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Determinations were made of the mean and extrapolated
'runges in ai; of plutonium fission fragments for twenty individual
masses betweer 83 and 157. Collimated fiasion fragmenia passing
through air at 120 or 10 mm pressure were deposited, after being
stopped by the air, on a series of fourteen thin lacquer films.
.Thalo were unnlyz;d radiochemically for individual fission productes.
The corrected activities were plotted agﬁinat distance traversed by
the ffsgmanta, yielding differential range curves whose widths at.
half maximum were 11.,7% 1.3 percent, independent of fragment mass.
The activities foundbbeyond each distance were plotted ggcinct dio-
tance giving 1ntegr&j range curves. MNean and extr&poi‘tid ranges
were dcriied from these. In the light group the e*trapolutod ranges
decrease from 2.90 om (15°C and 760 mm) for mass 83, to 2.2% om for
masg 117; 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
Z2.5h Y, 10h Y, and 77h Te, rgcpgotive1y. Highly probub]: assignments

of Gl and 134 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 'and Thorntonl observed in a oloud chamber
thﬁ; the maximum range was about 3 om standard air. ‘ Booth, Dunning,
and Slack2 used a shallow ionization ohember 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 5
foils, By plotting the gross recoil radioactivity in each foll aghinst -

thiockness of aluminum, a mx;num range of 2.2 om air equivalent was ‘
obtained. .f

S8egre and llogandl‘? using two methods, measured the relative
stopping power for fission fragmerts of collodion, aluminum, copper,
silver, and gold. In one method, the gross radiosqgtivity that penstrated
various thicknesses of foil was colleoted on a celluloid plate and oounted.
The mﬁim reange in tl.umim‘.m was found to be 3.7 mg/cme or about 2.5 cm

normal air equivalent. In the other method, fission pulses whioh peretrated

various thioknesses of foilfwero counted in s shallow ionizetion chamber.

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

e B+T. Booth, J«.R. Dunning, and F. Slaoki Phys. Rev. 55, 982 (1939).
3 B. MoMillan; Phys. Rev. 55, 510 (1939) .

L E. Segre and C. Wiegand; Phys. Rev. 70, 808 (19L6) .
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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
Sigurgeirssoné have made extensive cloyd-chamber studies of the stopoing
of figaion 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 reccil tracks. Numerous collisions, however, do give rise ta
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 téacks and algo by direct meuSuremohts of the angles
and lengths of individual large branchoe, velocity.range ourves were con.
structed fer 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
mass were performed by Freedman, Metcalf, and Sugarman7. Their apparatus

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

K J«XK. Boggild, X.J. Brestrom, and T, Laﬁritsen; Kgl, Deanske Vid, Sels.
Math-fys. Medd. (Math-phys. Comm., Aced. Sci. Copenhagen) 18, L (1940).

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

M.3. Freedman, R.P. Metcalf, and N. Sugarman; Manhattan Project Report
CC-1559, April 8, 1SLL; Plutonium Project Record IXB, 6.6.1 (1946) .
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saurce at cne end, and a colloPhanevdi;k at the othey end for collecting |
the fission frugments. Az alumiaum foll, 1.4 ;g/éme thiok, w;a placed
Jjust in front of the cellophane to prevent diffusion of stopped fission
fragments to the cellophane. The chamber was given a series of irradiations
for various‘pressures of air. After each bombardment the cellophane vollect.
ing disk was analyzed radiochemically for 8om bariunl39 and 9e7h. afrontluﬁ?l.
Then by plotting activity against air pressure, absorption curves were ob-
tained for fission recoils of the given mass numbers. 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 Sugarmana. A very thin zapon film
{(~1% gg/@me) was substituted for the aluminum foil and measurements were
made for plutonium as well as for uranium®35, This time the absorptlion curves
woere noarly horizontal over the initia) portion and resembled correspond{ng
curves for alpha particles. The maximum runges were 2.58 cm and 1.35 om
norma) air for masses 91 and 139, respectively, from uruniungq: 2.6 cm
and 1.9%5 cm, respectively, for thess massss from plutonium.

