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The basic characteristics of the SNEG-13 neutron source, with a DT-neutron yield of 1013 
n/s, are reported. Theoretical estimates of the neutron spectrum are reported. 
Measurements of the characteristics of the neutron and y-ray fields behind the target of the 
neutron source are reported. The y-ray component of the total dose of ionizing radiation 
is less than 5%. The scattered-neutron component is 1%. The shape of the DT-neutron line 
has been studied. The spectrum of the neutron radiation reconstructed from the readings 
of activation detectors and a silicon semiconductor detector is reported. The capabilities of this 
neutron source for use in research on the radiation resistance of various systems of the 
ITER international tokamak fusion reactor are described. 

Research on controlled thermonuclear fusion is one of 
the highest-priority efforts in nuclear power today. The 
work being carried out by the international community in 
this field has as its most immediate goal the development 
by 2005 of the ITER experimental device,' which is to 
serve as a prototype for fusion reactors of the future. 

Reaching this goal will require carrying out a broad 
range of research in various fields of modern physics: 
plasma physics, nuclear physics, materials science, instru- 
mentation, etc. The success of this research depends in turn 
on specialized, largely unique experimental apparatus. 

Solving the fairly long list of applied problems involved 
here requires experimental installations which can simulate 
the radiation conditions which will prevail in the fusion 
reactor to be developed. Among these problems are prob- 
lems in radiation materials science and the experimental 
development and calibration of certain diagnostic systems 
(e.g., systems for neutron diagnostics). The conditions in 
the corresponding experiments must come as close as pos- 
sible to the actual fusion reactor conditions under which 
the various elements or systems will be used. 

The only currently acceptable way to carry out such 
research is to obtain radiation from intense neutron 
sources, such as RTNS-I1 (US), FNS, OCTAVIAN (Ja- 
pan), and SNEG- 13 ( ~ u s s i a )  .2 

Planning and executing specific experiments require in- 
formation on not only the intensity characteristics of these 
installations but also the detailed structure of the radiation 
fields created in the volume in which the samples are to be 

irradiated. These characteristics have been studied for the 
SNEG-13 neutron source and are being reported here. 

1. GENERAL CHARACTERISTICS OF THE FACILITY 

The SNEG-13, a special neutron source, was devel- 
oped and constructed at the Scientific-Research Institute of 
Electrophysical Apparatus in St. Petersburg as a high- 
intensity source of neutrons, which are produced in ther- 
monuclear fusion reactions (DD and DT reactions). This 
source is intended for solving a variety of problems in ap- 
plied nuclear physics. 

The source operates on the basis of the interaction 
between a beam of deuterium nuclei accelerated to a spec- 
ified energy and tritium nuclei (in the case of DT reaction) 
or deuterium nuclei (DD). The latter tritium or deuterium 
nuclei are absorbed in a titanium layer on a disk-shaped 
copper target. As the source operates, the deuteron beam is 
scanned in a circle over the working region (the zone con- 
taining the deuterium or tritium) on the fixed target. The 
zone in which the neutrons are produced is a disk with a 
thickness which is determined by the range of the deuter- 
ons in titanium hydride and which depends on the energy 
of the deuterons (at a deuteron energy of 300 keV the 
range is 2.5 pm) .  This disk has a diameter of 10-40 cm, 
which can be varied by varying the magnetic field of the 
deflecting system. Its thickness is about 1 cm and depends 
on how tightly the beam is focused. The region in which 
test samples can be placed is 6 mm away from the neutron 
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FIG. 1. Layout of the basic parts of the neu- 
tron source. I-Deuteron source; 
2-accelerating tube; 3-vacuum chamber; 
&gate; 5-system for scanning the beam over 
the target; &scanning chamber; 7-target as- 
sembly; 8-roughing pumps. 

production zone. This distance is determined by the thick- duced directly in DT reactions but also neutrons scattered 
ness of the structural elements of the target assembly (2  in structural elements and the surroundings of the source. 
mm of copper, 2 mm of water, and 2 mm of steel). The 
water is used as a coolant to relieve the heat load on the 
source target. 2.1. Analytic and numerical methods for determining the 

Figure 1 shows the overall arrangement of the various unscattered neutron radiation - - 
parts of the apparatus. The source is in an experiment hall 
12.0 m high. The basic technical specifications of the device 
are given in Table I. The integral characteristics of the 
radiation fields of the apparatus are given in Table II. 

Whether the DT or DD reaction is used is determined 
by the type of target. The DT regime is the basic one, and 
it is for this regime that the measurements reported here 
were carried out. 

