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A b s t r a c t
We overview in short the neutron detectors currently used in the investigation of the

transmutation of radioactive waste. Such detectors should comply with some specific requirements. In
particular, they have to be small enough, non-expensive, easy in use, radiation-resistant and covering
sufficiently large energy intervals. These conditions are met to the acceptable extent in the case of
activation foils, gas detectors and solid track detectors, which are discussed briefly in our work.

I. INTRODUCTION
The neutrons play exclusively important role not only from the cognitive viewpoint as

basic, together with protons, ingredients of atomic nuclei and as complex quark-gluon
systems. At the same time, they have widespread application in modern practice, such as the
production of radioactive isotopes, investigations of structure of solids and neutron
radiography. In particular, owing to large cross-section of absorption by heavy nuclei the
thermal neutrons can cause, far easily then other particles, nuclear reactions transforming of
nuclei into another ones. This property is quite suitable for passivation (or transmutation) of
long-lived radioactive nuclides that remain as a result of operation of diverse installations
using nuclear methods. Moreover, one can produce at rather little cost intense beams of such
low energy neutrons in nuclear reactors and in massive targets irradiated by accelerator beams
of relativistic protons.

The transmutation of radioactive waste (TRW) is thought to be the hope for utilization or,
at least, passivation of very large amount of hazardous material accumulated in the world
during several tens of years of activity of nuclear plants and other implements (industrial,
research, medical or military), in which nuclear materials are used [1]. It means that the RW
processing should fulfil certain and rigorous conditions and, in the first place, the condition of
high efficiency and acceptable cost. As has been shown in the first investigations [2,3] the
principal meaning in this respect has the exhaustive and precise knowledge of space-energy
spectrum of neutrons produced by intermediate energy (i.e. of about 1 GeV [1]) particles
(mostly, protons) and next multiplying and slowing down these neutrons in a heavy extended
target with the minimum lost of created neutrons. To this end, the suitable detectors of
neutrons, i.e. the particles being much more difficult for energy determination than charged
particles or photons, are needed. Therefore, in this case much more sophisticated methods and
approaches should be used.

In the present work we briefly overview the optimal methods and present-days detectors
which are suitable for the study of the space-energy spectrum of neutrons in heavy extended
targets and, as a consequence, for the construction of future high efficiency assemblies
processing the RW. They are as follows:
# activation methods (with fissionable materials and threshold reactions for high energy
neutrons and with non fissionable materials for low energy neutrons),
# neutron counters and ionization chambers,
# track registration in solid-state detectors.

Activation detectors are very convenient because they are cheap, small enough (even
as small as of about several grams), and may be situated in different places inside of an
extended target. Moreover, they are easy for farther processing and suitable for neutrons of
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large energy interval. It should be particularly emphasized that for the transmutation of RW
(mainly fission fragments) the low-energy neutrons (up to ~10 keV) are mostly copious and
^ e scintillation counters can play an important role as they can cover this energy region. In
the same time, from tens of keV to a few of MeV, an ionization chamber filled with ^ e [4] is
a standard detector for this purpose. The hard part of neutron spectrum or high-energy
neutrons may be investigated using the threshold reactions (n,2n), (n,xn) and by means of
samples of fissionable materials where the (n,f)-reaction is registered. The solid-state track
detectors are most effective especially for the determination of fission rates distribution [5,6]
because the density of neutrons with a definite energy (dependent on the fissionable nuclei) is
proportional to the density of created tracks. A combination of all data obtained from different
neutron detectors placed into the extended target can get an exhaustive picture of space-
energy distribution of spallation neutrons. Moreover, the use of various detectors gives higher
accuracy and, as a consequence, more exact rate of the investigated process of transmutation,
which is determined by two factors: its cross-section and neutron flux. Below the main
characteristics of present-day neutron detectors and their possible applications especially for
the purpose of the TRW are discussed.

H. ACTIVE DETECTORS
Activation foils are widely used types of neutron detectors owing to their following

advantages: comparatively little dimensions, the property to be activated and the presence of
gamma rays or other types of radiation does not interfere with the neutron activation of the
foils. Active detectors are suitable for studying neutron spectra via different reactions inside
of an extended target.

. The specific rate of the process of TRW depends on two factors: the cross section and
the neutron flux. Therefore to have a more efficient rate one has to insert the sample in an
appropriate place. For this purpose it is necessary to choose a suitable element. So, non-
fissionable materials can be used for low energy neutrons that are more relevant in the case of
the thermal region via (n, y) reactions (i.e. In, Au, Co, Mn, La with and without Cd).
Fissionable materials can be used for high-energy neutrons via (n, f) reaction (237Np, 238U and
232Th). As an example, Figures 1 and 2 show the gamma spectra due to the interaction of
spallation neutrons with La and U detectors.
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Fig. I. The gamma spectrum from La irradiated in spallation neutrons [7].
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Fig.2. Same as Fig. 1 but for U [7].
One can also use some stable materials for studying fast neutrons via different reactions,

for example, 32S(n, p), 58Ni(n, p), 54Fe(n, p), 27Al(n,a), 65Cu(n, 2n) and 58Ni(n, 2n).
Nevertheless it should be noted that the cooling time factor after the activation of foils plays a
great role in deciding on a particular element.

