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The interactions of 9 GeV protons with lead nuclei have been investigated using stacks
of nuclear emulsions interlayed with lead foils. The obtained experimental data about the
number, nature, and energy of product nuclei have been analysed using the cascade-
-evaporation model and the radiochemical data for comparison.

1. Introduction

The mechanism of the interaction of high energy particles with heavy nuclei of mass
numbers about 200 has been investigated mainly with such experimental methods as radio-
chemical analysis, counter technique, and mass spectroscopy (see, for example, Refs [1-8]).
These methods give rich information on the frequencies of emission of some chosen pro-
ducts and their kinematical characteristics. However, the results obtained in this way
concern the characteristics averaged over all the types of interactions. The analysis of
individual interactions registered in a track detector can thus provide additional informa-
tion on the mechanism of the interaction [9].

The experiments performed with the track detector technique, in the above quoted
region of target nucleus masses, were concerned until now with special types of inter-
actions or selected products [10~15]. Thus it is desirable to obtain more general informa-
tion on heavy nucleus disintegrations, particularly with a large number of product nuclei.
For this purpose the emulsion technique is particularly useful. In the present work the
nuclear emulsions, interlayed with lead foils serving as targets, have been used as detectors
of 9 GeV proton-lead nucleus interactions.
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2. The experimental material

Two stacks of nuclear emulsions of different sensitivity, interlayed with lead foils
(Fig. 1a), have been irradiated with 9 GeV protons of JINR Synchrotron in Dubna. The
emulsion of lower sensitivity (Nikfi-K, sensitive to protons of energies up to 100 MeV)
makes it possible to distinguish, by visual estimation of ionisation, between singly and
multiply charged nuclei [10]. On the other hand, the electron sensitive emulsion (Nikfi-R)
permits to obtain more accurate information about the number of interaction products.
The lower intensity of irradiation used in the latter case gives a better scanning efficiency.
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Fig. 1. Ilustration of the stack exposure (a) and a proton-lead nucleus interaction recorded in two emulsion
layers (b). The first and second sets of numbers correspond to low and electron sensitive emulsion,
respectively

Both pellicles neighbouring a lead foil have been independently scanned for at least
three tracks appearing to go out from a single point inside the foil, and entering the pel-
licle in a field of 150 um radius (Fig. 1b). Each configuration of such tracks in one pellicle
was examined in the pellicle on the other side of the foil. In an identified lead nucleus
disintegration, only tracks of particles of velocity ¢ < 0.7¢ have been further taken into
account. The number of such particles produced in an interaction is denoted by N, and
corresponds approximately to the number of product nuclei {16]. Depending on the number
of these observed tracks in a star, the scanning efficiencies and contributions of secondary
interactions! have been estimated in both types of emulsion and used afterwards to cor-
rect the N, distribution. In the electron sensitive emulsion a sample of 210 stars with at
least four visible tracks of nuclei has been analysed (even in this emulsion the scanning
efficiency for smaller stars is less than 509%,). In 51 randomly chosen stars the angles of

! They have been evaluated using an additional perpendicularly irradiated stack of Nikfi-R emulsions
and lead foils.
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emission and ranges? (if smaller than 10 mm) of observed product nuclei have been de-
termined.

In the low sensitivity emulsion, a practically unbiased sample of 517 stars with at
least nine tracks has been selected for the product identification. (The smaller stars —
see Table I — have been treated statistically because of the small scanning efficiency
and the large contamination by secondary interactions.) Nuclei with ranges from 0.85 mm
to 20 mm, entering the emulsion at angles smaller than 15°, have been identified by the

TABLE 1
Some features of analysed interactions of 9 GeV protons with lead nuclei
i
Emulsion ' Electron sensitive Of low sensitivity
observed 210 635
No of interactions :
corrected 217 624
observed >4 >3
No of nuclei per interaction
corrected (Ny) =5 =5
{Np» 20.7+0.7
cross-section (mb) 1200 + 180
with R < S mm 13.7+£0.5
No of nuclei per interaction
with Z 2> 2 55+0.2
all nuclei 1.47+0.05
forward to backward ratio for
with R < 5 mm 1.13+0.08

range-ionisation method [15]. Moreover for nuclei, entering at any angle into one of the
two scanned pellicles and coming to rest in it, the range has been determined and, if pos-
sible, the charge numbers Z = 1 or Z > 2 have also been ascribed (in many cases, lithium
nuclei and even heavier fragments have been observed).

To each measured track, a geometrical correction has been applied. The number of
tracks in a star has been also corrected to the full solid angle. In the case of the low sensi-
tivity emulsion, the loss of about 20 %, of unrecorded product nuclei was taken into account,
The N, values obtained in this manner do not include tracks shorter than 10 um because
in practice they are not observed. Those tracks correspond to nuclei of very low energy,
namely less than about 1 MeV per nucleon.

2 By the term “‘range” we mean the calculated range which a nucleus would have on passing througl.

the emulsion only. The calculation has been done using the range-energy data averaged for protons and
deuterons [14, 15].
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3. Results and discussion

Lead nucleus disintegrations characterized by the emission of at least five product
nuclei of range above 10 pm (N, > 5) have been analysed. The cross section for these
interactions is equal to 1200+ 180 mb. The remaining interactions amount to about 309
of inelastic interactions, however, they contribute less than about 10%; to the production
of nuclei.
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Fig. 2. The distributions of observed (-~ --) and corrected, Ny, (

) numbers of tracks

The N, distribution (Fig. 2) is almost flat in the region of N, < 30. The interactions
with N, > 30 amount to about 209 of all analysed interactions. Among them the disin-
tegrations with about 50 product nuclei have been observed. As an example, a star with
46 visible prongs in two pellicles is shown in Fig. 3. The average N, value is equal to
20.7+0.7.

