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STUDY OF DISINTEGRATION OF MATERIALS
IN THE RADIATION FIELD OF THICK LEAD TARGET

V. I. Yurevich a,1, V. A. Nikolaev b, R. M. Yakovlev b, I. B. Vorobiev b

a Joint Institute for Nuclear Research, Dubna
b V. G. Khlopin Radium Institute, St. Petersburg, Russia

A disintegration of materials was studied by measuring nuclear fragment emission from thick layers
of different materials inside and outside thick lead targets irradiated with a beam of protons. A
registration of secondary nuclei leaving the layers was performed with lavsan solid-state nuclear track
detectors. The results obtained for aluminium, copper, cadmium and lead layers in radiation ˇelds of
thick lead targets are discussed. The measurements were carried out with several-GeV proton beam at
JINR's Synchrophasotron.

� §·ÊÏ¥´¨¥ ³ É¥·¨ ²µ¢ ¨§ÊÎ ²µ¸Ó ¶µ¸·¥¤¸É¢µ³ ¨§³¥·¥´¨Ö Ô³¨¸¸¨¨ Ö¤¥·´ÒÌ Ë· £³¥´Éµ¢ ¨§ Éµ²-
¸ÉÒÌ ¸²µ¥¢ · §²¨Î´ÒÌ ³ É¥·¨ ²µ¢ ¢´ÊÉ·¨ ¨ ¸´ ·Ê¦¨ Éµ²¸ÉÒÌ ¸¢¨´Íµ¢ÒÌ ³¨Ï¥´¥°, µ¡²ÊÎ ¢Ï¨Ì¸Ö
¶ÊÎ±µ³ ¶·µÉµ´µ¢. �¥£¨¸É· Í¨Ö ¢Éµ·¨Î´ÒÌ Ö¤¥·, ¢ÒÌµ¤ÖÐ¨Ì ¨§ ¸²µ¥¢, ¢Ò¶µ²´Ö² ¸Ó ¸ ¶µ³µÐÓÕ ² ¢-
¸ ´µ¢ÒÌ É¢¥·¤µÉ¥²Ó´ÒÌ É·¥±µ¢ÒÌ ¤¥É¥±Éµ·µ¢. �¡¸Ê¦¤ ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¤²Ö ¸²µ¥¢ ¨§
 ²Õ³¨´¨Ö, ³¥¤¨, ± ¤³¨Ö ¨ ¸¢¨´Í  ¢ · ¤¨ Í¨µ´´ÒÌ ¶µ²ÖÌ Éµ²¸ÉÒÌ ¸¢¨´Íµ¢ÒÌ ³¨Ï¥´¥°. ˆ§³¥·¥´¨Ö
¡Ò²¨ ¢Ò¶µ²´¥´Ò ´  ¶ÊÎ±¥ ¶·µÉµ´µ¢ ¸¨´Ì·µË §µÉ·µ´  �ˆŸˆ ¸ Ô´¥·£¨¥° ´¥¸±µ²Ó±µ ƒÔ‚.

INTRODUCTION

Interactions of intermediate-energy protons and other secondary energetic particles with
lead nuclei inside thick target cause a fast growth of hadron shower and its enrichment with
neutrons. Already in several centimeters away from the axis of the target the hadron ˇeld to
a large degree consists of neutrons, and thick lead targets represent neutron sources with a
small fraction of charged hadrons [1, 2].

A study of disintegration of materials in a radiation ˇeld of the extended lead target
� 20×60 cm irradiated with the proton beam of JINR's Synchrophasotron was carried out as
part of the program on (1) application of the method of solid-state nuclear track detectors
SSNTD in research on heavy nuclei ˇssion in a neutron ˇeld of the lead target and (2)
development of the method of neutron threshold detectors for measurement of spatial-energy
characteristics of neutron ˇelds at accelerators [1, 3, 4].

