostly by electronic inter-
actions but that during the last portion of the path most of the stopping
rogults from nuclear collisions. The preatest variation in‘range reduced to
normal air was from a mean tota} range for both fragments of 5.2 ¢m in helium
to 3.9 ¢cm in hydrogen.

BExperiments to’determino the range of fission fragments of a single
mw 38 were performed by Freedman, Metcalf, and Sugarman7. Their apparatus

consisted of a small ground quartz joint ccntaining a thin enriched uranium

o JoK. Boggild, K.J. Brestrom, and T. Laﬁritsen; Kgl, Danske Vid. Sels.
Math-fys. Medd. (Math-phys. Comm., Aced. Sci. Copenhagen) 18, L (1940).

6
J.K. Boggild, O.H. Arros, and T. Sigurgeirseon; Phys. Rev. 71, 281, (1947).

M.3. Freedman, R.P. Metcalf, and N. Sugarman; Manhattan Project Report
CC-1759, April 8, 1SLL; Plutonium Project Record IXB, 6.,6.1 (1946).
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source at cune end, and a sellophane disk at the othes end for collecting |
the fission frugments. Az alumiaum foll, 1.4 Qg/hme thiok, w;a placed

Jjust in froat of the cellophane to prevent diffusion of stopped flssion
fragments to the cellophane. The chamber was given a series of irradiations
for various‘pressures of air. After each bombardment the cellophane collect-
ing disk was analyzed radiochemically for 85m varium?39 and 9e7h. afrontluﬁ?l.
Then by plotting activity against air pressure, absorption curves were ob-
tained for fisgsion recoils of the given mass nunmbers. The maximum ranges
were 2.53 om and 2.05 em of normel air for masses 31 and 139, respectively.
Since the absorption curves that were obtained were not horizontal, as
éxpected, over the first portion of the range, the experiments were repeated
by Fiakle, Hoagland, Katcoff, and Sugarmanao A very thin zapon film

{(~1% gg/@me) was substituted for the aluminum foil and measurements were

made for plutonium as well as for ursnium?’,

This time the absorptlon curves
woere noarly horizontal over the initia) portion and resembled correSpond{ng
curves for alpha particles. The maximum renges were 2.58 c¢m and 1.35 cm
norma) air for masses 91 and 139, respectively, from uruniumegq: 2.69 cm
and 1.9%5 cm, respectively, for thess massss from plutonium.

In continuing a se;ies of experiments initiated by F.lJoliotg,
Suzorl® irradisted with thermal neutrons a stack of aluminum foils placed
over a thin layer of uranium oxide. Half of the fission rscoils of a given
range leaiing any point in the source would thus be deposited in the aluminum
on a hemisphere whose radius is equul to the range. It follpws from geometrical

considerations that the activity of a fission product deposited in any foil is

proportional to the thickness of that foil up to a distance from the uranium

8 ' ' '
Be.J. Finkle, E. Hoagland, S. Katcoftf', and N. Sugarman; Manhattan Project
Report CK-180%, June 30, 19LL; Plutonium Project Record 1XB, 6.%.2 (13L6).

diliin

9 F. Joliot; Compt. Rend. 218, L38 (13LL).

1OF. Suzor; Compt. Rend. 22, 1155 (1947); J. Phys. Radium 3, 39
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equal to the range. Three isotopes were separated radiochemically from

each of the foils and the activity per unit thickness plotted against dis.
tance from the uraniume The curves were horizontal over the initial portion

and then dropped gradually to zero. The average ranges for 17h, zirconium97,

ATh molybdenumgg, and 77h te]luriumlae

were found to be 3.73, 3.73, and
3.11vmg/6m2, respectively. The corresponding nnxi?um ranges were L.50, L.LO,
and 3.95 mg/em®. |

A similer series of éxperiments wn§ performed by Finkle, Hoaglend,
Katcoff, and Sugarmanjl. In this case eight fission products from uranium
were investigated and the total activity of each foil was plotted againat the
thiockness of aluminume. Straight lines were obtained over most of the range,
and thesse were'extrapolated to zero activity to give values of 3.74, 3.4, 3.57,
3.3, 3.16, 2.75, 2.69, and 2.54 mg/end for masses 89, 95, 103, 129, 1%1, Lo,
14), and 114, respectively. These results are not accurate becuuse it was
discovered later that the method used to determine the thickness of the alumigum
foils wes unreliable.