HL GAS DETECTORS
The principle of ionization of atoms if voltage is applied across the material is used as

the basis for the operation of gas detectors (GD). Next the released electrons drift to one side
and the positively charged ions move toward the opposite one. The generated in this way
signal can be easily measured and readily converted into a number, which means how much
ionization is set in giving information on the total number, energy, and type of particles
passed through the material (gaseous or semiconductor as well). Neutrons can also be
detected by GD but only as a result of secondary interactions when charged particles are
liberated (see, for example, [8]). In particular, the reaction 3He (n, p) 3He with Q = 764 keV
turned out quite suitable for this purpose. Moreover, 3He gas proportional counter provides
the best combination of energy resolution and detection efficiency especially for fast
neutrons, i.e. in the energy range from tens of keV to a few MeV [9]. Nevertheless, there are
many methodical problems connected with GDs and the basic challenge is the energy
resolution that may be affected by general parameters such as amplifier noise, pulse shaping,
mechanical vibrations and homogeneity of the electric field. The best results have been
obtained with gridded ionization chambers, also in the case of extended targets.

IV. SOLID STATE NUCLEAR TRACK DETECTORS
Solid-state nuclear track detectors can be used validly in the study of the space-energy

neutron field by inserting sheets of plastic inside the extended target. After some processing
one can distinguish clear tracks of nuclear fragments. Figure 3 shows such fission fragments
due to spallation process in Pb (U) target obtained at different etching time.

The main parameters that influence on the track quality can be divided into three
categories: material, particle and etching parameters [10]. In the case of an etched track
essentially two parameters are measured: the track etching rate VT and the residual range R.
The range R of a particle is a function of its charge (Z), mass (M) and energy (E). Thus by
measuring of R(Z,M,E) and Vr(Z,E), we have only two equations for three unknowns, and at
first sight a complete identification of the particle would seem to be impossible. However, the
dependence of R upon M is weaker than its dependence on Z and, in addition, we can usually
place restrictions on the possible values of M for a given Z and then two relations, VT = /
(Z,E) and R = g(Z,M,E) are sufficient to identify the particle. In practice it is often possible to
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measure VT and R at a number of points along the particle trajectory, and so a series of
equations VT (Rj) =/(Z,E) and R; = g(Z,M,E) would be solved.

(c)

Fig.3. Fission fragments registered in mica detectors after different etching time: a) 2 h, b) 3 h and c)
4 h. Real dimensions of samples are: in the vertical direction 20 mm and the horizontal - 45 mm.

V. CONCLUSION
Different types of detectors shortly discussed above can afford acceptable accuracy for

the neutron energy distribution determination in extended targets. The appropriate
accommodation of such detectors within the investigated massive target can give detail
information about the space-energy structure of neutrons originating from the spallation
process inside this target. Fig.4 displays schematically the energy ranges of optimal
applicability of the neutron detectors used in the study of TRW.
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Fig.4. Energy ranges covered by different types of neutron detectors.

REFERENCE
[1] B.SlowinskL Talk delivered at the XV Intern. Seminar on High Energy Physics Problems. Dubna,
2000, Abstracts, p.50-51. To be published in the Proc. of the Seminar.
[2] A.Abanades et al. CERN-LHC/98-12(EET), May 06, 1999; HArnouId et at Phys.Lett. B458
(1999) 167-180; HArnould et al. CERN-SL-99-036 EET. Geneva, 1999.
[3] C.D.Bowman et al. Nucl. Instr. Meth. A320 (1992), p.336.
[4] RMachrafi. Ph.D. Thesis. JINR, Dubna, 2000.
[5] S.P.Tretykova. Physics of Elementary Particles and Atomic Nuclei, 1992,V.23,
[6] G.Grosshoeg. Nucl. Instr.& Methods, 162 (1979) 125.
[8] C.C Loraaken, V.E.Butrov, B.C.Camailov. Handbook of measuring neutrons by activation method.
Moscow, 1975 (Russian).
[9] S. Shalev and J.M. Cutler, Nucl. Sci. Eng. 51 (1973) 52.
[10] S.RHashemi-Nezhad et all, Studies on neutron production in the interaction of protons within
extended target, RadMes 31 (1999) 537-544.

-331-