In our experiments two lead targets with a diameter of 20 cm and lengths of 20 and 60 cm
were used. During an irradiation, the proton beam hit the center of the target along its axis.
Lead has an average length of nuclear interaction λI ≈ 17 cm for protons, which is close to
the dimension of the target � 20 × 20 cm. The length of the extended target is about 3.5λI ;
therefore, it is practically the target of full absorption of the beam. Here we discuss results on
disintegration of some materials (Al, Cu, Cd and Pb) placed inside the extended lead target,
on surfaces of both the targets and in surrounding space.
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1. EXPERIMENT

During irradiations a �ux of protons on a target was determined with the help of monitor
reaction 27Al(p, X)24Na. The 3-mm aluminum disk of the monitor was placed at a position
of ∼ 40 cm in front of the target. The cross section of the reaction is 10.0 mb for several-
GeV protons with uncertainty of 5% [5, 6]. The �ux of protons in different experiments was
from 1010 up to 1014. The beam proˇle was ∼ 15 mm (FWHM) in horizontal and vertical
directions.

The extended target consisted of many lead disks with a diameter of 20 cm and a thickness
of 2.5 cm. Some of the disks had 2.5-mm grooves along the diameter of the disks for
installation of the TÄDÄT assemblies (with two layers of material and lavsan detector between
them) inside the target. Here we used only the assemblies with Al and Pb layers. In each
assembly SSNTD registered the total number of tracks produced by nuclei fragments emitted
from surfaces of the layers surrounding the SSNTD.

The measurements of nuclear fragment emission from Al, Cu, Cd and Pb layers were
performed for both the targets on target surfaces and at different angles to the beam at a
distance of 1 m from the center of the target.

The experimental method of the nuclear fragment registration with 6-µm lavsan ˇlm
detectors was described in [1, 3, 7].

2. RESULTS OF MEASUREMENTS

Most measurements were carried out with the assemblies PbÄDÄPb for study of target nul-
clei disintegration and distribution of energetic neutron �ux inside and outside the extended
lead target. The results of the measurements with 3.65-GeV protons and the assemblies placed
inside the target � 20× 60 cm are shown in Fig. 1. In the ˇgure the curves correspond to dif-
ferent levels of counting rate. Also, indications of the detectors obtained in the measurements
are shown. Along the target axis, the number of tracks decreases according to an exponential
law of proton beam absorption in lead. At a distance from the target axis, a basic role in
disintegration of lead nuclei belongs to high-energy neutrons, mostly in ˇssion reactions at an
effective threshold of lead nucleus ˇssion of ∼ 90 MeV. Thus, the measured values re�ect a
distribution of energetic hadrons inside the target.

Fig. 1. Distribution of counts of nuclear fragments registered in the assemblies PbÄDÄPb inside the

extended lead target irradiated with 3.65-GeV protons. The values correspond to the number of counts
per 1 cm2 and proton �ux of 1011. Curves correspond to levels 100, 200, 500 and 1000 counts/cm2
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A distribution of count numbers for the PbÄDÄPb assemblies located on the lateral surface
of the target along the axis is shown in Fig. 2. The distribution has a wide maximum at a
distance from front surface Z ∼ 20 cm.

Fig. 2. Distribution of counts of nuclear fragments reg-

istered in the PbÄDÄPb assemblies on the lateral surface

of the extended lead target (along the axis) irradiated
with 3.65-GeV protons with total �ux of 1012: points Å

experimental data; curve Å result of ˇtting

At a proton energy of 3.65 GeV the high-energy neutrons are effectively emitted from the
whole lateral surface of the target. The ratio of counts in a maximum and edges at Z = 0
and 60 cm is ∼ 2.6.

For the assemblies with aluminum layers placed inside the extended target, two different
distributions of counts are shown in Fig. 3: (a) for Z = 20 and 50 cm as a function of
distance R from the axis of the target and (b) for R = 3 and 7 cm as a function of distance
Z from the front surface. The distributions on R fall down fast with a distance from the axis.
However, with growth of Z this dependence becomes not so strong. For the distributions
on Z the number of registered nuclear fragments in the assemblies grows up to a maximum
value with increasing Z and then smoothly decreases.

Fig. 3. Distributions of counts of nuclear
fragments registered by SSNTDs in the

assemblies AlÄDÄAl as a function of R

at Z = 20 and 50 cm (a) and Z at R = 3

and 7 cm (b). The extended lead tar-

get was irradiated with 3.65-GeV protons

with total �ux of 1013. Points Å experi-
mental data; curves Å result of ˇtting

A dependence of the number of tracks on the mass number of disintegrated nuclei is
shown in Fig. 4 for three cases:

1) the assemblies with layers of Al, Cu, Cd and Pb placed on the back surface of the
target � 20 × 60 cm with R = 0, 3 and 7 cm (measurement was carried out on 3.17-GeV
proton beam with a total �ux of 1013);
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2) the assembly with layers of Al, Ti, Cu, Cd, Ta and Pb irradiated with 2.2-GeV protons
with a total �ux of 1010;

3) the assembly with layers of Al, Cu, Cd and Pb placed at 1-m distance from the lead
target � 20× 20 cm at an angle of 10◦ (measurement was carried out with 3.65-GeV protons
at a total �ux of 1013).