2. CHARACTERISTICS OF THE NEUTRON FIELDS OF THE 
SOURCE 

The neutron field in the irradiation zone is shaped by 
several physical processes and by the structural features of 
the source. In the first place, the neutrons produced in the 
DT reaction are not strictly monochromatic: Their energy 
depends on the deuteron energy and on the angle at which 
the neutrons are emitted with respect to the direction in 
which the deuterons are moving. These circumstances ul- 
timately determine the lineshape, which depends on the 
operating conditions of the source and on the coordinates 
of the measurement point. In addition, the scanning of the 
deuteron beam over the target and thus the periodic vari- 
ation in the distance from the target region emitting the 
neutrons at the given instant to the sample being irradiated 
cause cyclic variations in the intensity of the neutron field. 
Finally, the neutron field contains not only neutrons pro- 

TABLE I. Basic technical specifications of the SNEG-13 neutron source. 

Deuteron current 10-100 mA 
Deuteron energy 1W300  keV 
Target diameter (overall) 43 cm 
Diameter of tritium layer 15-40 cm 
Width of deuteron beam at target surface 1.5-2.5 cm 
Frequency at which the deuterons are scanned over the 50 Hz 
target surface 
Tritium activity in working layer above 2.5 kCi 
Operation continuous 

We begin with the time evolution I ( t )  of the neutron 
intensity at the point with coordinates x,y,z (the origin is at 
the center of the target, and z is the distance from the 
target) due to the circular scanning, with a radius R, of the 
deuteron beam over the target. We assume that the emit- 
ting volume is a point source at each instant. We assume 
that the cross section for the DT reaction is spatially iso- 
tropic in the laboratory frame of reference. We ignore tri- 
tium burning in the titanium active layer of the target; this 
is a legitimate simplification for the actual operating re- 
gimes of this source. The time evolution of the intensity is 
then given by 

where C i s  a normalization constant which depends on the 
neutron yield at the given instant (C=P/4r, where 
P= 1013 n/s at the initial time), R is the radius at which 
the deuteron beam is scanned over the target surface, w is 
the scanning frequency (50 Hz), and z is the distance from 
the titanium surface of the target. Structural features of the 

TABLE 11. Characteristics of the radiation fields of the SNEG-13 neu- 
tron source. 

Energy of DT neutrons 14.6 MeV 
Neutron yield 1.0. 10" n/s (DT)  

4.5. 1 0 ' ~  n/s (DD) 
Neutron flux density 

behind target surface 3.10" n / (s .  cm2) (DT)  
at the sample position 1.5. 10' n / (s .  cm2) (DD)  

Fluence over run 5.10" n/cm2 (DT) 
y-Ray dose behind the target 
(as a percentage of the neutron dose) 5% 
Fluence of scattered neutrons 
(as a percentage of the fluence of 

fusion neutrons) 1 % 
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FIG. 2. Time evolution of the neutron radiation for a 
point on the target surface at the scanning radius. 

target of the neutron source impose a lower limit of 6 mm 
on z (2 mm of copper + 2 mm of water +2 mm of steel). 

Figure 2 shows the time evolution of the neutron in- 
tensity for points on the target surface (z=0.6 cm) oppo- 
site the working layer (x2 +y2 = R2, where R = 20 cm, and 
Q= 10" n/s). The samples being bombarded are subjected 
to an approximately pulsed effect in this case. The ratio of 
the maximum and minimum amplitudes is lo3. If the bom- 
bardment point is moved toward the center of the target or 
moved away from the surface of the target, to a distance 
greater than three times the scanning radius, the irradia- 
tion becomes approximately static. 

Changes in the coordinates of the bombardment point 
lead to changes in the time-average flux loads on the test 
sample (although small in comparison with those for the 
case of a point source, in which, for example, the deuteron 
beam is fixed and the target is rotated). This situation is 
illustrated by Fig. 3, which shows fluence contour levels 
(F= 3 lo8, lo9, 3 . lo9, and 101° n/cm2) beyond the target 
surface in the plane passing through the center of the target 
along the x and z axes (for a total neutron yield P= 1013 
n/s and an exposure time of 1 s) .  These curves are de- 
scribed analytically by the following expression under the 
approximations adopted above: 

All the results reported above ignore the attenuation of 
the neutron radiation by structural elements of the source 
target. This simplification is completely justified since these 
elements are thin (6 mm). Further evidence for the valid- 
ity of this simplification comes from the fairly good agree- 
ment between the results found here and the experimental 
results of Ref. 3. The only point which must be kept in 
mind is that if the source is operated for a long time (tens 
of hours or more) the tritium in the target may be burned 
up in a nonuniform way over the circle. If this happens, the 
distributions found above will change. 