In continuing a safies of experiments initiated by F.lJoliotg,
Suzor10 irradiated with thermal neutrons a steck of sluminum foils placed
over a thin layer of uranium oxide. Half of the fission recoils of a given
range lea#ing any point in the source would thus be deposited in the aluminum
on a hemisphere whose radius is equal 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 ' ' '
B.J. Finkle, E. Hoagland, S. Katcoff, and N. Sugarman; Manhattan Project
Report CK-180%, June 30, 19LL; plutonium Project Record 1XB, 6.£.2 (19L44).

diliin

9 F. Joliot; Compt. Rend. 218, L88 (13LL).

10F. Suzor; Compt. Rend. ggg, 1155 (1947) 3 J. Phys. Radium 2’ 39
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equal to the range. Three isotopes were separated radiochemically from

each of the folls and the eotivity per unit thickness plotted azainst dis-
tance from the uranium. The curves were horizontal over the initial portion

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

47h molybdenum??, and 77h tel\uriumlae

were found to be 3,73, 3.73, and
3.11vmg/6m?, respectively. The corresponding nnxi?um ranges were L.50, L.4O,
and 3,35 mg/bmz. |

A similer series of éxperiments wn§ performed by Finklée, Hoaglend,
Katcoff, and Sugarmanjl. In this case eight fission products from uranium
were investigated and the total activity of each foil was plotted ageinat the
thickness of aluminum. Straight lines were obtained over most of the range,
and thesas were'extrapolated to zero activity to give values of 3.74, 3.4, 3.57,
3,30, 3.16, 2.75, 2.69, and 2.54 mg/end for masses 89, 95, 103, 129, 171, 1o,
1L1, and 11}, respectively. These results are not accurate becuuse it was
discovered later that the method used to determine the thickness of the aluminum
foils was unreliable.

N. Sugarman12 measured the approximate ranges of the delayed neutron
emitting isotopes from uranium fission by means of a slightly modified alumi.
num foil teshnique. From fission yield considerations and from a comparison
of the ranges of the L«51 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,
Bﬁth 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

11 B.J. Finkle, E. Hoagland, S. Katooff, and N. Sugarman; Manhattan Project
12 Report CC-2075, August 25, 19LL; Plutonium Project Record IXB, 6.6.3 (1946).

‘ N. Sugarmany J. Chem. Phys. 13, skh, (1947 . —
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whose assignments were doubtful previocusly, 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 emergy of the fragments, and data were

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

Experimental Method and Results

The apparatus consisted of a ber&llim tube about eight inohes
long and ons inch in diameter. At one end was a thin foil of plutonium
(~0.1 ng/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 serles of about fourteen sapon lasquer films
(8 pg/one thick) . The spacer rings were measured sccurately 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
hom'i. The szapon films were so situated that nearly nn' fission fragments in
the mass range bcing\ 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 a first approximation that the stopped fiasion fragments would de-
posit on the nearest zapon fila, i.e., fragments stopped within 1/1'6 inch on
either side of a film belong to that film.

After irradiation, sach film,.except the first and last, was dissolved
in acetone or consentrated Elw3 and analyzed udiochenlcnny 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 inlto aliguots, one for each of the eslements analyged
for. In thiswork the activities were ',tpp'z-llw':c_f‘ég; such a procedure, Radiochenigs)
- exohange among the various chemiocal ltatin of eﬁch slement was always effected

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

n§ chemical separations from the rare earths were necessary because of the
great difference in fragment reange. Element 6] was not isolated from any

of the other rare earths except cerium snd samarium. Lnnthlnumlbo activity
(‘1'1/2 « Oh) was kept down to about two percent of the L7h 61149 activity

by removing the 12.8d bariumliO parent immedliately after 2-3 hour irradiations.
The L7h samariuml™’ was partially extraoted from the element & by means of
sodiun amalgam. The samarium!S? fission yield is only 1/3 of the Q1L yiela;
furthermore, s small 4L7h samarfum'”’ contamination would hardly affect the
range of mass 149 because the range of the former is shorter than that of the
lattir. ‘The 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 cases it was necessary to analyze the decay curves 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 each film was corrected to 100 percent chemical ylield and to
a single so0lid 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.temporaturo 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 airll3, By plotting the total activity of a given isotope

’

13 g. Segre and C. Wiegand, Phys. Rev. 70, 808 (19L6). 2Za on‘wul taken to
be° he :ﬁmo as collodfon Z?neo the~wtomic éompol!tiong are nearly identical.

4 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
ocurves of Fig. 23 again the vertical scale for each mass is entirely arbitrary.
The dashed horizontal portions were drawn in by extrupolction._ The ytoepcst :

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

ranges.

