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TUNGSTEN FOR 21 MEV NEUTRONS*
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ABSTRACT

The emulsion technique was used to set certain upper limits for the fission-cross sections of
some naturally occurring heavy eclements bombarded with 21 Mev neutrons. It is established that the
fission cibss-sections for these elements (Bi, Pb. Au, Pt and W) are less than 4 X 105 of that of U238,
These results are in disagreement with the fission threshold derived from the theory of fission based
on the liquid drop model for heayy nuclei, but support a simple argument about the minimum neutron
energy required to produce fission by Tsien San-Tsiang.

1. INTRODUCTION

N

Bohr and Wheeler! have shown, by theoretical considerations based on
the liquid drop model for heavy nuclei, that it ought to be possible to cause
fission by bombarding elements of atomic number 83 or less with neutrons
of sufficiently high energy. Numerical calculation® based on Bohr and
Wheeler's theory gives for the threshold energy V for the compound nucleus .
(formed by neutron capture) to fission the following relation

: Vilin Mev) — { 10.18 (1—x)3 — 4.62 (1—a)* } 423

e 2=00209 724,

Z and A referring to the compound nucleus. The minimum kinetic energy
E, required to produce fission is therefore given by E,=V—U, where the
binding energy U for the last neutron of the compound nucleus can be calcula-

¥ Contributions from the Institute of Modern Physics, Academia Sinica, Series A, No. 78
1. Bohr and Wheeler, Phys. Rev. 56 (1939), 426.
2. Mattauch and Fluegge, Kernphysikalische Tabellen (Berlin 1942).
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ted from* the semiempirical formula for the binding energies of heavy nuclei
as follows: -

The mass M4 of a nucleus with mass number /=N-Z containing N
neutrons (each of mass M, ) and Z protons (each of mass M,) is given by?

+0.564 (IV odd, Z odd)
Ol (IV odd, Z even)
0 (V even, Z odd)
— 0.564 (N even, Z even) ~

M4 = NM, + ZM, — Ae4

where the binding energy e, per particle is given by (in Mev) .

ca = 1466 {1~ 1.40(1"22)2 } 1544718 4 0,602 22 A4-45.

' The expression for the nuclear radii corresponding to the above formula for
eq 18 R=142 x 10® 4" cm, which is in good agreement with Gamow’s
theory of a-decay. The values for &, have been estimated by Bohr and
Wheeler' as follows: -

84=1.2 Mev for A=180, §,=1.1 Mev for A=190, 200 and 210.

Now, by applying the above semiempirical formula to the ‘capture of
a neutron by the initial nucleus of mass number 4, so as to form a com-
pound neucleus of mass number 4+1, we get, for the binding energy U
of the last neutron, the-expression

(+0564 (N odd, Z odd)
+ 0.564+1 (V odd, Z even)
— 0.584+1 (IV even, Z odd)

U=Mi+My—Ma1=(4+1)e,,,—Ae,
1 — 0564 (NN even, Z even)

Values for V, U and E, thus calculated for the heavy nuclei used in the
present experiment are tabulated below.

The body of experimental evidences, however, shows very poor agreement
with the above theoretical prediction. Broda and Wright’, also Broda,

3. Broda and Wright, Nazure 158 (1946), 871.
4. Broda, Narure 158 (1946), 872,




104 HO ZAH-WEI ' Vol. 8

TABLE 1. Values for En, according to Bohr and Wheeler's theory

Initial
neucleus V (Mev) U (Mey) En (Mev)
209 >
g3Bi 913 55 5.9 4.4
206 10.0 5.9 o
g2Fb 207 10.4 6.8 3.6
208 10.7 5.6 51
197
794U 11.6 6.0 5.6
194 12.1 6.0 6.1
Pt195 12.5 Till 5.4
78" "196 12.9 5.9 7.0
198 185 5.6 8.1
182 14.3 6.3 8.0
w83 14.6 7.3 7.3
74" 184 15.2 6.0 9.2
186 16.0 57, 10.3

