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Fission and spallation induced by 7-Gev protons on U, Bi, Pb, Au, W, Ho, and Ag
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Thin targets of U, Bi, Pb, Au, W, Ho, and Ag were bombarded with 7-GeV protons in order to
measure the fission and spallation cross sections. Muscovite mica, Makrofol-N, Makrofol-E, and
Daicel track detectors were employed in 4m and 2m geometry arrangements. The binary- and
ternary-fission cross sections (cri, and o, ) and the value of fissility (o r„;,„

/o;„,~„„,) increase with in-
creasing value of Z /A of the target. The spallation cross section (o.,p, ll) shows an increase with in-
creasing mass number of the target. However, o, /o. q and F/B (forward to backward) ratios de-
crease with increasing value of Z /A.

I. INTRODUCTION

High energy proton interactions produce a spectrum of
reaction products suggesting the occurrence of a number
of competing processes. Attempts have been made to
identify these processes. ' It was of particular interest to
separate the fission events from the spallation products.
The radiochemical methods are inherently limited for this
purpose. Emulsions, on the other hand, create back-
ground problems due to the presence of Ag and Br. The
use of mica, glass, ' and Makrofol" ' solid state nu-
clear track detectors (SSNTD's) produced some useful re-
sults in this direction. These detectors therefore have been
employed ' to study the interaction of protons having
energies of (a) 0.6—3.0 GeV, (b) 13, 18, 23, and 29 GeV,
and (c) 200 and 300 GeV with thin targets of U, Bi, Pb,
Au, Ag, etc. Little work has been done (a) in the proton
energy range of 3—10 GeV and (b) with targets other than
the ones listed above.

The present paper describes the use of four different
types of solid state nuclear track detectors for studying
the interaction of 7 GeV protons with thin targets of U,
Bi, Pb, Au, W, Ho, and Ag. Both 4m and 2m geometry ar-
rangements were employed. These studies were carried
out with a view to obtain (a) the cross sections for binary,
ternary, and (possibly) higher fission modes, (b) spallation
cross sections, and (c) information regarding the forward
momentum transfer to the target nucleus. Variation of
the above-mentioned reaction parameters as a function of
Z /A of the target has also been studied. Particular atten-
tion has been paid to the study of track length distribu-
tions of the reaction products emitted in ternary fissions.
The results have been compared with some of those ob-
tained previously by other workers.

II. EXPERIMENTAL DETAILS

Newly cleaved Muscovite mica sheets (thickness —150
pm, Z threshold —16), and fresh pieces of Makrofol-N
(thickness —100 pm, Z threshold —8), Makrofol-E
(thickness -200 pm, Z threshold -2), and Daicel (thick-
ness —100 pm, Z threshold=protons) were carefully
cleaned and annealed so as to remove the background

tracks, if any. These detectors were then coated with thin
targets of U, Bi, Pb, Au, W, Ho, and Ag under vacuum.
The thickness of the target layers varied from 10 to 200
pg/cm . The targets so prepared were sandwiched by us-
ing blank sheets (having equal dimensions) of the same
detectors and by gluing them on one side. Each sandwich
was then contained in a thin envelope of Mylar, which
was evacuated in order to compress the sandwich through
atmospheric pressure. Stacks containing the same target
material but having different combinations of track detec-
tors were prepared with a view to attempt classification of
the reaction products from one particular type of target
from registration thresholds characteristic of different
track detectors.

Ten stacks containing different target detector combina-
tions were exposed to 7 GeV protons obtained from the
NIMROD proton accelerator at Rutherford Laboratory
(U.K.). Exposures were carried out at 90' with respect to
the detector surface. During the exposure, care was taken
to use only the central area of the beam. Thin aluminum
foils were incorporated with every stack for monitoring of
the proton flux by using the well-known Al(p, 3pn) Na
reaction. ' ' Proton fluences of the order of 10"
protons/cm (with an accuracy of +10%) were obtained.