N. Sugarmanl2 measured the approximate ranges of the delayed neutron
emitting 13otopes from uranium fission by means of a slightly modified alumi-
num foil teshnique. From fisasion yield considerations and from a comparison
of the ranges of the Le51 second and 1,52 second isotopes with the ranges of
the better known 55.6 second and 22.0 second isotopes, the former were assigned
posaible mass numbers of 87 to 90 and 129 to 135, respectively.

During the investigation reported here the ranges in air of plutonium
fission fragments were measured for twenty maes numbers between 83 and 157.
Bath differential and integral range curves (Figs. 2 and 2) were obtained

directly from the data for each mass. Then from a range vs. mass curve (Fig. L)

it was possible to maks definite assignments of mass to three decay chains

n B.J. Finkle, E. Hoagland, S. Kateoff, and N. Sugarman; Manhattan Praject
12 Report CC-2075, August 25, 19LL3 Plutonium Project Record 1XB, 6.6.3 (1346).

‘ N. Sagarmapy J. Chem. Phys. 15, sLb, (19L7). —
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whose assignments were doubtful previously, and to give strong support for
mass assignments to two other ohains. Some conclusions were made as to the
dependence of range on the mass and energy of the fragments, and data were

obtained on the distribution in range of fragments of uniform mass,

Bxperimental Method and Results

The apparatus consisted of a ber&llim tube absut eight inohes
long and ons inch in diameter. At one end was a thin foil of plutonium
(~0.1 mg/om?) perpendioular to the axis of the tube (Pig. 1). Starting at
about four inshes from this foil there were mounted on beryllium spacer rings
at intervals of ono-oighth inch a series of about fourteen sapon lasquer films
(8 pg/om® thiok). The spacer rings were measured socurately with micrometer
calipers. The apparatus was usually filled with dry air to a pressure of 120
or 140 mm mercury at a known tompernturo. It was then irradiated with neutrons
in the Los Alamos homogeneocus pile for times varying from 30 minutes to 1l
hours. The sapon films were so situated that mearly all fission fragments in
the mass range bcin; studied (whieh did not strike the walls of the tube)
were gstopped in the i'o;ion of #ho films. Praoctically all of the stopping was
by the air, the zapon contributing at mest only about five percsent. It was
assumed as & first approximation that the -toﬂped f‘luionb fragments would de-
posit on the nearest zapon fila, i.e., fragments stopped within 1/16 inoch on
either side of a film belong to that film,. |

After irradiation, each film,.except the firat and last, wae dissolved
in acetone or consentrated Elw3 and analyzed udiochenicauy for a foj fission
productu.r The procsdures were modified from those roﬁdrtod in Chap. 8, Vol.
‘X8, of tho.Plutonium Project Record. Some modifiocation was usually needed
because two or more elements were isolated from all of each solution. Ordinmar.
1ly a solution is divided ixito a)iquots, one for each of thg eslements analyged
for. In thiswork the activities were :tpg,g.tw':ff‘ég; guoh a_‘.pg‘.WQdWQb Radiochemipal
. exohange among the various chemioal ltatin of eﬁch slement. was always effected

APPROVED FOR PUBLI C RELEASE ‘ _ .
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befors any precipitations were made, 1In the omse of the yttrium analyses

#o chemical separations from the rare earths were necessary because of the
great difference in fragment renge. Element 61 was not isolated from any

of the other rare earths except cerium snd samarium. Lnnthtnum}bn activity
(‘1'1/2 « Oh) was kept down to about two percent of the L7h 611h9 activity

by removing the 12.8d bariumliO parent immedlately after 2-3 hour irradiations.
The L7h samariuml™’ was partially extraoted from the elsment & by means of
sodiun amalgem. The samariuml®? figsion yield is only 1/3 of the Q1L9 yielq;
furthermore, s small 47h samarium'”’ contamination would hardly affect the
range of mass 149 because the range of the former is shorter than that of the
lattir. 'Thc effect of all other contaminating rare earth 1aotop§s was re-
moved by a resolution of the decay curves.

