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Fig. 1. Distribution curves of the yields of fission fragments of antimony by
protons of energy 660 MeV as a function of mass numbers (dashed curve—
distribution of total yields according to A)

Figure 1: Fig. 1. Distribution curves of the yields of fission fragments of
antimony by protons of energy 660 MeV as a function of mass numbers (dashed
curve—distribution of total yields according to A)
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By the present time many characteristics have been obtained for the process
of fission of nuclei of elements at the end of the periodic system. Information
on the fission of sufficiently light elements is considerably less abundant. Only
individual fission fragments of certain elements of medium atomic weight have
been isolated (173). The work (%) on the fission of silver cannot fully fill the
existing gap, since, owing to the insufficiency of the statistical material, the data
obtained do not permit unambiguous conclusions to be drawn.

Fig. 1. Distribution curves of the yields of fission fragments of antimony by
protons of energy 660 MeV as a function of mass numbers (dashed curve—dis-
tribution of total yields according to A)

To obtain the principal characteristics of the process of fission of nuclei of
medium atomic weight, we investigated the fission of antimony (Z = 51) by
fast protons. Particular attention was paid to the purity of the irradiated ma-
terial, since the fission fragments of such nuclei are formed with much lower
yields (1073%—1072% ¢m?) than the products of their spallation. Therefore im-
purities of the elements being determined in the target substance in amounts
greater than 1073% can lead to a serious distortion of the picture of the process.
Spectral analysis of an ingot of metallic antimony, repeatedly purified by zone
melting, showed the absence of any extraneous spectral lines. In addition, the
antimony sample was analyzed by the more sensitive method of neutron activa-
tion. The results of the activation analysis indicate the absence in the antimony
of impurities of Mn, Cu, Zn, As, P, Cr, and Ga in amounts of 1074—107"%.

From the target, after irradiation with protons of energy 660 MeV in the synchro-
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cyclotron of the Joint Institute for Nuclear Research, bombardment products
in the interval Z = 11 = 37 were separated by chemical methods. The methods
used were very laborious, since many fission products of antimony have chemical
analogues among its spallation products.

The cross sections for formation of the identified radioisotopes were calculated
in the usual way (°). Information on the identified fission products is given
in Table 1. The root-mean-square errors of the cross-section values for their
formation were calculated from Student’ s distribution.

To establish the yields of unidentified fission fragments, the method of interpo-
lation on a map in the coordinates A, Z was applied (°). According to exper

Table 1
Yields of identified fission products of antimony by protons of energy 660 MeV

Mass
number of Type of O pneans
Element isotope decay Tyjg, exp. Ty, tab. 10730 ¢m?
169 38 (- ~3h 29h 0.7+£04
17Cl1 38 [~ ~ 34 min  37.3 min 5.7+2.6
17Cl1 39 B 58 min 55.5 min 12404
10K 43 5~ ~ 1 day 22.4 h 8.0+ 4.7
20Ca 47 B~ ~ 6 days ~ 5 days 35423
99T 45 Bt 3.2h 3.1h 5.8+£4.0
electron
capture
23V 48 BT, 16.7 days  16.0 days 6.8+ 2.4
electron
capture
94Cr 48 Electron  23.5h 23 h 4.0+138
capture
o5Mn 56 [~ 2.5 h 2.6 h 8.3+4.1
scFe 59 B~ ~ 46 45.1 days 8.0+3.6
days
97Co 58™  Isomeric 9.8 h 9h 3.1+09
transition
97C0 61 p~ ~ 120 99-110 51+0.8
min min
ogNi 65 [~ 2.7h 2.6 h 5.5+1.5
95 Ni 66 [~ ~ 60 h 55 h 22401

From the experimental and interpolated data, curves were constructed for the
distribution of fragment yields in A and Z. Figure 1 shows the distribution
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curves in A; they have a dome-shaped form, as in the fission of heavy nuclei
U, Th, and Bi (°,%). The difference is that, in the case of heavy nuclei, mainly
isotopes with an excess of neutrons are formed, whereas in the fission of Sb
fragments are formed over a very broad range of n/p ratios: from isotopes with
a deficiency of neutrons to isotopes with a comparatively large excess of them.
Therefore the half-widths of the dome-shaped distribution curves in the case of
Sb are considerably greater (7-8 mass units) than for U, Th, and Bi (4-5 units).
Such features of the fission process of antimony, in comparison with heavy nuclei,
lead to a substantial change in the isotopic composition of its fission fragments,
consisting in a large increase in the relative contribution of neutron-deficient
nuclei (see Table 2).

