NOTAS DE Ffsica
VOLUME IX
N= 14

BXPERIMENTAL RESULTS ON THE 'NUCLEAR FISSION
INDUCED BY 600 MeV PROTONS

by
G. Potenza, R. Rinzivillo, E. Sassi
G. Vanderhaeghe and H. G. de Carvalho

CENTRO BRASILEIRO DE PESQUISAS FISICAS
Av. Wenceslau Bragz, 71
RIOQ DE JANEIRO

1962



235

Notas de Fisica - Volume IX - N2 14

EXPERIMENTAL RESULTS ON THE NUCLEAR FISSION
INDUCED BY 600 MeV PROTONS *

G. Potenza, .. Ringzivillo, E. Sassi
Istituto di Fisica Superiore dell tUniversita - Napoli
Istituto Nazionale di Fisica Nucleare = Sottosezione 41 Napoli

G. Vanderhaeghs
CERN - Geneve

H. G. de Carvalho **
Centro Brasileiro de Pesguisas Fisicas
and Comissao Nacional de Energia Nuclear

(Received April 24, 1962}

Summary. The fission phenomena induced by protons of ebout 600 MeV have been
(238U 232Th 209Bi 194w
s ’ 5 and natural silver) by

meang of loaded, low-sensitiviiy nuclear emulisions. & significent improvement

gtudied in several nuclei

was obtained in the knowledge of the relative cross-sections (Tsble I). We
have studied the angular distribution for U and Th with particular regard
given to the '“non-gollinear" %racks. No sign of anisotropy was found. For non
-collinear events, a possible correlation was sought betwesn the angle formed
by the two tracks and the angle between the line connecting the two track ex-
tremities and the direction of the incident beam. No correlation was found,
These resulis agree only partially with those obtained by other authors.
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l. Introduction.

The fission phenomena induced by the bombardment of heavy and
mediun-heavy nuclei with high energy (> 100 MeV) projectiles have

been the object of several investigations 1.

However, partly because ol the experimental difficulties, theexist
ing data about this subject is rather poor. Indeed, the problem
of discriminating the fissions of the heavy, higniy=fissionable
nuclei from the natural alpha-radicactivity phenomena must be
solved, while on the other hand, non-radiocactive nueclei often

show very low fission cross-sections.

Besifles, it is always necessary to discriminate the fission
from the spallation phenomena. For increasing-energies the
further problem of separating fragmentaticn events2 has also to
be solved: this problem is particularly important for nuclei of
rather low 2 . For these reasons it seemed to us interesting to
make an investigation about the high-energy fission. events in an
almost unexplored energy region (~ 600 MeV), using an already
described technique 599 which seems to us one of the most suita
ble for this type of research. Low sensitivity pellicles loaded
in a quantitative way with different elements were prepared in
the Naples laboratory, starting from Ilford KO emulsion in gel

form. The loading elements were: U, Th, Bi and W.

The loaded pellicles, together with some unloaded ones, were

6

exposed to a (891 * 3) MeV proton beam ° from the CERN  synchro-

cyclotron. Some stacks were exposed at perpendicular, and some
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at grazing incidence.

Two topics were taken into consideration and form the object of
the present paper: 1) fission cross~section values, and 11) angular
distribuvion of fragments with respect to each other

and with respect to the incident beamj the

correlation between fhese two distributions was élso studled.

2. Crogs=gsectlon measurements.

The monitoring of the beam was made by means of an lonization
chamber which was reliable only for comparison between different
exposures (within 5%). Its indications were estimated to be lower
(by about a factor of 2) than the absolute proton flux at the stack
location, so that we could not rely on it for absolute cross~

=gection measurements.

However, by means of our precision loading technique (errors
of 14) %% it was possible to obtain good measurements of  the
ratios r = ox/oy between the cross-sections of any two, X and Y,
of the considered elements. For this purpose, the stacks exposéd
at perpendicular incidence were used. Each stack consisted of 3
pellicles, 400 pm thick, each loaded with a different element, so
that the relative cross-sections could be measured for any  three
of the investigated elements under identical exposure conditions.
Different exposures were made in turn, with the same dose to with-

in + 5%. Each stack was so thin (<0.5 g/cma, package included)
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that the secondary production could not give any appreciable

contribution (~ 1%).