The activity of each sample was followed with a G-M tube for one or
tw§ half-lives. Ig some oases it was necessary to anslyze the decay owrves into
two components. The times of bombardment and decay were chosen so as to empha-
size the component under investigation. The activity at a specified time of a
given isotope from sach film was corrected to 100 percent chemical yield and to
e single solid angle, and then plotted against distance of air traversed by the
fragmenta. Figure 2 shows five representative differential range curves.-these
are really smoothed-out histograms. The vertiocsl scale for each or.the curves
is entirely arbitrary. The distance, plotted as abscissae, was corrected to
air at 15°C and 760 mm mercury pressure (normnl’temporature and pressure). The
sapon thiokness was taken into account by relating its stopping power for fissionm
fragments to that of ulumihuml5 and then relating the stopping power of aluminum
for alpha particles to that of airlb. One-half the thickness of the plutonium
foil was also included in the distance, taking one mg/om2 of the foi) equivalent

to 0.36 mg/'om2 of airll, By plotting the total activity of a given isotope

’

13 E. Segre and C. Wiezgand, Phys. Rev. 70, 808 (19L6). 2a on’wul taken to
be° he :ﬁmo as collodfon Z:neo the~wtomic éompolitiong are nearly identical.

14 y, 3. Livingston and H. A. Bethe, Rev. Nod. Phys. 9, 272, (1937).
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stopped beyond each film against the distance, 1ntcgfa1 range curves were
obtained. Figure 3 shows five such curves corresponding to the differential
ourves of Fig. 23 again the vertical scale for each mass is entirely arbitrary,
The dashed horizontal portions were drawn in by extrapolation._ The steepest .

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

ranges.

All of the data were obtained from 2 overlappirg runs. The re-
sults are given in Table I where the values are segregated by lines into the
various experiments. In each run at le§;t one range that had been measured
in a previous run was redetermined because relative values of the range as
a function of mass number could be obtained accurately only in this way. All
range values were normalized in as direct a manner as possible to the average
value (2.50L cm) of the extrapolated range of mass 109. Then after a calcu-

lation which reduced to zero the algsbralc aum of the weighted percent devia-.

. tions hetween the averages of the directly observed ranges and the aorrespond.

ing averages of the normalized ranges, the results were re-normalized to a
valus of 2.508 cm for mass 109. Thess numbers are listed in the third oolunn’
of Table II and are plotted in Pig. L. The normlized mean ranges were cal-
culated from the data in a similar iay and are 1isted in the fourth column
of Table II, but they could not be determined as precisely ss the extrapolated
rangea; The last column of Table II gives the average values of the width at
half maximum of the differential range curves for the various mass numbers.
The indicated limits of error are merely the standard deviations ffom.the
mean of the individual determinations. Parentheses indicate that only two
individua) measurements were made. The widths are all the same within experi.
mental error and the.over-.all average is 11.7 percent, 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 daughters were first

APPROVED FOR PUBLI C RELEASE
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extracted qu:nt’itativq]y from the gross fission product activity, discarded,

and then allowed to grow in again from the parents. This method was used

for 6Om To”a, whose daughter is 22h 1133, because a direct measurement 1is.

made very diffiocult by other tellurium isotopes and their decay products.

A direct isolation of the lodine is salso troublesome because 6.7h 1135 and

its 9.2h xenon daughter interfere seriously. Since the tellurium parent

of 6.7n 1135 44 very short-lived (£2m), an initial iodine separstion removes
the 6.7h I permanently, but more 22h 1133 can be formed from its &0m: Te p;ront.