Information on the distribution of nuclear charge in fission by fast particles is
very scarce (%,7). Since most of the nuclei we identified are protected isobars, it
proved possible to establish the character of the distribution of nuclear charge
in the fission of antimony. As follows from Fig. 2, the distribution curves

Fig. 2. Distribution of the yields of isobars formed in the fission of antimony
by protons of energy 660 MeV, according to ordinal numbers (upper curve—
distribution of total yields in Z)

Table 2

Some characteristics of the process of fission of nuclei by high-energy
protons

Relative
con-
tri-
bu-
tion
of
neutron-
deficient
sta-
ble AZ— NumbeNumber
and half-  of of
neutron- width emit-  emit-
Bombarded rich for ted ted
nu- E_, Ofisss iso- o= pro- neu- Literature
p fiss Ofiss sym. fiss
cleus  MeV mb —=  topes ————0,_../2 tons trons source
Jgeom Ofiss
92y 480 1650  0.73  11:21:58 0.32 19 - 19 (9
83Bi 480 100 4.8 12:28:60 0.45 13 - 15 (%)
1072
5THo 450 2 1.1 — 0.71 10 4 18 (3
1073
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Fig. 3. Distribution of total yields of fission fragments of U, Bi, Ho, and Sb by
high-energy protons

Figure 2: Fig. 3. Distribution of total yields of fission fragments of U, Bi, Ho,
and Sb by high-energy protons
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yields for different isobars have a dome-shaped form; their half-width is 3-4
charge units. It should be noted that analogous curves of the charge distribution
in the fission of U, Th, and Bi (°) have a smaller half-width (2-3 charge units).

Fig. 3. Distribution of total yields of fission fragments of U, Bi, Ho, and Sb by
high-energy protons

For all A of the fission fragments, values of the most probable charges were
found. It was established that the curve connecting the values of the most
probable charges is located near the line of nuclear stability. For all isobars it
was found that the charge distribution is constant.

Consideration of the curve of the distribution of total yields of Sb fission frag-
ments in Z (the upper curve in Fig. 2), which has a dome-shaped form, indicates
a significant contribution from symmetric fission. This is in agreement with the
data (*) on Ag fission. The contribution of symmetric fission and of those close
to it, when (Z,, — Z) < 3, is ~ 73%. If, using the data (®), interpolation is car-
ried out by the method described above, analogous results are obtained also for
Ho. From the data of Table 2, as well as Fig. 3, it follows that with a decrease in
the Z of the target nucleus there occurs a regular decrease in the half-widths of

the distribution curves of the total fragment yields in Z, and, consequently, the
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relative contribution of asymmetric fissions decreases. Apparently, for nuclei
of medium atomic weight the asymmetry of fission does not play the role that
might have been ascribed to it from theoretical considerations (7).

When the energy of the incident protons is decreased to 220 MeV, the yields
of products of asymmetric fission of antimony, such as CISS, 0139, Mn56, Coﬁl,
decrease almost tenfold, while the yield of V4, which is a product of symmetric
fission, remains practically constant. This agrees with previously obtained data
(19712) on the increase in the probability of asymmetric fission with increasing
energy of the bombarding particles.

In Fig. 3 the arrows show the values of Z of fragments corresponding to fission
into two equal parts of a nucleus with Z = Z, ;, + 1. The shift of the maximum
of the distribution curves for Ho and Sb toward Z values smaller than Z =
%(Zinit + 1)?

indicates the emission of a considerable number of charged particles in the fis-
sion of nuclei of these elements. The calculation showed that fission of Sb is
accompanied by the emission, on average, of 7 protons; the corresponding value
for Ho is 4%. The numbers of charged particles n,, , emitted in the fission of
Bi and U by 660-MeV protons are 1.77 and 1.16'2, respectively. Consequently,
as the Z of the target nucleus decreases, the number of charged particles emit-
ted in fission increases. This indicates very high excitation energies of nuclei
of medium atomic weight undergoing fission. The number of neutrons emitted
in fission, as is seen from Table 2, is practically independent of the Z of the
bombarded element.

As follows from Fig. 3 (and also from Table 2), with increasing Z of the target
nucleus there is a significant increase in the fission cross section. The total fission
cross section of Sb by 660-MeV protons is 0.25 mb, which is only 1.7-10~* of the
geometrical one. This value is comparable with the value obtained for fission of
Ag* (0.32 mb) by protons of the same energy.

The authors express their gratitude to V. N. Mekhedov, L. D. Revina, and L. P.
Moskaleva for valuable advice and assistance in carrying out this work.
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