Al]l 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. 1In each run at leﬁgt one renge that had been messured
in a previous run was redetermined becauss relative values of the range as
s 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 algsbrelc aum of the weighted percent devia-

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

ing averages of the normalized ranges, the results were re-normalized to a
valua of 2.508 cm for mass 109. These numbers are listed in the third oolunn’
of Table II and are plotted in Pig. L. The normlized mean ranges were cale
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 as the ex“rapoclated
rangea; The last column of Table II gives the average values of the width at
half maximum of the differentfal range curves for the various mass numbers.
The indicated limits of error are merely the standard deviations ffom.the
Qean of the individual determinations. Parenﬁheses 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 perocent, with a standard devia-
tion of 1.3,

Radiochemica) analyses were not performed directly for some of the

isotopes listed in Table I. Instead, their radicactive daughters were first

APPROVED FOR PUBLI C RELEASE
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extrsacted qu:nt’itativq]y from the gross fission product activity, discerded,
and then allowed to grow in again from the parents. This method was used

for &0m Te”a. whose daughter is 22h 1133, because a direct measurement 1s.

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

A direct isolation of the iodine is also troublesome because é.7h 1135 and

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

of 6.7h 135 is very short-lived ({2m), an initial iodine separstion removes
the 6,7h I permanently, but more 22h 1133 can be formed from its €Om: Te p;ront.

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

formed from its l3m Tc( 3L parent, The decay curves were easily resolved into
Glpminuto and 22-hour cqmpomnti. By auito.bly sdjuating the times of bombard-
ment, doc'ay, and growth, and by counting the beta rays from the 22h I through
n ug/oma of aluminum absorbver, all oth@r components were made negligitly
small. The measurements with 21h Pa112 yere made without the imterference of
¥3.4h N109 by utilizing the 3.2h silver : daughter of 21h l’tl:u2 in o manner
similar to that deserided for the 1odine daughters. The range for mass 92

was measured once by isolating 3.5h Y72 directly and once by imhting that

3.5h’Y which grew from its 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 messure the range of the f1sston freg-
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

eurves obtained from 12.8d4 Ba were normal although {ts xenon ancestor has

a half-1ife of sixtesn seconds. Therefore it appears that this method of range
dctcrninu"tionf. do:os not apply to those maass 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 such v«:}u?i!i states might react rapldly wi th the beryllium and zapon,
hus pf&v@ntinc- tht“‘u‘nduirable ﬁimtion.
| Byfmuaut!,ng fho range of fission fragments of uncertain mass an
”‘au;aviignment can be made in many cases by reference to the range.mass surve
. of Fg. L fhiu was done for five deoay chains. In three separats ex-
. periments the range of fragments that result in 77h Te wes found to be greater
thn.n the hngc of those whose mass is known to be 133. This places an upper
limit of 132 on the mass of 77h Te, its five-minute antimony parené, and its
2.4 1 ‘da.unghtn'. Masses lower than 132 are ruled out because they are assigned
to lbt‘hor‘ *nihlmwi isotopes. These facts oombined with some secondary cone
iidﬁratidnl (of: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 fhou of mass 133, For the |
same reasons that were presented abovc; the mass of 3m Te and its Sim I daughter
iust be Frntcr than 133. Since mass 135 is definitoly assigned to other iso-
topn, 15L is very probably the correct mass numbor. Assignment to a greater
nass wonld require serious distortion of the range-mass ourve.
The mass numbera 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 tﬁe interval 92.96 inolu;ivo, and that the mess inoresses in the
- order just given. This immediately locates 3.5h Y at mass 92 because assign-
 memt to 94 woulﬁ put 10h Y at 95 which has been previcusly excludodm; assign.
ﬁne to 93 14 inpcuiblc because 3.5h Y has been prepared by a. (n,p) retctionm,
and :1rooniﬁi does not have a stable isotope there. The 10h Y almost certainly
bclonsl 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 coﬂditiohc

whieh did “produce.}6  3.5h Y and 20m Y; mereover, 20m Y would then have te

1%
Nuc)ei romd in Pission, J. Amer. Chem. 8oc. 68, 2L11° (19L6); Rev. .
e, 18, L (ol ove 1o

16W. Sestmmnn-Bggwbert; ¥aturwlasensobaften 31, 510 (1943). h
APPROVED FOR PUBLI C RELEASE |