This regenerated 22h I was then lsolated together with the Slka T(13M) that was

formed from its l3m Tc( 3L parent. The decay curves were easily resolved into
Glpminuto and 22-hour oqmpononti. By auito.bly adjusting the times of bombard.
ment, doc'sy, and growth, and by counting the beta rays from the 22h I through
n ug/om2 of aluminum absorber, all oth@r components were made negligitly
small. The measurements with 21h Pa112 were made without the imterference of
13.4h N109 by utilizing the 3.2h silver - daughter of 21h l’tl:u2 in & manner
similar to that deserided for the 1odine daughters. The range for mass 392

was moasured once by isolating 3.5h Y92 directly and once by isolating that

3.5hY which grew from ite 2.7h 892 parent during an interval after the
irrsdiation. The two values are in close agreement, within 0.5 percent.
 When attempts were made to measure the ranga' of the rilc'ibn frag-
monts of mass 139 by analyzing fer 85m: B'al”,. differential renge curves were |
obtained that were oonsiderabdly distorted. This is attributed to appreciable

migration in the spparstus of the L1s. .x.139_, grandparent. The differential
1L0

ocurves obtained from 12.8d Ba were normal although its xenon ancestor has

a half-1ife of sixtesn seconds. Therefore it appears that this methoed of range
dctcrninu"tionf. do:os not apply to those maas numbers which contain in the early
part of their decay chains a gaseous isotope with a half.life greater than
20.%0 seconds. The differential range curves obtained from 2.Lh Br®> looked

normal although bromine may exist in volatile chemical forms. However bromine

APPROVED FOR PUBLI C RELEASE
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in swech v«:}u?i!i states might react rapldly wi th the beryllium and zapon,
hus pf&v@ntinc. tht“‘u‘nduirable ﬁimtion.
| Byfmuaut!,ng the range of fission fragments of uncertain mass an

”‘aa;aviignment can be made in many cases by reference to the range.mass surve
 of Mg. k. fhiu was done for five deoay chains. In three separate ex-
| periments tha'nngo of fragments that result in 77h Te was found to be greater
thn.n the hngc of those whose mass is known to be 133. This places an upper
" 1imit of 132 on the mass of 77h Te, its five-minute antimony parent, and its
2.4 1 ‘da.unghtn'. Masses lower than 132 are ruled out because they are assigned
to 'Whor‘ *nihlmwi isotopes. These facts combined with some secondary con-
iidﬁratidnl (o;g. fission yield) esteblish the mass assignment at 132. The
samo hhru experiments showed that fragments resulting in L3m Te have, within
experimsntal error, very nearly the same range as ‘thou of mass 133, For the |
same reasons that were presented abovc; the mass of ;3m Te and its Sim I daughter
iust be Fto‘tcr than 133. Since mass 135 is definitoly assigned to other iso-
topn, 151.; is very probably the correct mass nmbor. Assignment to a greater
mass wonld require serious distortion of the range-mass ourve.

The mass numbers of 3.5h ¥, 10h Y, and 20m Y have all been uncertain.
The present range studies (Pig. L and Tables I and II) demonstrate that all three
‘masses are in fﬁe interval 92-96 inolu;ivo, and that the mass inoresses in the
- order just given. This immediately locates 3.5h Y at mass 92 because assign-
ment to 94 would put 10h Y at 95 which has been previausly excludodm; assign.
ﬁnt to 93 14 ingcuiblc because 3.5h Y has been prepared by a. (n,p) ructionlr’
and :1rooniﬁi does not have a stable isotope there. The 10h Y almost ocertainly
’bclo.n;l ﬂt maes 93, An assignment to (u.n 9l is highly improbeble because
10k Y could not be prepared from sirconium by a. (n,p) reaction under coﬂditiohl

whieh did *:f‘progm,,i_é: * 3.5h Y and 20m Y; mereover, 20m Y would then have te

15

Nucled romd in Fission, J. Amer. Chem. Sec. 68, 211 (19L6) 3 Rev. Ned.

. pnys. 18, LA 98 . o

16 w. Seelnann-Bggebert; Neturwissenschaften 31, 510 (1913).
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be assigned to mass 96 which is also unlikely since this would require

-
- considerable distortion of the mass vs. range curve. Assignment of the

1

§:@§ 20m Y to 9% is imposeible because then it could not have been preduced

o B by (n,p) from natural zirconium which is not stable there. Thus assignment

e of 20m Y to & mass of 9l is very probably correct.
g The foregoing discussion of mass determination assumes that there
sty are no radical changes in slope of the mass-rangs curve in the regions cone

uidered.. In Fig. L4 the crossed points indicate mass numbers whose assignment

has been fucilitated by theses range measurements.

