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The range distribution of U2® fission fragments (Sr®1~%, y%2-% 7% Bal0 and cel®) in
various gases is studied. The dependence of the range dispersion on the nature of the gas is
established. From the range dispersion the kinetic energy due exclusively to fission proc-

esses is determined. The results are compared with available experimental data and Fong’s

statistical theory.
INTRODUCTION

FROM the data on the distributions of the fragment
energies and velocities, obtained with the aid of
ionization chambers and by the time-of-flight
method, it is only possible to determine the dis-
persion of the total kinetic energy for a given mass
ratio of the fragments indirectly.

A direct determination of the kinetic energy dis-
persion of fragments of given mass and charge in
the fission of U2 and U?® was carried out by
Good and Wollan.! From the range distribution of
fragments which emitted delayed neutrons the au-
thors obtained the value AE/E = 5% for I1!*" and 8%
for Br®’. In reference 2 the energy distribution of
Zr® in the fission of U?° by thermal neutrons was
obtained with the aid of a magnetic spectrometer.
The half-width of the distribution was 11.4%.

In connection with the fact that no exhaustive
data on the kinetic-energy dispersion of U2 fis-
sion fragments is available, it is of interest to de-
termine its value for a series of fragments of dif-
ferent masses.

It is known that the measurement of the disper-
sion of fission-fragment ranges makes it possible
to determine the kinetic-energy dispersion of the
fragments with given M and Z. To determine the
kinetic-energy dispersion of U%¥ fission fragments,
we therefore used in this paper fission-fragment
ranges in various gases obtained by collecting the
fragments on thin films and subsequently analyzing
these radiochemically.

EXPERIMENTAL METHOD

The apparatus (Fig. 1) consisted of an air-
tight aluminum container, in which a holder for
rings with collodion films and a uranium target
were placed. The films were inserted behind

FIG. 1. Section of the
container in which the irradia-
tion was carried out. 1-—U3?

target, 2 —holder for rings Z
with films, 3 —aluminum air-

tight container, R, — the dis- :

tance between the target and 3 »,
the first film. :

each other within a space of 2.5 mm: the distance
R, between the first film and the target was 136
mm. In all there were thirty films, each ~ 6

ng/ cm? thick. The container was filled with var-
ious gases: hydrogen, helium, nitrogen, air, neon,
and argon. The gas pressure was chosen such that
the range of the heaviest fragment group should
retain the same value in all the gases and that it
should be within the first ten films. U3 targets
of 76, 110, 145, 228, 284 pg/cm? with a spot diam-
eter of 22 mm, obtained by plating platinum in an
alcohol solution of uranyl nitrate, were employed
in the experiments. The container was irradiated
in the reactor of the U.S.S.R. Academy of Sciences
during 1— 2 hours at a constant temperature with
a neutron flux of 10'2 neutrons/cm?-sec. The ac-
tivity of each film was then measured with a tor-
sion B counter. In order to get rid of the activity
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induced in the aluminum rings by the irradiation,
the films were transferred into new rings. The
two-hump curve of the activity distribution as the
function of the film position obtained from these
measurements made it possible to ascertain the
reproducability of the experimental results, and to
choose the necessary group of films for subsequent
radiochemical analysis for this or that element.
The chemical analysis was carried out by the
usual methods,® except for such simplifications as
the preliminary separation of the fragments with
the aid of films* permits. The elements Sr, Y,

Zr, Ba, and Ce were separated, and the identifica-
tion of the isotopes by mass number was carried
out by measuring their half-lives.

As a result of the radiochemical analysis of the
films, range-distribution curves were obtained for
the U% fission fragments Srd1792, y%1-93 797
Ba“‘o, and Ce'®® in hydrogen, helium, nitrogen, air,
neon, and argon. From these data we determined
the mean ranges and the range dispersion.

EXPERIMENTAL RESULTS

Figure 2 shows the experimental range-distri-
bution curve of Ba!¥? nuclei in hydrogen. The
Bal® activity of different films, reduced to the
solid angle of the first film relative to the target,
is plotted in relative units along the ordinate axis;
the fragment range in centimeters for a hydrogen
pressure of 760 mm Hg and t = 15°C is plotted on
the abscissa. For comparison, points correspond-
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ing to a Gaussian distribution with a half-width
equal to the experimental one are plotted in the
figure. As is evident from the figure, good agree-
ment between the experimental and Gaussian curve
is observed. Such agreement was also obtained for
different fragments in other gases.