APPROVED FOR PUBLI C RELEASE

T oA - N
be assigned to mass 96 which is also unlikely since this would require
- . considerable distortion of the maas vs.‘;ange curve. Assignment of the
ﬁﬁ%& 20m Y to 9% is imposeible bec;u;; then it could not have been prcduced
Eftfl : 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.
agyn | The foregoing discussion of mass determination assumes that there
w«&f " are no radical changes in slope of the mass-range curve in the regions cone
uidered.. In Fig. L4 the crossed points indicate mass numbers whose assignment
has been fucilitated by these range measurements;
Discussion of Results
— The uncertainty in the abtsolute values of the normalized extre-

polated ranges which are listed in Table II, is about 1.5 percent. Much of
this may be attributed to variations in the thickness of the zapon films.
Thege were not measured individually; 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 reproducible a fashion as possible from
the same batch of zapon lacquer. If any air leaked into the apparaiua before
or during an irradiation the measured racges would be low. However, a leak
was suspected in only one or two of the runs. Small systematic errors my
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
plutonium foll and the r;sults are indistinguishable from those obtained with
the main foil. All 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 produced

by several factors. Although the zapon films were stretched tightly across
the spacer rings when inserted into the tube, they may have buckled occasion-

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

APPROVED FOR PUBLI C RELEASE
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sertain conditions. The radiochemical analyses were subject to the usual
srrors. No correotions were upp]iod‘for the differences in self.absorpticn
nf the beta-rsys from samples of different wegight because the rediation was
generally hard.

The grnphioalnmethod 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 1is an
wicertainty in the absolute range values of about one percent ocsused by the
arbitrary assumption that the stopped fragments deposit on the nearest zapon
f£i1m.

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 initiel
charge and kinetlc energyﬁifath;”frazmsnts; (2) the statistical variation

in the number of collisions,'blpctronic and fduclear, that are encountered

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

ment. The latter were small and consisted of approximately a 1.L percent

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

roughly a 1.5 perceant 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 acoount for the slightly greater
spread that seeme to oceur in the heavy group. None of the differential
gurves (Fig. 2) are Gauasiun in form; all are steeper on.theygido 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‘ofer a sma)l frection of ita area, or if a smell portion of it
were covered with forelgn matter, then an originally Gaussien distridution
| vl
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would bs distorted to the obsarved shape. Small angle scatteriag of
fission fragments from the walls of *he tube might mlso lead to the sume
results.

According to a relation derived by Bohr17

» the range K of a fisaion
fragment should be approximately proportiona) to the square root of its
enerzgy E, and iaversely proportional to the sixth rpot of its mass M. This
assumes the charge Z proportional to M. Deutsch ané Rn!iunsoy*L3 have investi.
gated the energy release of plutonium fission fragments in a doubls ioniza~

tion chamber. By comblning values for the max imum onargy derived from their

paper with the range values found here, calculationd were mede of RM1/6/EL/2

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

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

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

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

hénvy fragmbnt al’tho mass retio was varied from 1.8 to 1.3, Below a mass
retio of 1.2 t;bro ia & sharp change in slope of the range vs. mass ocurve
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 indiogtioﬁ from his ocurves that the kinetis energy decreases as symmetric

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

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

~ -
18 '

v

VT e
M. Deutsch and M. Ramsey, Manhattan Project Report 1A-.%10, Jan. 31, 19L6.

W, Jontschke, 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 is 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, Katooff, and Sugérntna. 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

from 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 tqﬂobtutn a range.mass curve. This
was for uraniun23q fission fregments in &lﬁ;ipum.h‘enly t'limit;d rcgion
was covered but the shape of the curve was ooncidornb]y difforent rrom the
corresponding curve pletted in Fig. L for plutonium' ’9 fission frngnants

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@ligble. It should be rppoatodvtnd,oxtondod to include more
fragment masses and also plutonium fission.

The apparatus desoribed here (Fig. 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 Pig. 2). T),is makes feasible
simplified chemical procedures so that more rapid isolgtiona ocould bo.otrriid

out.
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Sectional wiew of fission recoil range apparatus, 4ll parts are of Be except where otherwise

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

for £1l1ling to the proper pressure, After an irradiation the tip of the left-hand quartz tube

is broken so tbat 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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TABLE I EXTRAPOLATED RANGES IN AIR (76cm Hg AND 15°C) OF PLUTONIUM FISSION FRAGMENTS. THE VALUES ARE GIVEN INcm AND [IHUSE WHIGH ARE-TTALILIZEU ARC
NORMALIZED TO A VALUE OF 2.508 cm FOR MASS 109. INDIVIDUAL EXPERIMENTS ARE INDICATED BY THE ENGLOSING LINES.