The pellicles were developed according to our low=sensitivity
technique 3’5, mounted on glass and scanned according to a
standard method (se= below). The fission tracks were very
clearly recorded, while any other track was not visible at all.
The scanning efficiency was estimated by iIntercalibration to be

constant and of the order of 95%.

For the Tungsten cross-section measurement, some difficulties
were encountered due to the background arising from the emulsion
nuclides. Indeed, for W, the fission cross-section (see Table
I) is not so high as to overcome the high ratio (~150) between
the numbers of Ag and W nucleil in the loaded emulsion. Therefore,
a very accurate comparlson betwesn W loaded and unloaded pelli-
cles was made and a reliable discriminatlon method was establish
ed, based essentially on range mesasurementsj other experimental

details on this point will be given elsewhere‘?°

The results of all the described measurements of relative
cross-sections and some other data of interest are collected in

Table I, columns 1 to 4.

Of course,; if one of the cross=sections were known, all the
other ones as well as the absolu%e proton flux could be deduced8°
But, in thé 600 MeV energy region, all the cross=-sections are
rather poorly known. Therefore, in order to estimate the abso~

lute cross-sections, we carefully considered all the known
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measurements of the cross-sections for fission of U, Th and Bi,

induced by high-energy protons from 120 MeV on 9110 | we made a
eross-comparison betﬁeén our measured ratios and the several
reported cross-section values in the (120-660) MeV region. Be=-
sides, we took into account the fact that in the (9=20) GeV re-
gion the U and Th c¢ross-sections are not much lower than in the

11, We thus reached the conclusion that our meag

600 MeV region
ured ratios agree quite well with the published data, if we take
the value o(u) = (1.20 % 0,10) barns as best estimate of the
cross-section for fission of U at 600 MeV. This has been used

a normalization value to obtalin the absolute cross=-sections in

the last column of Table I.

Table I. Experimental data of interest for the cross-section
measurements.

N d Loading Obgerved -Relative Crogs~gections
uclides density events cross-sections oX
X (nuclei/en?) (Nl) ‘r=oXfcU (cmR)
2385 | 616 10 8 4 1,000 (1.20 + 0.10) 10-2%(%)
B32m | 4,99 1018 6 294 0,607 + 0,016 (0.73 + 0,08) 107%
2093 | 4,94 120°° 780 0.184 + 0.009 (0022 * 0,03) 1074
184y | 1,93 108 49 | (0.75 +0.14) 02| (9.0 % 2.2) 1077
ag 3 10%° 166 | (0.25 +0.03) 102[¢ (3.0 »0.6) 1678

{*) Normalizstion value.

In column 4 the overall experimental errorg are given. They include,
besides statistical efrors, those affecting the loading and the ex-
posure doses. In column 5 some of the errors are strongly enhanced by
the uncertainty on the adopted normalization value.
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However, we must state at once‘tﬁat the error indicated above
could well be rather underestimated. Indeed, the errors on the
published experimental values in the (400-600) MeV range are of
the order of 30%, while small-error measurements (to ~10%) are

available only at energies lower than 340 MeV 90

From comparison of columns 4 and 5 of Table I, it is seen that
the estimated error on o(U) gives a major contribution to the
errors of several of the ots. Therefore, the latter errors
should be also affected if the o(U) error were to be somewhat

increased.

The value of the cross-section for W is in agreement with the
very scanty existing data. Such an agreement exists also
regarding the figure for Ag, about which, however, a particulayr
remark must be made. This value has been obtained by supposing
that all the possible fissions observed in unloaded emulsions ean
be interpreted as fissions of Ag nucléia The result agrees with

12 4t 660 MeV, obtained under the same as-

10

-the one by Shamov
sumption. However, there are serious reasons to think that
this assumption must be considered with great caution,because 1)
an appreciable contribution from Br cannot be excluded, and 1ii)
a major fraction of the observed phenomena is suspected to be
due to fission-like fragmentation tracks rather than to true fig

sion events. That is why the Ag values in Table I are given as

upper limits.