After the exposures, the targets were removed by dis-
solving them in HC1 or HNO3 or aqua regia. The mica
detectors were etched for 20 min in 48%%uo HF kept at
22 'C. The etching of Makrofol-N, Makrofol-E, and
Daicel was carried out in a 6N aqueous solution of NaOH
(kept at 50+1'C) for various time intervals.

The etched detector foils (from the sandwich arrange-
ments) were correctly assembled along with a graduated
mesh system for ease of analysis and cross checking.
Scanning of the reaction products was carried out at a
magnification of 500 X while the actual analysis of the in-
dividual events/tracks was performed at a total magnif-
icatio of 1250X using a Zeiss (Universal) optical micro-
scope. The optical arrangement was such that both the
inner surfaces of the respective detectors of the
sandwiches were in focus so that the correlated and un-
correlated tracks (most probably due to residual spallation
products of target nuclei or possibly from heavy constitu-
ents of mica) could be easily separated and analyzed. The
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projected lengths of the correlated tracks and their depths
were analyzed along with the gaps between them. The
events were traced out using Zeiss tracing system. Calcu-
lations were made to determine (a) the physical ranges of
the individual tracks and (b) the point of origin. Only
those tracks with physical lengths greater than 2 pm were
taken as genuine tracks.

Figure 1 is a set of photomicrographs of typical fission
cvcllts. Tllc flgulc sliows (R) a binary alld (b) all llldli'cct
ternary (or a binary event in which a few protons and al-
phas are emitted in the hemisphere not containing the fis-
sion fragments so that the momentum of the system is
balanced) fission event in Ho registered in a mica track
detector. Parts (c) and (d) show a binary and ternary fis-
sion event, respectively, in a 81 target obtained by using a
Daicel plastic track detector. Studies of interaction with a
uranium target, besides yielding a large number of binary
and ternary events, showed some events which could qual-
ify for quaternary fission events. Parts (e) and (f) are typi-
cal examples of such quaternary fission events in uranium
as observed by using Muscovite mica [part (e}]and Daicel
[part (f)] track detectors. Dots (as seen in the above fig-
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ures) most probably represent the background. These
were therefore neglected in our analysis. Due to better
sensitivity of the X)aicel detector, many high multiplicity
events could be observed [part (f}]. In a rather rare case
cvcll 1111ca sllowcd a quatc111aly (foul llcRvy I'cRC'tloll prod-
ucts) event.

Binary and ternary fission cross sections for targets of
U, Bi, Pb, Au, W, Ho, and Ag were obtained by using
four different types of track detectors. Figures 2 and 3
show the results for Muscovite mica and Daicel detectors.
Both cross sections show an increase with increasing value
of Z /A of the target. Generally, our results are close to
the ones obtained by (a) Debeauvais et al. '

by using
Makrofol-E for 200 and 300 GeV protons, (b) Katcoff and
Hudis by using a mica detector for 0.6—300 GCV pro-
tons, and (c) others using mica and other methods. '

However, our cross-section values obtained by using the
Daicel detector are higher than the mica values. This can
be explained on the basis of the lower threshold value of
the Daicel detector than that of mica. The o, values of
Debeauvais et al. ' (300 GeV) are higher than ours; those
of Hudis and Katcoff (3 and 13 GeV) are lower. Figure 3
shows a rapid increase in the cross sections for Z /A & 33.
Thus it would be interesting to extend these experiments
to targets heavier than uranium,