bombarded Bi and Pb with neutrons produced by 900 kev deutrons hitting a
lithium target. The maximum value for the energy of the neutrons thus .
produced is about 14 Mey, but they found no positive evidence of fission of
Bi or Pb. Perlman, Goeckermann, Templeton and Howland’, by using particles
from the 184-inch cyclotron at Berkeley, namely 400 Mey a—particles, 200 Mev
deutrons and 100 Mev neutrons, did observe fissions of all elements with
atomic number Z between78 and 83. Kelly and Wiegand® also observed
fission of elements from Pt to Bi when neutrons with their mean energy
about 84 Mev. With neutrons with mean energy of 50 Meyv, fissions were
observed only for Tl, Pb and Bi, while with neutrons with mean energy of
35 Mey, fissions were observed only for Pb and Bi, and with neutrons with
energy below 30 Mev and about 25 Mey, fissions were observed only for Bi.
Here the energy distribution of the neutrons used possessed a rather broad
maximum, for example, the total energy width at half-maximum being 13.7
Mey for the neutrons with mean energy about 25 Meyv. Since the true excita-
tion curve might rise abruptly from zero yield at a certain energy of the
neutron, the threshold point would be obscured by the spread in the energy
distribution of the neutron beam used, because the number of fissions observed
might come from the high energy tail of the neutron energy distribution.
¢ Phillips, Rosen and Taschek’ attempted to determine the upper limits of

5. Perlman, Gocckérmann, Templeton and Howland, Phys, Rev. 72 (1947), 351.
6. Kelly and Wiegand, Phys. Rev. 73 (1948), 1135.
7. Phillips, Rosen and Taschek, Phys. Reuv. 75 (1949), 919.
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the fission cross sections of certain naturally occurring heavy elements below
radium by bombarding these with a 14 Mev monoenergetic neutron source.
They concluded, in view of the uncertain uranium contamination, that the
fission cross sections at 14 Mev neutron energy for these elements are less
than 107 of that for uranium. 4

In what follows we shall present some similar negative results obtained
in 1947 by the present writer, for neutrons of 21 Mev energy.

2. EXPERIMENTAL PROCEDURE

The plates used were Ilford E; plates of emulsion thickness 20#. Such
plates records fission tracks and has a low sensitivity to a—particles and pro-
tons. The plates were loaded with salts of the following elements, .

Bi as Bismuth lactate,

Pb as Lead acetate,

Auas Gold chloride,

Pt as Platinum tetrachloride,

W as Sodium tungstate.

All these salts are more or less soluble in water. The plates were immersed in
saturate solutions of the above salts for 30 minutes with agitation, then rinsed
in distilled water (but not the emulsion surface) and dried. By this process,
the less soluble salts would remain more or less on the surface of the emulsion.
For comparison, monitor plates were made by impregnation with uranyl
nitrate one percent solution. .

The area concentration of the above heavy elements for the various plates
was estimated gravimetrically. The concentration of uranium for the monitor
plate was also checked by making an g-particle count. The results obtained
for the area concentration are as follows, where conversion from the salts
to the elements have been made already.

Conc. of B2 = 0.07 mg/cm? = 34 X 107 gm-atom /cm?
e =B T s s s
o =G A e T
a2 =028, SRS s
S e e A e R e

3 2 U238 = 0'02 » =0‘84 L3 2 3 35 ¢ 9
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It was found that emulsions loaded with heavy metals were somewhat
desensitized. Hence a special check was applied to find whether fission tracks
would be visible in the loaded plates. Plates identical with those in the main
experiments but containing small amounts of uranium in addition were
exposed to neutrons, and the presence ofithe fission tracks was established.

The plates were irradiated simultancously with neutrons from the lithium
target of the College de France cyclotron, bombarded with 7 Mev, 10 Ap
deutrons, for half an hour. The plates were hold in a cadmium box put
behind a 5 cm lead shield to diminish the r-ray fog. '

3. RESULTS

In each plate 1000 fields of view were searched for fission tracks, but
none was found. The number of fission tracks in the monitor plate was
found to be about six tracks per field of view. The fission cross section for
the heavy elements investigated can be determined, relative to the fission of
U?®, by using the simple formula

where & denotes the fission cross section for a certain element, C denotes the
concentration of this element in the emulsion, and N denotes the average
number of fission tracks found per field of view. The suffix U refers to the
element U, With Ny=6, N<.001, and the various values for the con-

centration of the elements given above, we get

0Bi [OU < 4.1 x 10-5
opp [9U < 1.0 x 10-5
9Au /U < 1.7 x 10-5
opt [OU < 1.2 x 10-5
oW /U < 21 x 10-5

4. DISCUSSION
In this experiment, elements of atomic number varying from 83 to 74 have
- been bombarded by neutrons of energy E, < 21 Meyv, in which about 10 per
cent neutrons are with energy about 21 Mev®. If any one of the elements

8. Richards, PAys. Rev. 59 (1941), 796.
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investigated has a threshold E, for fission below 21 Meyv, fission tracks should
have been observed.