Finally, we must add that other considerations, invblving the

comparison between the fission probabilities of several nuclides
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under proton and 7-ray bombardment, would point to eross-~section
values somewhat higher (~ 10%) than those quoted in Table I,column
5.

A more extensive discussion of these points will be given else
8

where .

3. Angular digtributions.

The Uranium=-loaded pellicles exposed at grazing incident were
used to investigate the angular distribution of fragments. This
distribution was already studled by several authors, with rather

intriguing results.

While at low energies (in the 100 MeV region) a "positive"
anisotropy was observed (that is, more fragment tracks parallel
to the beam direction than perpendicular to it 13, at the higher

energies under consideration, a "negative" anisotropy was found

by Lozhkin et al. 14 4na by other authors 153160 A theoretical
explanation of this effect was given by Halpern 170 He assumed
that one of the principal ways by which a high-energy nﬁcleon
transfers energy to a traversed nucleus is through Hgrazing"

nucleon-nucleon collisions. After a grazing collision, one  of
the colliding nucleons flies away at a near-right angle, with a

rather small energy. This low-energy nucleon should represent
the principal vehicle for the transmission of excitation  energy

to the nucleus. Therefore, the effect in an original 600 MeV beam



242

is iIn some way equivalent to that of a lower-energy beam at right
angle with it. The negative anisotropy should therefore have .ue
same origin (conservation of angular momentum) as the positive

anisotropy observed at lower primary energies.

This theory found some support in recent experimental data by
Faigsner et al. on Th ié, 45 well as on other elements 180 These
authors studled the angular distribution by means of nuclear
emulsions. For each event, they measured the space-angles € and
€ defined in Fig. 1 and divided the fissions in two classes, "AY
and "B", according to the values of the angle & between one of
" the tracks and the continuation of the other one. Class A includes
only those events for which e> 4f,-so that a rather large momentum
(and energy) transfer from the primary particle to  the fis=-
sioning nucleus can be safely assumed. Class B includes all other
events. Only for the latter class they do find a negative
anisotropys as can be expected on the grounds of Halpern{s theory.
However, their angular distribution (of the form 1 + 0.%6 sinae )
does not agree gquantitatively, neither with Lozhkin's 14 data,

nor with Halpernis theory 170

In order to settle this problem, bearing in mind the fact that
the‘contraction factor of the emuisions is often a weak point for
the measurement of an angular distribution we took advantage  of
the very large number of fissions observed in our U and Th-loaded
pellicles, at grazing incidence, and selected only "flat" events,
in which the maximum dip variation was 3 pm (corresponding to dip

angles <10°). Instead of the space angles, & and &, we measured



243

the corresponding "projected" angles ¥ and §, obtained respective
1y in a similar way (Fig. 1) but after projection of the trackson
the emulsion plane. Due to the parallel incidence and to the

strong selection of "flat" events, we have §~¢ and (with very

good approximation) ¥~ @,

For the scanning of the emulsions each field of microcope
obs%rved was limited by a square engraved on an eyepiece micro-
metére All the tracks which traversed, or touched the left and
upper edges of the square (Fig. 2, type 1) were taken into con=
gideration, while those traversing or touching the other two edges
(type 2) were discarded. In this way, any scanning bias was

avolded.

The bulk of our work was performed as follows. The V=angles
were measured for all the events, while the §-angles were meas-
ured only for those events which appeared '"visually" to be non
collinear. The & -angle distribution then obtained for Uranium
is shown in Fig. 3a, It is seen that & >8° for all the 73 meas-

ured events.

In order to render possible a comparison with Faissneris
results, a group of 50 "visually" collinear events wWas then
- studied more carefully, with the aim of detecting smaller §-angles.
Any possible angular point w;s gscrutinized and any possible d-angle
was considered from 1° on. It was found that in several  cases,
-angles up to (4° = 5°) could be located in a few different
positions along a given track. This happened almost always

ror ~(2°~3%), Apart from this, a number of tracks showing
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definite angular points was found, of which 14 in the range

4°< 8€10° and 6 with §>10° (see Fig. 3b).

