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SUMMARY, The cross-sections for the proton induced fission of U, Th and Bi
have been mensured at 20 and 21.8 GeV. They turn out to be smaller
than at 600 MeV by & factor betwsen 3 and 4, while {ha ratios of the crose

-gections of the various elements remain approximately constant in the same
energy interval.

*  On leave of absence at the Istituto Nazionale di Fisica Nucleare - Sottose’

zione di Napoli when this work was performed.
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We report here briefly sone results on the fission of U, Th
~and Bl induced by protons of kiretic energy between 20 and 22 GeV.

The only existing published figure for the fission cross-
-section above 1 GeV concerns uranium at 9 GeV and is due to Per=
filov et al l. For the present work we have used nuclsear emuil=

sions loaded with Uranium, Thorium and Bismuth.

The fisslon cross-section, Op may be defined as
Op

op = ;ﬁ (1)

where Np is the number of fisslon events per unit volume of enmul-
sion, @ the proton flux per unit area, and N the number of fisg-
sionable nuclei per unit volume. The fissionability x, is defined

as

X = Of/c£ (2)

where oy is the total inelastic cross-section for the proton-
~nucleus interaction.

Low sentitivity KO Ilford =mulsions ~400 um thickness,
 loaded and processed with the techniques developed by us 2, have
been exposed at normal incldence on July 7, 1961 to 20 GeV, and
on November 1, 1961, to 21.8 GeV proton beams: of the C.E.R.N. pro
ton-synchrotron. For the first axposure, the measurement of §,
was accomplished by means of a single counter telescope and was
rather unprecise (~+ 20%4). In he second exposure, we made use

of four different electronic monitors whose absolute calibration

was repeatedly made by means of sensitive (K5) emulsions, and we
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obtained a quite precise flux measurement {(~ + 2%). Due to the
very low selisitivity obtained by us ia KO emulsions, only *tracks
of very high ionization were visiblej the tracks of protons and

of light nuclei (Z<€6) were not recorded.,

The majority of recorded events consisted of single,
straight tracks, which are due to the two fission fragments moving
apart in opposite directions. For these tracks, the range R was
measured and an sccurate analysis of the range spectrum as well
as a comparison between loaded and unioaded emulsions was perform

ed.
Fig. 1 shows a typical range distribution of observed
tracks, in U loaded plates (fig. la) and in unloaded plates (fig.

1b). The peak in the ZOJPnzregion ovserved in U-loaded plates is

)

clearly due to U fission. Howevar, the discrimination of thsaa
events from the background is not so0 clear-cut as in other
experiments performed at lower eiergy, as  is seen by the
comparison with the range distribution observed by us 2 for U-

~figssion produced by 600 MeV prosens {fig. lel.

The single tracks in the intermediate range region (12~
—17)1m) are due paftlj to the fragmentation of Ag,; Br and U present
in emulsion and partly to U fission. Probably the majority are
due to fragmentation rather than to fission (see references (4)
and (5)). Therefore, we count as fission svents only those single
tracks with R > 17 pm. To a first approximation the number of
Fission events with-R<;17}1m, which we peglecty will be counter-

palanced by the fragmentation events whiech have 32517}1m and
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which are wrongly counted as fission events.

A small number of the single tracks are non-collinear, with
an angle >10° between the two parts of the track. In previous
work 2 we found that the non-coilinear events induced by 600 MeV
protons in KO emulsion showed a range distribution similar to
that of straight tracks, in the loaded as well as in the unloaded
plates: the situation was similar to that of fig. lec. Therefore,
the attribution of non-collinear events to the fission of the
loading elements was sure; they gave a rather small contribution
(7% for U) to the total number of fissions. At 20 GeV the
sltuation is not so simple because the unloaded plates show a
number of non~collinear tracks in the range region of the U~
-fission events. Thus, the number of non-collinear fissions in
the loaded plates could be obtained only by subtracting this
background, so that the statistical errors were increased. However,,
this 1s not a serious shortcoming, since the fraction of non-
-~collinear events is still rather small, and indeed agrees with

that observed at 600 MeV (~ 10%4).