Fig. 4. A-dependence of nuclear fragment yield reg-
istered by SSNTDs in the assemblies TÄDÄT for three

cases: � Å on the back surface of lead target � 20 ×
60 cm, E = 3.17 GeV, proton �ux of 1013, R = 0,
3 and 7 cm; � Å on a beam of protons with energy

E = 2.2 GeV, proton �ux of 1010; � Å at an angle of

10◦ and distance of 1 m from lead target � 20 × 20 cm,
E = 3.65 GeV, proton �ux of 1013. Curves Å result of

ˇtting

The protons that passed through the extended lead target without nuclear interactions lost
about 25% of their energy because of ionization loss, and at the back surface they had the
energy close to that which was used during irradiation of the assembly with 2.2-GeV proton
beam. It explains similarity of the dependences represented in Fig. 4 for R = 0 and 3 cm
and 3.17-GeV protons and for the assemblies bombarded with 2.2-GeV protons. As has been
shown in Sec. 1 of this work, the shape of the A-distribution of the registered track number
depends on the energy of incident hadrons, and at a reduction of the energy in a range of
A ∼ 50 a wide minimum is formed. The same dependence takes place with increasing distance
R from the beam/target axis because the energy spectrum of particles becomes ®softer¯. The
effect of fragment yield suppression in the range of middle mass numbers becomes even more
visible in the last case when the assembly was placed at an angle of 10◦.

The results of measurements with 3.65-GeV proton beam and the assemblies placed at a
distance of 1 m from the center of the lead target � 20 × 20 cm are shown in Fig. 5, a. The
assemblies located at angles of 10, 30, 60, 90, 120 and 150◦ to the beam direction. For layers
of Al, Cu and ‘d (a range of small and middle mass numbers) a sharp peak in the area of
small angles is observed. In the area of angles 30Ä120◦ the indications of the detectors are
small, which re�ects a small output of high-energy neutrons and charged hadrons from the
lateral surface of the target into this angular range. However, at further increasing of the
angle the number of such neutrons grows due to their emission from the front surface of the
target.

Similar but smoother tendency is observed for PbÄDÄPb assemblies where the dominant
process of nuclear fragment formation is ˇssion reaction. In the area of 30Ä120◦ the numbers
of counts for the lead layers are approximately two orders of magnitude higher than the
indications for other layers. Also in Fig. 5, b, the angular distributions of SSNTD indications
for Cd and Pb layers obtained in experiments with 3.65-GeV protons and both lead targets
are shown. For both targets the data are in good agreement at an angle of 10◦, but at larger



Study of Disintegration of Materials in the Radiation Field of Thick Lead Target 57

Fig. 5. Angular distributions of the number of counts for the assemblies TÄDÄT placed at 1 m from the

center of lead target bombarded with 3.65-GeV protons (�ux of 1013): a) lead target � 20 × 20 cm:

� Å Al; � Å Cu; � Å Cd; � Å Pb; b) �, � Å lead target � 20 × 20 cm; �, � Å lead target
� 20 × 60 cm. Curves Å result of ˇtting

angles the counting rate increases with target thickness, and for our targets and proton energy
the difference achieves a factor of ∼ 3.

CONCLUSION

The performed research showed that disintegration of nuclei of various materials from
aluminum up to lead with formation of nuclear fragments registered by the lavsan SSNTD is
most effective where there is a maximum �ux of high-energy hadrons. For the extended lead
target bombarded with protons with an energy of several GeV such areas are:

1) inside the target along the axis;
2) on the surface of the target: in the center of the front surface and on the lateral surface

at Z = 15−30 cm;
3) at small angles to the beam direction.
Among the materials investigated, the greatest yield of registered nuclear fragments is

given by ˇssion reaction of lead.
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