These results differ from those of reference 5,
where the differential curves are steeper on the
far side from the source. The authors of reference
5 assume that the deviation of these curves from
the Gaussian curves can be explained either by the
nonuniform thickness of the uranium layer, or by
the imperfect collimation of the fragments.

The observed range spread of fragments of a
given mass can be due to a number of reasons:

1) the kinetic-energy fluctuation of the fragment,
caused by the diversity of the nuclear deformation
at the ingtant of fragment separation; 2) the change
in the kinetic energy resulting from the nuclear-
charge fluctuation during the formation of a frag-
ment of given mass; 3) the statistical fluctuation
of the number of collisions with electrons and
nuclei during the slowing down of the fragments in
the gas; 4) the change in the kinetic energy when a
neutron is emitted by the fragment; 5) the slowing
down in the target material; 6) the geometry of the
apparatus.

To determine the effect of the target, we re-
corded the dependence of the magnitude of the
range dispersion of Ba!® in helium on the source
thickness. Extrapolation of the curve to zero
thickness made it possible to exclude the disper-
sion ASgource due to the slowing down of the
fragments in the uranium layer. The contribution
of the source to the dispersion for fragments of
different mass was determined from the relation

[Assource ]M = [AS source ]BaRBa/SM. (1)

The correction for the geometry, ASgeom, due
to the fact that the beam is not parallel, amounted
according to calculations to 1.3% for the group of
light fragments, and 1.6% for the group of heavy
fragments. The magnitudes of the range disper-
sions with account of the effect of the source thick-

TABLE 1. The ranges and the range dispersion
of U? fission fragments

Sr"—" Y o2-93 Zr!’ Bauo Ce,‘ﬂ
Gas T

Rcm| s, % | Rem| s, % |Riem| S, % | Roem| S % |Room]| s %
Hydrogen 10.05| 7,37 {10.05| 6.66 | 9.61] 7,92 | 7.58 | 6.13 | 7.68 | 5.42
Helium 15.75| 7.09 [15.68| 6:84 [15.61 | 6.99 ({11.93 | 7.03 (12.02 | 5.86
Nitrogen 2.5819.51 | 2.521 9.41 | 2.50(10.27 | — — 1 1.8619.26
Air 2.54| 8,04 | 2.51| 7.61 | 2.44|8.20 | 1.85 | 9.87 | 1.84 | 8,71
Neon 4.80( 9,86 | 4.84| 8.69 | 4.66| 9.60 | — — -~ —
Argon 2,60(10,59 | 2:58| 9.88 | 2,491 9.38 | 1.85 [11.38 | 1,81 10,24
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ness and corrected for the geometry, i.e., the
values

S= [(Sexp - ASsource)2 - Asgzeom]vz,

are listed in Table I (R is the mean fragment
range in centimeters in the investigated gas for p
=760 mm Hg and t=15°C, S is the relative range
dispersion in percents).

The experimental range values listed in the
table are corrected for absorption in the collodion
films and in the target material.

After correcting for the source thickness and
the geometry of the apparatus, the range dispersion
can be represented by the sum:

@

where the first term is determined only by proc-
esses connected with the fission and does not de-
pend on the subsequent interaction of the fragment
with the material, while the second term is a func-
tion of the mass and charge of the stopping gas.
This was indeed the basis for the division of these
quantities.

The fragment-range spread of fragments pass-
ing through a substance is due to the statistical
fluctuation of the number of collisions with elec-
trons and nuclei. The relative spread due to elec-
tron collisions is 0.1%, which is negligibly small
by comparison with the fraction of the spread due
to nuclear collisions.

The dispersion due to nuclear collisions can be
calculated from the formula:®

S% = const (R,/R)2 MM, | (M; 4~ M,)?,

2 _ Q2 2
S? = Sfigst Sthraking s

where R, is the end part of the range where
braking is exclusively due to nuclear collisions,
R is the total fragment range, M; and M, are the
nuclear masses of the fragment and of the stopping
gas. The ratio R, /R was calculated after Bohr.’
It turned out that it is approximately equal for
heavy and light fragments and varies within 10%,
depending on the nature of the gas. Owing to this,
by substituting (3) in (2), the latter can be written
in the form
S?=§2

= %, + const- M, My/(My + My)*. (4)
From this it is evident that S? is a linear function
of the parameter MM,/ (M, + M,)2

The dependence of S* on M;M,/ (M, + M,)?
was plotted from the experimental data for all in-
vestigated fragments. As an example, Fig. 3
shows the results for Sr°~% and Ba'%’. The inter-
section of the straight lines with the ordinate axis

determines the value of S%is s for each fragment.
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According to Bohr,® the fragment range varies
as VE. The range dispersion is, therefore, con-
nected with the dispersion of the kinetic energy by
the relation

2AR/R = AEJE.