Discussion of Results

— The uncertainty in the at.solute values of the normal)ized extrea-
polated ranges which are listed in Table II, is about 1.5 percent. Much of
this may be attrituted to variations in the thickness of the zapon films.
Thege were not measured individuslly; instead severa) large films of known

. area were weighed. The mean thickness value obtgined in this way was appllied
to all films which were made in as reprocducible a fashion as possible from
the same batch of zapon lacquer. If any air leaked into the apparaﬁua before
or during an irradiation the measured ranges would be low. However, a leak
was suspected in only one or two of the runs. GSmall systematic errors may
have been introduced by inaccurate reduction of range in zapon and in the
plutonium foil to range in air. .A few duplicate runs were mace with a different
plutorium foil and the r;sults are indistinguishable from those obtained with
the main foil. Aall of the preceding errors can have only a small effect on
the ratio of the ranges of different fisgion fragment masses that are measursd
in a single run.

The scattering of points in the differential curves may be procduced
by several factors. Although the zapon films were stretched tightly across
the spacer rings when inserted into the tube, they mey have buckled occasion.

ally during the irradiation. The films have been observed to sxpand under
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sertain conditions. The radiochemical analyses were subject to the usual
errore. No correotions were upp]iod‘for the differences in self-absorpticn
nf the beta-.rsys from samples of difforent wegight becausgse the rediation was
generally hard.

The grnphioallmethod used to obtain the extrapolated fission frage
ment ranges is subject to some insccuracy; individual authors were able to
arrive independently at virtually the same results. However there is an
wicertainty in the absolute range values of about one percent osused by the
arbitrary assumption that the stopped fragments deposit on the nearest zapon
fi1m.

Many of the abové errors beopme more important in the mea surements
ot the straggling. The observed spread in range of fragments of a single
mass arises from three fundamental sources: (1) the variation in initiael
charge and kinetic energyaifathgwfragmsnts; (2) the statistical variation -

in the number of collisions,'blpctronic and fuclear, that are sncountered

by the fragments; and (%) 1imitations introduced by the experimental arramge-

ment. The latter were small and consisted of spproximately a l.L percent

total spread in range caused by the thickness of the plutonium source and

roughly a 1.5 percent total spread caused by the difference between a perpen-

.dicular path from the source to zapon and an extreme diagonal path. These

experimental factors were slightly more important for the heavy groﬁp than
for the light group; therefore this may mcoount for the slightly greater
spread that seems to occur in the heavy group. ¥None of the differential
curves (Fig. 2) are Gnuasiln in form; all are steeper on the side distant
from the source. Unfortunately, the work performed so far does not reveal
whether this form of the range distribution is inherent in the fission pro-
cess or in the experimental arrangemsnt; If the plutonium fission source
wors thick‘oﬁor a sma)l fraction of ita area, or if a smell portion of it
were covered with forelgn matter, then an originally Gaussien distridution
| iy
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would bs distorted to the obsarved shape. Small angle scatteriag of
fission fragments from the walls of the tube might mlso lead to the sume
results.

According to & relation derived by Bohr17

» the rarige K of a fission
fragment should be approximately proportiona) to the square root of its
enerzy E, and iaversely proportional to the sixth rpot of its mass M. This
assumes the charge Z proportional to M. Deutsch an& Rt!inmsoy*L3 have investi.
gated the energy release of plutonium fission fragments in a doubls ionize-

tion chamber. By combining values for the maximum onargy derived from their

paper with the range values found here, calculationd were mede of RM1/6/b1/é

~ for toth the light and heavy fragments for mass ratioss between 1.3 and 1.8.

The ionlzution chamber data are most rel)iable in this region. The value of

/ o) :
RMJ 67%1/ was roughly constant, in approximate agreement with Bohr's calcula.