Br 83 SrSI Y 92 Y 93 Y(94) Zr o7 Moss Rh 105 pdlos Pd Hna2 |nll7 Sbl27 Sbl29 Te|3z Te 133 Te(l34) 80'40 Cel43 61 149 Eu(|57)
1SOTOPE | 500 | o7n | 35n | 1oh | 20m | 17h | 67h | 365h | 13@h | 2ih | 195h | 93h | 42h | 77h | 60m | 43m | 128d | 33h | 47h | I54h
2.976 | 2.746 2736 2512 2256 | 2.250 | 2.212 | | 2.002 | 1958 |
2967 | - ||l2242| 2236 1995
5860 | 2.707|| 2758 2580 | 2.502 2.42|‘J 2269 | 2.266 | 2.213 , 1947 | 1.879
2893 2586 2427 ||~ ||2254 | 2251 | ) 1969
2848 | 2770 2754 | 2749 | 2598 | 25I7 2195 2206|2192 | 2.184 | 2182 || 2011 | 1940
2815 2.692 - 2.589 2232 2190 | 2188 | 1968
2910 | 2728 2738 2683 | 2.667 | 2.621 ||| 2540 2.436J 2.204 2176 ||[2178 | 2.157 | 2.163 2017
| 2.92/ | 2.702 | 2648 2623 - 2405 ||| 2272 - 2/77 | 2183 2036
2840 | 2.702 2720 2665 | 2.661 | 2.605 ||| 2.506 2.266 2023|2198 | 2193 | | 2.068!
2.878 270/ 2.647| 2643 2268 2173 | 2168 2045 |
2802 | 2783 | 2.755 2747 2478 2.188 A 2.029 | 1992 1904 |
2743 | 2724 2689 ' 2214 2078 | | 1950
2762 | 2740 | 2727 2.669 2485 | 2222 . 2026 | 1979 171.885
2732 | 2710 | 2640 | | 2243 | 2088 | | 1943
2794 |(28I15) | 2488 2.138 | | (1920 | ean | | (1.802)
(2717)| (2.155) | 2083 | | 1954
2774 | 2761 | 245| 2141 | 2112 | 2.080
2684 o 2.19/ 2.07/
2797 | 2.783 248I ,, 2181 2.038
2684 | | | 2205)
2742 - " 2.558]
2688 1]
2720 ~ " 2528)]
3 - |1 2698 | . A ' - - -
AVERAGE | 2.887 | 2.745 | 2762 | 2762 | 2.763 | 2708 | 2662 | 2601 | 2504 | 2429 [2.202 [2.263 |2.225 | 2191 | 2.180 | 2179 12056 2015 1926 | 1.894
VALUES | 2895 | 2738 | 2717 | 2697 | 2687 | 2661 | 2635 | 2587 | 2508' 2416 | 2246 | 2248 | 2243 | 2/98 | 2180 | 2180 | 2080 | 2090 1977 | 1949
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Table Ile.- AEteepols m and 1 mm ungu?’ol pluﬁon&up fission fragments in
norial air, and ‘the streggling as indicuted by tho widths at hnlt..hoight

| Mase IbotOpo 'Normliud ' Noﬁaﬂiud . Average Width -
Humber Extrapolated Mear at Half Maximum

Rlpgo (em) - Range (cm) (percent)
83 2.4n Br | 2.8%5 2.65 13.421.5
91 9.7k §r | 2.738 2,55 11.420.7

92 3.5h Y | 2.717 2.55 105 2 (0.6)
9% 10h ¥ 2.£97 .2.q5 10.1 2 0.7
() | 2om ¥ | 2.687 2.52 10.5 10,7
97 1 Zr | .2.66 2.50 10.721.1

o 9, 67h Mo | 2,635 2.L8 10.820.5
| 105 "'36.5h Rh 2,587 22 11,42 0.6
109 13.4h Pa | 2.508 2.35 10.72 0.9

112 21h P4 | 2.l06 2.2l 13.42 (0.2)
nrt 1.95h In | 2.2L6 2.08 10,12 1.7

127 9%h  8b | 2.2L8 2.09 11.92 (1.3)
129 L4e2h 8b | 2.2L3 2.09 12.5% 0.5
‘ 132 7Th  Te | 2.158 2.05 - 11.520.6
133 éom Te | 2.180 2.04 11.82 0.8
1 (13L) I3m  Te 2“.180 2.04 N4 1.3
Lo 12.5d Ba | 2.080 1.92 12.62 1.3
i 43 33h  Ce | 2.0L0 1.89 11.8% 0.6
s | bm & | 1977 1,82 13.12 1.2
(157) 15.4h Bu | 1.9L9 1.79 15.12 1.3

of the diffcrmtinl range curves.
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