; : ¢
According to Bohr and Wheeler’s calculation, 10 Mev neutrons are

sufficient to make all the elements investigated here fissionable, (cf. Table 1,
also the curve marked with B & W, fig. IT). Frankel and Metropolis’, extend-

ing Bohr and Wheeler’s calculation with the aid of an electronic calculator,

have pushed the fission threshold a little higher, (cf. the curve marked with
F & M, fig. II. These values are estimated by extrapolation of the fission
threshold for nuclei near uranium.) But the minimum neutron energy
required to cause fission in elements of atomic number higher than that of
tungsten is still below 20 Mev, being only about 10 Mev for Pb and Bi. These
theoretical predictions are not in agreement with the negative experimental
results obtained by Broda and Wright, by us, and by Phillips, Rosen and
Taschek.

Tsien® has given an explanation for the higher neutron energy required

to cause fission. The argument is briefly as follows. Suppose on fission the
compound nucleus splits itself into two daughter nuclei in contact which
separate subsequently from each other by Coulomb repulsion. If this picture
is correct, the total kinetic energy of the two fission fragments after separation
will equal the Coulomb energy of the two daughter nuclei initially in contact.
Now for the slow neutron fission of U?”, the experimental value for the total
kinetic energy of fission fragments is about 180~-190 Mev". For the fission
products, in the region of 4=50 to 150, we may use the empirical formula
for the nuclear radii deduced by Amaldi and his coworkers” from other
experiments.

R = (1.52 415 +.692)-x 108 cm

For the daughter nuclei, we take, using the most probable fission fragments®,

R; and R, being calculated from the above formula. Assuming approximately

A1 =138, Z1~52—54, soo Ri1= 8.6 x 10;13 cm,
A= 96, Zo~38—40, so Ro=77 x 10-B¢cm,

spherical shape for the daughter nucleus, the Coulomb energy before separa-
tion is calculated to be

10.
11,
12,

112

Frankel and Metropolis, Phys. Rev. 72 (1947), 914.

Tsien San-Tsiang, J. de Phys. et Rad, 9 (1948), 6.

Jentschke, Zeits. f. Physik, 120 (1943), 165, Flammersfeld, Jensen and Gentner, I&id., 450.

Amaldi and Cacciapuoti, Phys. Rev, 71 (1947), 739; Rmaldi, Bocciarelli, Cacciapuoti and Trabacchi,
Nuovo Cimento, 3 (1946), 203.

Plutonium plant, Rez. Mod. Phys, 18 (1946), 441.
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Coulomb energy=Z1Z»¢*/ (RiTR,) ~ 188 Mev,

in excellent agreement with the experimental value for the total kinetic energy
of the fragments after separation. The above picture for fission is thus justified
for the compound neucleus U*.

If we assume the above picture of fission also for the compound nucleus
formed by neutron capture from Bi, or Pb, . . ., we can similarly derive,
with the help of Amaldi’s formula of nuclear radii, the total Kinetic energy
E,. of the fission fragments after separation. For simplicity, calculation is
made for symmetrical fission, 41=45, and the results are plotted in Fig. 1.

From the experimental data'® obtained with mass spectrograph, we can
deduced the energy liberation for a symmetrical fission of the compound
nucleus formed by the capture of a neutron of zero kinetic energy. The
results are plotted in Fig. 1, marked with Ej + U.

E
MeV

A : /
150 : L~

kin

o // /

Elib

110 ///

= 7°5) 790 200 210 A
: Fig. 1
®

14. Dempster, Phys. Rev. 53 (19‘378), 869; Hahn, Fluegge and Mattauch, Physik. Zeit.. 41 (1940), 1.
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Fig. 2

O Fission observed (Kelly and Wiegand)
2 Fission not observed (Ho Zah-Wei)
M Fission not observed (Broda and Wright, Phillips, Rosen and Taschek)

R
e T

The difference between Ey, and Ey, + U gives the minimum kinetic
energy E, of the neutron required for producing fission in accordance with
Tsien’s picture. This is plotted in Fig. 2, marked with Tsien, for comparison
with Bohr and Wheeler’s theory and the various experimental results. Con-
sidering that the fission is very probably asymmetrical, and that experimental
data for a particular nucleus generally deviate from the average trend, the
curves of Fig. 2 might at places be in error by 5 to 10 Mev. All the same,
it seems that Tsien’s curve agrees better with all the experimental results-
obtained so far. The appearance of a maximum in Tsien’s curve near 4=200
is due to the fact that the slope of the packing fraction curve in the region of
A=90—150 is twice as big" as that in the region of 4=180—210.

S e o —

15. Feenberg, Rev. Mod. Phys. 19 (1947), 239.
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