" tions; it decreased monotonicslly from 0.334 to 0.548 for both the Vight and

h#nvy fragmbnt al'tho mass retio was varied from 1.8 to 1.3. Below a mass
retio of 1.2 t;bro is a sharp change in slope of the range vs. mass curve
for both the Yight and heavy fragmeuts. This seems to indicate that the
kinetic energy release in the fission of plutonium reaches a maximum at a
ma8s8 ratio of about 1.2 instead of at symmetric fission as calsulated by
Jenf:chkolg. The date of Deutsoh and Ramsey on energy release do not oxﬁend
below a mass ratio of 1.2. However Jentschkelg does givo data down to a

235 and urantun®38

fission. There is also
some indiogtioh from his curves that the kinetio energy decreases as aymmetric

fission is approached. It would be interesting to refine and extend the ion-

17 N. Bohr, Phys Rev. 59, 270 (1941).

~ -
18 '

9

(. 'v""’""—ﬁ
M. Deutsch and M. Ramsey, Manhattan Project Report 1A-%=10, Jan. 31, 1946.

W. Jentschke, Zeit. f. Physik 120, 165 (193). -
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ization experiments so that this point colld be settled.

Comparison of the ranpes reported hers with those reported in
previous work 1s difficult. One reason is that the various cxbcrimantl
were not all performed in the same manner and the data are plotted in

different ways. Most previcus work was on the fission of uranium®’® in.

- stead of plutonium 59, and many of the experiments messured the ranges in

aluminun instead of in air. The only directly comparable experiment was

by Finkle, Hoagland, Katsoff, and Sugérngna. The extrapolated ranges given

there for masses 91 and 139 are 2.66 cm and 1.92 cm (at normal temperature

" and pressure) instead of 2.7, om and 2.09 om as reported here. The cause

of this discrepancy is probably that the earlier plutonium foil was far
Lrom uniform in thickness, as was pointed out in the original paper. There
was only one previous iﬁvcatigstionll in which the ranges of a sufficient
number of fragment masses wers measured tqﬁobtutn a range.mass curve., This

was for uraniun2Bq

fission fragments in &lu;ipum.h"enly t'limit;d rcgion
was covered but the shape or the curve was ooncidornb]y diftorent from the
corresponding curve plotted in Fig. 4 for plutonium' ’9 fission fragnants

in air. This may be due to the difference between the stopping by alumiaum
and by air, but the older work was based on only a single experiment which
was not very r@ligblo. It should be rgpoutod'tnd,oxtcndod to include more
fragment masses and also plutonium fission.

The apparatus desoribed here (Pig. i) can be applied to the study
of the shorter-lived fission products. Complete of partial separations of
certain fiseion products from certain others can be effected during the qu-'
bardment due to the differences in range (see Fig. 2). T),is makes feasible

simplified chemical procedures so that more rapid isolations could be carried

out.
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Sectional wiew of fission recoil range spparatus, All parts are of Be except where othexrwise

indicated, The chamber is attached to a vasuum line by means of the ¢uarts tube on the right

for £11ling to the proper pressure, After an irradiation the tip of the left-hand quartz tube

is broken so that air leaks through the capillary to bring the pressure to atmospheric without