We conclude that a rough visual examination permits to detect
non collinear events only for §>~ 10°, while a careful meag
urement of any given event permits to detect with efficiency, only

for events with § > (4°~ 5°3,

The described experimental work allows toc examine ‘the follow
ing points: 1) angular distribution of all events; ii) frequency
of non collinear events, and iii) correlation between § and ¢

angles.

As to the angular distribution, our results, obtained from g
group of 1 044 flat tracks selected in the Uranium-loaded pel-
licles, are shown‘in the upper part of Fig. 4. No evidence appears
of any kind of anisotropy;'agsuming an isotropiec distributioﬁ,
the x° test gives a probability Pﬁk?)2=95%o k  least  square
ad justment of the coefficients a and b, under the assumption that
,fhe angular distribution funection is of the form f(8)= a*-b.sinze,

gives b/a = 0.04 * 0.1,

Similar results were obtained for the Thorium (Fig. 4,0 lower

hystogram). We found b/a = 0,03 + 0.1 and PCXJZ > 82%.

These results are in definite disagreement with those by Lozhkin
et al. % (who gave £(8) = 1 + 0.29 sin%(®) and with the quoted
ones by Faissner et al. 16, even when azllowance is made for the
non ﬁegligible fraction of non collinear events (€ >4°); these

events, according to the latter authors, do not give a contribution
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to the negative anisotropy.

On the contrary, our results agree with a paper published by
Cbukhov and Perfilov 19 while our work was iIn progress. These
authors find results consistent with isotropy for U and Bi. They

discuss as a possivle source of systematic errors, in the preced-

ing paper by Lozhkin, Perfiluv and Shamov 14

y & scanning bilas due
to the fact that a bilas free scanning rule as that shown by Fig.
2 has not been followed. We conclude that the negative anisotropy

is much smaller than previously stated, if it exists at all.

The frequency of non collinear events will be of course dif=-
ferent according to how it is defined. For &> 10° ("visual" non
collinearity), according to our results, the frequency is of ~ 7%.
If we consider as non collinear all events with &5 4°, we find a
frequency of (36 + 10)% , in fair agreement with Falssner's results.

A rather interesting conclusion can be reached by considering the
correlation between & and Y. While discussing the momentum and
energy transfer to the residual nucleus, some authors (12, 16, 20)
make the assumption that the momentum of the final fissioning nucleus
is parallel to the line of flight of the incident particle. Under
the additicnal assumption of symmetric fission, one obtains the
formula (16):

2u

tg€ = — siné (1
v

where u = velocity of the fissioning nucleus and v = velocity of

a fission fragment in the ¢. m. system.
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This relation shows that for a given u/v ratio, there 1is a
strong correlation between © and € as can be expected under the

quoted assumptions.

Such a correlation should be =xpected also if allowance is made
for large variaticns of the u/v value and for non symmetric fis
sions, the only necessary assumption being that w/v is not bound
by some physical relation with the direction of flight of the

fission fragment (in the c.m. system).
4
Now, Fig. Sa shows the § and ¥ values of all our "non c0l-

linear" Uranium events, each dot representing an event. Fig. 5b
gives the angular distribution of the same non collinear events.
It is seen that 1) the freguency of non collinear events is very
1ittle (if at all) dependent on ¥ 3 11) no variation of the
mean & -values with ¥ 1is observed (as shown by the horigzontal
least-square regression line shown in Fig. 5a); and 1ii) as a
consequence, there is no appreciable correlation between § and .

Similar results are obtained for Thorium.

We are thus compelled to conclude that eq. (1) is by no means
confirmed by the experimental data and that, in general, the fis-
sioning nucleus does not move in a direction parallel to the
incident beam, as the quoted authors assumed. On the contrary,
following the nuclear cascade stage, the lines of flight of the
excited residual nucleil which can undergo fission must have a
rather flat angular distribution; which extends over a very large
angle with respect to the primary direction, s0 that high §-~

~values are about equally frequent for any =-value.
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Fig 1.: Illustrating the definition of angles. When the projections of the
tracks on the emulsions plane are considered instead of the real
tracks, the angles obtained in a similar way are called, respec‘b:.vely,

¥ (insteasd of 8) and & (instead of €).

I1lustrating the scanning rule.

Fig. 2.:
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