The variation of the ratio of the ternary fission to
binary fission cross sections (tr, /o&) as a function of
Z /A of the target material shows a gradual decrease with
increasing Z /2 value (Fig. 4). The significant difference
in the response of Daicel and Muscovite mica is
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FIG. I. Set of photoImcrographs showing (a) a b1IlaI'y fission
event and (b) an "indirect" ternary fission event (or a binary
event in which some energetic light particles were emitted in the
hemisphere opposite to that containing the fission fragments, in
order to balance the momentum of the system) produced in
' 'Ho and registered in the mica detector. (c) and (d) show two-

and three-prong events produced in bismuth and observed by us-

ing the Daicel track detector. (e) and (f) are photomicrographs
of quaternary fission events produced in uranium and registered
in mica and Daicel, respectively.
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FIG. 2. Variation of the binary fission cross section (ob) as a

function of Z /A of the target for 3 GeV (Ref. 9), 13 GeV (Ref.
9), 300 GeV (Ref. 15), and 7 GeV (the present work).
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FIG. 3. Ternary fission cross section (a, ) versus Z /A of the

target for protons of various energies.

noteworthy. The difference can be explained on the basis
of the much higher efficiency of Daicel than of the mica
detector for the registration of light charged particles.
Since the probability of the emission of a light fragment
(reaction product) is higher in the case of a ternary fission
event than a binary fission event, a relatively fewer num-
ber of ternary fission events will be revealed by etching in
mica, which has a lower sensitivity than Daicel. This is
supported by our observations in the mica detector com-
bination, which reveals almost 50%%uo more V-shaped events
(two correlated tracks having an angle less than 180' be-
tween them). This considerable difference in the light par-
ticle detection sensitivities of the above-mentioned two
detectors produces the difference in the cr, /crb ratio. Our
Daicel values are higher than the values obtained at 2, 3,
13, and 29 GeV, but lower than those at 200 and 300
GeV. ' On the other hand, our mica values lie close to
those obtained by others.

F/8, i.e., the ratio of the number of fragments going in
the forward direction to those going in the backward
direction, is a useful parameter for the determination of
the momentum transfer to the struck nucleus. ' ' F/8
results in the present studies have been summed up in Fig.
5. Higher momentum transfer for lighter target nuclei is
quite evident. The values of F/8 obtained by the two dif-
ferent detection systems are almost in agreement for
Z /A & 31. Our results are fairly close to the values given
by Hudis and Katcoff. '

It was observed that in certain cases both fragments of
a binary fission event were registered in the forward detec-
tor of the sandwich. Useful information about the
momentum transfer in the interaction can be obtained
from (a) the number of pairs going in the forward hemi-

0
0

~ 1.5

IX)

Present
Work

f. 9(2&3 GeV)

f. 9 (13 L29 Gev)

f. 15 (200 GeV) g
f. 15 (300 GeV)

&.0

3.0

sent-
k

CY

x
1 0

UJ

e

2.0

1.0

0-5
26

I

28
I

30 32
2

/
34

I

36 38

FIG. 4. Variation of a, /ab as a function of Z /A of the tar-
get for protons having energies of 2 and 3 GeV {Ref.9), 13 and
29 GeV (Ref. 9), 200 and 300 GeV (Ref. 15), and 7 GeV {the
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FIG. 5. F/B (forward to backward ratio) of reaction products
versus Z /3 of the target material for protons having energies
of 3 GeV (Ref. 9), 7 GeV (the present work), and 13 GeV (Refs.
7 and 9).



sphere as a fraction of the total number of pairs produced,
and (b) the angle between the two fragments of the pair.
Our results along with some of those previously reported
have been summed up in Fig. 6. The present results ob-
tained by using two different detectors (Muscovite mica
and Daicel) are found to be in quite good agreement. The
only other value available is from Hudis and Katcoff.
The comparison of these reported values with our results
shows that our results are (a) in agreement with the values
for 3 GeV protons9 and (b) higher than the values quoted
for 13 GeV protons, thus showing higher momentum
transfer at 3 GeV. Detailed experiments were carried out
concerning the distributions of opening angles between the
two fragments (2 and 8) emitted in binary fission. Such
angular measurements were made both in the plane of the
beam (8&z) and in the plane of the detector (uzi) for
binary fission events in the Daicel plastic detector. Figure
7 is a set of right angular distributions obtained for urani-
um, lead, tungsten, and holmium targets. The mean and
median of the 8-frequency distributions decrease with de-
creasing Z number of the target atoms, thus showing that
the cone angle between the two fragments is smaller for
lighter target nuclei than for the heavier ones, thus con-
firming our previous results that the momentum transfer
to the struck nucleus increases with decreasing Z number
of the target atom. On the other hand, the a-frequency
distributions are fairly similar.