The experimental data are summarized in Table I. Is is seen
that the second exposure gave more accurate results, mainly
because of the improved flux measurements. The results from the
two exposures are consistent with one another, as regards the
absolute and the relative values of the cross-sections. The
errors quoted in columns 7 and 8 of Table I are compounded of
the statistical error arising from the number of events found,

the error in the amount of loading in each emulsion, the scan=-
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TABLE I
Rumber of Hean crese WHern cross
Loaded |[Expoaurs P:"hn Emlsion L“d('"ﬁc:':;l qbsorvM cm::a:cglma sectiong sections
Nuclide | date e(;:% type Z) :10 1 fisston (uneorn:ted) (barns) " {barna)
events {Unearrected) | (corracted)
7.7.61 | 20 KO 1x 6.2 508 0.60 £ 0,15 | 0460 £ 0,25 | 0,37 » 0.13
U 298 KO 2x 10.4 155 0452 * 0405
1.11, 61 | 21.8 - | MO 2,5x 11.0 598 0457 + 003 0456 + 0,04 | 0.35 2 G99
KO 2.5x 11.0 112 0.56 + 0406
Te7461 | 20 KO Ix 7.0 149 0.26 * 0.08 0.26 * 0408 | 0ol 3 5407
Th 232 |
g |28 KO 345 396 04292002 1 .91 + 0,03 |0.20 + 0.05
KO 2.5! 350 033 3 002
7.7.61 |20 KO 1x 543 25 ¢.07
1.11.61 |23.8 KO 2.5x 12.3 60 0.07
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ning efficiency and an estimate for the accuracy of the discrimi-

nation criterion (Rél‘?},xm)u

A serious systematlc error arises from those fission events
which are produced by the secondary particles (both charged and
uncharged) which come from interactions produced in the emulsion
stack by the primary proton beam. The magnitude of this error is
difficult to calculate exactly, but on the basis of the Dbest
existing data we estimate it to be of the order of 35%, with an
uncertainty of *+ 40% *. The corrected cross-sections are given
in column 9 of Table I where the error (at least, for the second
exposure) is now essentially the uncertainty in the calculation

of the number of secondary fissions.

The value gilven for the Bi figsion cross~sections 1s only
an estimate, since the discrimination uncertainty is rather large
in the Bi loaded plates due to0 the smallness of the Bi fission
cross=section. Fig.2 shows our results (corrected for secondary
effects) and those of other authors (6 to 12) for the absolute
fission cross-sections of Uy Th and Bi in the energy region up to
22 GeV. The only data above 600 MeV are those of Perfilov et al
at 9 GeV and the data of the present paper at 20 and 21.8 GeV.

It is seen that:

* This correction may seem surprisingly high, as our emulsion stack was thin
(~3 mm, that is ~ 1% of an interaction mean free path). Its magnitude is
due to the high number of secondary particles from the interactions. It is
apparent that all the fission measurements at multigeV energies should be
analyzed very carefully in this respect.
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1) The U and Th fission cross-sections (and probably also

that for Bi) seem to be slowly decreasing functions of energy
from 0.6 to 22 GeV,.

11) The Th to U fission cross section ratio seems to be
nearly copstant in the same energy range. The same is probably
true for the ratio for Bi to U,

111) By using the total inelastic cross-sections o, found
by Cocconi 2 at 25 GeV, the fissionabilitles at 21.8 GeV turn
out to be for uranium thorium and bismuth respectively: 0.15, 0.09
and ~0,03, At 600 MeV, 3 using for oy the values quoted by
Metropolis et al 14, the corresponding figures are 0.63, 0.43 and
0.14. It 1s seen that all three fissionabilities diminish by
about the same factor of 4, as the energy rises from 600 MeV to

22 GeV,

It is generally agreed that the fission process 1s a rather
slow one, happening at an advanced stage of the cascade-evapora-
tion process. The general tendency oflfissionabilities to de-
crease with increasing energy 1s to be expected on these grounds,
as the fissloning nucleus 1s more and more different from the
original highly fissionable one. That the relative fission cross=-
=-sections for U, Th and Bi are practically independent of energy
may indlcate that most of the fission events we observe result from
disintegrations with a small cascade and thus with a small ex-
cltation energy for the évaporation process. The residual nucleus
will still have high A and Z, and thus a high fissionability.
Further, if only a few particles have been emlitted, the fissioning
nucleus will still "remember" the 1dentity of the original struck

nucleus.
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Fig. 1

Range distribution of straight tracks with R >10 pm in unloaded KO
emulsien exposed to 20 GeV protons, normalized to the same number
of Ag nuclel present in the urenium loaded emulsions.

Renge distribution of straight tracks with R >10 pm in uraniam
loaded KO esmlsion exposed to 20 GeV protons,

Range distribution of straight tracks with R>10pm in ureanium
loaded emulsions exposed to 600 MeV protons; unnormalized.
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