:}pturing the sapon films. The speser rings contain small notshes to permit rapid equalization
pressure, ' : - ‘
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EXTRAPOLATED RANGES IN AIR (76cm Hg AND 15°C) OF PLUTONIUM FISSION FRA
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TABLE I GMENTS. THE VALUES ARE GIVEN INcm AND [HUSE WHIGH ARE-TTALIVIZLU ARC
NORMALIZED TO A VALUE OF 2508 cm FOR MASS 109. INDIVIDUAL EXPERIMENTS ARE INDICATED BY THE ENCLOSING LINES.
Br 83 SrSI Y 92 Y 93 Y(94) Zr o7 Moss Rh 105 pdlos Pd na2 |nll7 SbIZT Sbl29 Tel32 Tel33 Te(l34) BOMO Cel43 61 149 Eu(|57)
ISOTOPE | S0r | 97n | 35n | 1oh | 20m | i7h | 67h | 365h | 13¢h | 21h | 195h | 93h | 42h | 77h | 60m | 43m | 128d | 33h | 47h | I154h
2.976 | 2.746 2736 2512 2256 | 2.250 | 2.212 | 2.002 | 1958 |
2967 | 2242| 2236 1995 |
2860 | 2707 2758 2580 | 2.502 2.42|,J 2269 | 2.266 | 2.213 1947 | 1.879]
2893 2586 2427 ||~ ||l2254 | 2251 | 1969
2848 | 2770 2754 | 2749 2598 | 2.517 2.195 2206|2192 | 2184 | 2182 | 2011 | 1940]
2815 2692 2.589 2.232| 2190_| 2188 | 1968
2910 | 2.728 2738 2683 | 2.657 | 2621 ||| 2.540 2.436J 2.204 12176 ||[2178 | 2157 | 2.163 2.0|7\
1 2.92/ | 2.702 2648 2623 2405 | 2272 - 2177 | 2183 2036 |
2840 | 2.702 2720 2665 | 2.661 | 2.605 | 2.506 2.266 2223|2198 | 2193 | | 2.068!
2878 270/ 2647| 2643 2268 2173 | 2168 2045 |
2802 | 2783 | 2755 2.747J 2478 2.188 12029 | 1992 1904 |
2743 | 2724 2.68¢ 2214 2078 | 1950 |
2762 | 2740 | 2727 2.669 2485 2222 2026 [ 979 | |1.885 ]
2732 | 2710 | 2640 2243 2088 | | 1943
2794 |(2.815) | 2488 2.138 (1e2) (g8 | | (.802)
L |(2717) (2.155) 2083 | _ 1954
2774 | 2761 245 2141 2.112 | 2.080
2684 2.9/ | 207/
2797 | 2.783 2 48] 2.181 2028
2684 i 2205
2742 - 2.5658
2688 I D B
2720 I " 2528]

: - | 26981 | R A . . S
AVERAGE | 2.887 | 2.745 | 2762 | 2752 |2.763 | 2708 | 2662 | 260l | 2504 | 2429 | 2202 |2.263 |2.225 | 2191 | 2.180 2179 |2.056 [2.015 | 1926 |1.894
VALUES | 2895 | 2738 | 2717 | 2697 | 2687 | 266/ | 2635 | 2587 | 2508 2416 | 2246 | 2248 | 2243 | 2198 | 2160 2180 | 2080 | 2040 | 1977 | 1949
o e M —
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Table Iie. - AEtrepols m and 1 mm ungu?’ol pluﬁqn&up fission fragments in
norial air, and ‘the streggling as indicuted by tho widths at hnlt..hoight;
of the diffcrmtinl range curves.
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| Mase IbotOpo 'Normliud ' Noﬁaﬂiud . Average Width
Humber Extrapolated Mear at Half Maximum
Rlpgo (em) - Range (cm) (percent)
88 | 2.unBr | 2.895 -] 2.68 13.L21.5
91 9.7h §r | 2.738 2.55 1.1 £0.7
92 3.5h Y | 2.717 2.55 1 10.% 2 (0.6)
g% 10h ¥ 2.497 ' .2.q5 10.1 2 0.7
(9k) 2om Y | 2687 | 2.52 10.5 £ 0.7
97 l1m oz | 2.68 2.50 10,7211 j
p “.,,‘x"“"' 67h Mo | 2.635 2.8 10.820.5
| 105 "'36.5h Rh 2.587 22 11,52 0.6
109 13.4h P | 2.508 2.35 10.72 0.9
112 2lh P4 | 2.l06 2.2l 13.1,2 (0.2)
S1n7e 1.95h In | 2.2L6 2.08 10.12 1.7
27 9%h  8b | 2.2L8 2.09 11.92 (1.3)
129 L.2h Sb | 2.2L3 2.09 12.5% 0.5
‘,'1‘ 132 7Th  Te | 2.158 2.05 11,52 0.6
133 6om Te | 2.180 2.0l 11.82 0.8
* (13L) L3m Te 2.180 2.04 1.4 1.3
140 12.8d Ba | 2.080 1.92 12.62 1.3
43 33h  Ce | 2.0L0 1.89 11.8% 0.6
1ks L 6 | 1.977 T1.82 1%.12 1.2
(157) 15.4h Bu | 1.9L9 1.79 15.12 1.2
i
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