Single unpaired tracks having projected lengths greater
than 2 pm were taken to be caused by spallation reaction
products. The variation of the spallation cross section as
a function of the mass number A of the target nuclei for 7
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FIG. 7. Frequency distributions of angles (a, in the plane of
the detector, and 8, in the plane of the beam) between the bvo
fragments of binary fission events.

GCV protons as obtained by using mica and Daicel detec-
tols along %'1th some p1cv1ously rcportcd results, has bccn
summarized in Fig. 8. The spallation cross section in-
creases with increasing values of A of the target nuclei.
The increase is quite slow in the beginning. It becomes
quite rapid for A &220. The values obtained by using
Daicel are higher than those obtained by using the
Muscovite mica detector. A comparison of our results
with those of Hudis and Katcoff indicates that 7 GeV
spallation cross sections are higher than those obtained at
3 GeV proton energy. On the other hand, spallation
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FIG. 6. Plot of the ratio of fragment pairs in the forward
hemisphere to the total number of pairs versus Z2/A of the tar-
get material for 3 and 13 GeV (Ref. 9) and 7 GeV (the present
work).
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TABLE I. PaI'arneters obtained by using all four threshold track detectors.

238U
92 mica

Makrofol-X
Makrofol-E
DaIcel

1035 +31
1021 +39
1117 +38
1196 +32

7.1 +2.5
7.3 +2. 1

8.3 +2.0
10.5 +1.8

o, /a-b (%)

0.69
0.72
0.74
0.88

0.95
0.99
0.86
0.92

ospag (mb) f /inelastic

53.55

62.00

209B ml~a
Makrofol-X
Makrofol-E
Dalcel

196 + 8
202 +11
201 + 7
227 + 7

1 47+0.53
1.74+0.41
1.99+0.43
2.63+0.51

0.75
0.86
0.99
1.16

1.29
1.21
1.35
1.37

I111Ca

Makrofol-X
Makrofol-E
Daicel

141 +14
143 +11
146 +13
159 +12

0.96+0.31
1.16+0.29
1.27+0.26
1.72+0.28

0.68
0.81
0.87
1.08

1.20
1.26
1.32
1.36

mica
Makrofol-E
Makrofol-E
Daicel

103 + 7
98 +8

112 + 8
121 +10

0.88+0.33
0.94+0.30
1.21+0.32
1.51+0.26

0.85
0.96
1.08
1.25

1.05
1.09
1.15
1.11

184~
74 1T11ca

Makrofol-E
Makrofol-E
Dalcel

60+6
63 +7
66 +5
71 k5

0.56+0.14
0.68+0. 15
0.81+0.12
1.02~0. 10

0.93
1.08
1.23
1.44

1.55
1.53
148
1.50

5.3

6.3

1658 mica
Makrofol-X
Makrofol-E
Daicel

25+6
26 +8
27 k 6
29 +4

0.30+0.13
0.42+0. 12
0.45+0. 12
0.61+0.11

1.20
1.62
1.67
2.10

2.19
2.03
1.99
2.10

119+13
126+10
139+ 9
155+ 9

3.51

mica
Makrofol-X
Makrofol-E
Daicel

3.1+ 1.1
3.0+ 1.2
3.8+ 1.0
4.3+ 1.1 0.11+0.06

3.8
3.6
3.3
3.7

69+ 8
64+13
77+11
92+12

cross-section values for 13 GeV protons are higher than
those obtained for 3 and 7 GeV (mica) values, thus show-
1ng that thc spallat1on cross scct1on 1nclcascs %'1th 1ncI'cas"
ing proton energy. The higher sensitivity of Daicel is ex-
pected to introduce an error in the spallation cross-section
values because of the inclusion of uncorrelated tracks due
to some interactions from impurities. This is partially
supported by the fact that the experimentally observed to-
tal cross section (by using the Daicel detector) exceeds the
total calculated inelastic cross section o;„,~„„,. However,
since the binary and ternary events are alvvays obtained
from the correlated events, the use of the Daicel detector
is not expected to introduce any appreciable error in
deducing thc b1QaI'y and ternary f1ss1on cross scct1oQs.