Consequently, in Fig. 3 the intercepts with the
ordinate axis characterize the kinetic-energy dis-
persion of fragments with a given mass.

To obtain the dispersion of the kinetic energy
connected with the diversity of the deformations at
the instant of fragment separation, it is necessary
to exclude the dispersion caused by the recoil dur-
ing the emission of a prompt neutron, and the fluc-
tuation of the kinetic energy of the fragments due
to the charge distribution during the fission into
fragments of a given mass.

Assuming that the neutrons are emitted by the
moving fragment isotropically in the c.m.s., we
obtain a value of 3% for (AE/E), for the groups
of heavy and light fragments. Account of the charge
distribution during the formation of fragments of a
given mass add to the dispersion a contribution
(AE/E )z amounting to between 1 and 2% for all
fragments. The final values of (AE/E),, listed in
Table II, are found from the relation

[AE/E)? = [AE/E); + [AE/EN; + [AE/E).

From the equality of the fragment momenta at
the instant of fission, it is possible to assume that
the kinetic energy of the complementary fragment
and the total kinetic energy of the two fragments
will have the same relative dispersion, i.e.

[AE/E); = [AE/Eln=[AE/E];

for a given Mp/M] ratio.

In Fig. 4 the dependence of AE¢(Mh /M7 ) has
been plotted from the data of Table II; the values of
the total kinetic energy were taken from the work of
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TABLE II. Dispersion of the kinetic energy
of U3 fission fragments

Ffa.gment srn- ” Yll—l) Zr" ’ Bauo Cellt
AEJE, % 12.9 12.4 13,2 ‘ 11.6 9.4
TAE/E)s, % 12,3 1.8 12.8 11.2 8.7

AEt ,Mev 19,7 19,0 21,3 ‘ 17,7 13.6
Mn/Mj 1.54 1,48 1,37 1,55 1,64

Fraser and Milton.? For comparison, we have

given the dependence of the total kinetic-energy
dispersion of the two particles on the mode of fis-
sion, obtained from the topological plots of that
work. We note that these topological plots do not
take into account the recoil due to prompt-neutron
emission.
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FIG. 4. The dependence of the total kinetic energy and of
the dispersion of the kinetic energy on the mode of fission:
1 —total kinetic energy, 2— dispersion of the total kinetic
energy, calculated according to the contour diagrams of Fraser
and Milton,® 3 —dispersion of the total kinetic energy accord-
ing to the data of this paper.

DISCUSSION OF RESULTS

The precision of the range determination is 2%.
The main part of this error is connected with the
unequal thickness of the collodion films. The film
thickness was determined by allowing a collodion
drop of constant weight to spread over a surface of
known area. Thus the equal thickness of the films
depended on the uniform spreading out of the collo-
dion and on the constancy of the weight of the drop.

The indeterminacy in fixing the end of the range,
due to the sagging of the films during irradiation,
was 0.5%. The fragment range was determined
from a curve plotted on the average with ten points,
each of which was the result of a separate radio-
chemical analysis. In this connection, the contri-
bution of the radiochemical-analysis error to the
precision estimates of the range determination did
not exceed 0.5%. The small temperature variations
during the irradiation did not affect the value of the
mean range but caused an increase in the disper-
sion of the ranges.

The error in the determination of the range dis-
persion with account of all the enumerated factors
amounted to 10%.

The values of the kinetic-energy dispersion ob-
tained in the present paper are in good agreement
with the data of reference 2 and with the results
obtained from the contour diagrams of reference
8. As is evident from Fig. 4, the calculated de-
pendence of the total kinetic-energy dispersion on
the mode of fission has a maximum for Mh/ M;
= 1.3, that is in the region of the twice closed shell
with Z = 50 and N = 82 for the heavy fragment.
The obtained results do not confirm Fong’s theory, !
according to which the dispersion of the total ki-
netic energy has a maximum for the most probable
mode of fission, and is about 10 Mev.

In conclusion, the authors express their grati-
tude to E. B. Nikol’skaya for her help in carrying
out the radiochamical analysis.
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