Some general features of the analysed interactions and results of measurements are
presented in Table I and Figs 4 and 5. The results concerning nuclei withZ = 1l and Z > 2
for stars with medium and large N, have been extrapolated (taking into account the range
distribution given in Fig. 4) into the 1egion of small N,, for which the ionisation measure-
ments have not been done. The results are given in Table II where the subdivision of
multiply charged nuclei based on the data of Goritchev et al. [11] is also presented. The
heavy hydrogen isotopes contribute to about 509, of singly charged nuclei [15] and this
value only slightly depends on the &, and on the range in the interval considered (0.85 mm-—
20 mm).

The observed features of lead disintegration are similar to those of the heavy emulsion
nucleus disintegration. Those features are conventionally described by the cascade-
-evaporation model (see, for example, the classical monograph of Powell et al. |16] and,
for new references, the paper of Hyde et al. [8]). So, as the first approximation, we also
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Fig. 3. The microphotograph of a lead nucleus disintegration with 46 visible tracks in two pellicles adjacent
to a lead foil
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Fig. 4. The differential (a) and integral (b) distributions of ranges of secondary nuclei of interactions with

Ny > 5, observed in electron sensitive emulsion. The curve in (a) represents the calculated distribution
for T = 10 MeV
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TABLE 11
The composition of the nuclei produced in interactions observed in emulsion of low sensitivity (see text)
No of nuclei per observed -3“ 8 918 >19 hole sample
interaction corrected (Ny) | S—12 13-26 >27 >S5
(Nw> 89 | 207 | 321 20.7
1 7.3 159 226 15.4
2 1.5 39 7.0 4.1
No of nuclei per interaction, with charge 3 0.1 0.7 i 1.7 0.8
4 — 0.2 0.6 0.3
5 e 0.05 0.2 0.1
AZINy* 1.2+0.1 1.3+0.1 1.4+0.1 1.3+£0.1
No of hydrogen nuclei with R < 5mm p 22 45 59
d 2.1 4.5 6.0
excitation energy U (MeV) 480 840 1230 840

* AZ denotes the charge carried out by emitted nuclei

assume that only the process which starts with the cascade and finishes with the evapora-
tion, after which a residual nucleus is left, is responsible for the lead disintegration. We
assume, further, that all nuclei with ranges R > 10 um are the products of evaporation
or cascade processes.

The average temperature, 7, of emitting nuclei has been estimated as 7 = 10+2 MeV,
by fitting the experimental range distribution (Fig. 5) with the curve evaluated from the
evaporation model for the nuclear composition as in Table II. In calculations, the magni-
tude of the effective potential barrier has been treated as a function of the temperature
as suggested by Yamaguchi [19]. The curve for T = 10 MeV presented in Fig. 5 is nor-
malized to the experimental histogram in the range interval 0.0l mm < R < 5 mm.
Nuclei with ranges R < 5 mm (corresponding to the proton energy E, < 35 MeV) are
treated below as evaporated nuclei. They amount to about 67 % of all products. About
409, of these nuclei are multiply charged.

The angular distribution of evaporated nuclei gives the average value of the longi-
tudinal velocity, v, of excited nuclei as being in the interval 0.005¢ —0.010c¢.

Furthermore, the excitation energy, U, of evaporating nuclei and the mass distribu-
tion of the residual nuclei have been estimated. The number of evaporated neutrons have
been evaluated under the assumption that the neutron to proton ratio for the initial evapo-
rating nuclei is equal to that of lead nuclei, and the residual nuclei with charges Z, = 82 —4Z
have the most probable masses obtained from Ref. [20]. Here AZ denotes the charge
carried out by N, products, calculated from a phenomenological formula: A4Z =
= 1.1 N,+0.01 N7 generalizing the data in Table II. Moreover, calculating the excitation
energy, the products with Z > 3 were regarded as ®Li nuclei with energies given by Gajewski
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Fig. 5. The range distributions of nuclei with charges Z = 1 and Z > 2 in interactions with medium and

large Np. The indicated curves are calculated for 7 = 10 MeV taking into account the composition of
singly and multiply charged nuclei as in Table II
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Fig. 6. The residual nucleus mass distribution ( ), calculated from the Nj distribution, compared

with radiochemical yield-versus-mass curve (~---) for 30 GeV proton interaction with Pb and Au
nuclei [1]
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et al. [10). The average energy of a single evaporated neutron has been assumed to be
half of that of a proton [21]. If the energy of the neutron is higher, for example, equal to
the proton energy, the excitation energies given in Table II increase by about 25%.

The residual nucleus mass distribution obtained from the N, distribution is presented
in Fig. 6 together with a radiochemical curve for the interactions of 30 GeV protons®
with Pb and Au nuclei [1]; a marked discrepancy is observed. It must be noted here that
the technique applied in this work does not give the possibility of identifying nuclei of
short ranges. Moreover, nuclei with ranges R < 10 um are unobsetvable, and the produc-
tion of only one such nucleus in each interaction has been assumed. Calculating the mass
of this nucleus, the emission of products solely lighter than carbon has been taken into
account (Table II). It is hard to assume that only the emission of heavier nuclei in the
cascade-evaporation process, besides the high energy fission [13, 14], with ¢, ~ 120 mb
and the fragment mass distribution in the interval 40 amu — 140 amu [1], can explain
such a discrepancy as that observed in Fig. 6 above the boron mass. Other processes can
contribute here, for example, the rapid break-up of a nucleus, considered in the bromium
and silver fragmentation [22, 23}, can play even more important role in lead disintegra-
tions.
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