The variation of fissility (defined as the ratio of the fis-
sion cross section to the total inelastic cross section) as a
function of Z /A of the target nuclei is shown in Fig. 9.
The values of o;„,~„„„the total inelastic cross sections,
were derived from Refs. 24—26 and obtained by following
the method outlined in Ref. 15. The results of both the
mica and Daicel detection systems show an increase in fis-
sility value with increasing Z /A of the target atoms. The
rate of 1ncI'case becomes higher foI' z /A ~ 33, which sug-

gests that it would be interesting to perform these mea-
surements for targets heavier than uranium. Comparison
of the present results obtained for 7 GeV proton energy
with those reported previously at 300 GeV proton energy'
shows fair agreement for uranium and lead. The parame-
ters obtained by using all four threshold track detectors
have been summarized in Table I.

The study of three-prong events produced interesting
results. The three-prong events were analyzed individual-
ly. Total lengths of the three tracks of all the three-prong
events were obtained by using (a) Muscovite mica, (b)
Makrofol-S, (c) Makrofol-E, and (d) Daicel track detec-
tors for a uranium target using 7 GeV protons. In every
three-prong event„ the longest track was labeled I,„,
while the two smaller ones were called A and 8. Fox' every
three-prong event, the ratios 2 /lm, „and8/l~, „wereob-
tained. Figure 10 shows the 2 /I ~ vs 8//, „plotsas ob-
taiimd by usiilg the above-mentioned foiii' detection sys-
tems for a uranium target. The distributions for mica and
Makrofol-X are almost uniform. However, there exist
two well-defined dense areas or "clusters" of points for
the Daicel detector. The clusters are located symmetrical
to the central line, and the 2 /I, „andB/I,„coordi.nates
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(o fission/OineIastic) versus Z /A of the target
material for 7 GeV (the present work) and 300 GeV (Ref. 15).

of their centers are approximately (0.2, 0.8) and (0.8, 0.2),
respectively. There seems to be some evidence of the ex-
istence of the above-mentioned two dense areas in the dis-
tribution obtained by using the Makrofol-E detector (the
sensitivity of which lies between those of the Makrofol-X
and Daicel detectors). The existence of the two humps in
the histogram of the distribution of Daicel shows that in
the majority of the three-prong events, the lengths of the
tracks are such that two prongs are quite similar in length
while the length of the third one is roughly one fifth that
of the other two. It was also observed that in almost all
the cases contributing to the dense areas, (a) the shorter
track was found to lie in the direction of the beam and (b)
the two longer tracks were roughly normal to the beam
direction. The combination of two long tracks and a short
track appears at long etching times only in Daicel, which

01strlbut1ons of 8/I vs Q /I of three prong
events produced in uranium and registered in Muscovite mica,
Makrofol-X, Makrofol-E, and Daicel track detectors. I,

„
is the

longest track in a certain ternary event, while 3 and 8 are the
remaining two shorter tracks (see the text for details).

is capable of registering both light and heavy charged par-
ticles. Moreover, even in Daicel, the small tracks appear
only after prolonged etchings. Less sensitive detectors
(such as mica, Makrofol-N, and Makrofol-E) do not show
such a combination of two long and one short track.
These observations suggest that the three-prong events
having the above-mentioned combinations in Daicel are
perhaps two-prong events in other (less sensitive) detec-
tors.
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