For a detection point with a radius vector r, the spec- 
trum of neutrons produced in the DT reaction is 

where Ed is the energy of the deuterons at point r (this 
energy varies as a result of the stopping of the deuterium in 
the substrate material), p is the tritium concentration in 
the target, (T is the energy dependence of the cross section 
for the DT reaction, ro is the vector along the direction of 
the accelerated deuterons, S is the angular distribution of 

FIG. 3. Contour curves for fluences F =  lo", 3 .  lo9, lo9, and 3 .  lo8 
n/cm2 (curves 1-4, respectively) in the plane perpendicular to the target 
surface and passing through the center of the target. The total neutron 
yield is 10 'h /s ;  the scanning radius is 20 cm. 
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the spectrum of DT neutrons, and V is the volume in 
which the DT reaction occurs for the given working con- 
ditions of the apparatus. 

In the approximation p = const, dE/dx = const, expres- 
sion (3)  simplifies: 

where 

Here md, m,, mHe, and m, are the masses of the interact- 
ing particles and reaction products; R is the radius of the 
scanning of the deuteron beam over the target surface; Ro 
is the distance from the center of the scanning ring to the 
detection point; H is the distance from the detection point 
to the target surface; and Q is the energy of the fusion 
reaction. 

It follows from the general form of expression ( 3 )  that 
the shape of the spectrum is determined by parameters 
associated with the working conditions of the apparatus: 
the energy of the accelerated deuterons and the profile of 
the tritium concentration in the working layer of the tar- 
get. This profile may vary during operation of the source, 
because of tritium diffusion into the evacuated volume and 
a replacement of the tritium by deuterium nuclei. 

Figure 4 shows spectra found for certain points behind 
the target source which are of practical interest, for various 
values of E and of the functions p(ro),  through numerical 
integration of Eqs. (3)  and (4).  These results were ob- 
tained with the help of a and S values from Ref. 4 and p 
and dE/dx values from Ref. 5. 

2.2. Experimental differential characteristics of the neutron 
fields 

The spectrum of the neutron emission was studied ex- 
perimentally with activation and silicon semiconductor de- 
tectors. 

In the case of the semiconductor detectors, the 
procedure6 involves detecting products of the reactions 
2 8 ~ i ( n , p ) 2 8 ~ 1  and " ~ i ( n , a ) ' ~ ~ ~ ,  which neutrons cause di- 
rectly in the detector material. Because of the good energy 
resolution of the semiconductor detectors ( 1-2% ) and the 
unambiguous relationship between the energy of the reac- 
tion products and the energy of the neutrons inducing the 
reactions, we can determine the shape of the neutron spec- 
trum from the instrumental lineshape. 

A surface-barrier silicon detector with a working layer 
1.5 mm thick was used. Figure 5 shows instrumental spec- 
tra measured at a deuteron acceleration voltage of 150 keV 
for various spatial points. 

These spectra were analyzed by means of algorithms 
which employ regularization methods for solving the Fred- 
holm equation.6 Data from Refs. 8 and 9 on the charac- 

En, MeV 

FIG. 4. Calculated neutron spectrum of the source. a-For a function 
r ( r )  =const; b p ( r )  = 10. Histogram I)  Spatial points with the coordi- 
nates (x=O, y=O, z= 10 cm); 2 )  (x= 10 cm, y=O, z=30 cm); 3 )  (x= 10 
cm; y=O, z= 10 cm). The origin is at the center of the target. 

teristics of the nuclear reactions 2 8 ~ i ( n , p ) 2 8 ~ 1  and 
2 8 ~ i ( n , a ) 2 5 ~ g  are used in these calculations. 

Qualitative information on the variations in the neu- 
tron spectrum from the SNEG-13 as a function of the 
spatial coordinates of the detection point can also be found 
from experiments based on activation integrals of detectors 
which differ in the energy dependence of the reaction cross 
sections in the energy range of the D T  neutrons. We used 
detectors based on the reactions 19~(n ,2n )  and " ~ l ( n , a ) .  
The ratios of the activation integrals of these reactions 
were found as functions of the energy of the monoenergetic 
neutrons near 14 MeV in experiments on the NGM-150 
neutron source ( a  special standard) at the VNIIFTRI Re- 
search and production Association. 

In studies of the characteristics of the radiation, these 
pairs of detectors were placed at various points behind the 
source target. Effective neutron energies were found from 
measurements of the ratios of activation integrals. The re- 
sults are shown in Table 111. 

Characteristics of the neutron radiation over the entire 
range (from thermal energies up to 20 MeV) were studied 
with the help of a special set of activation detectors. To 
determine the general aspects of the formation of the 
scattered-radiation fields, measurements were carried out 
not only in the spatial regions of practical interest for ir- 
radiation experiments but also at a significant distance 
from the source target. The qualitative behavior found is 
reported below, along with some quantitative results on the 
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FIG. 5. Instrumental spectra of a silicon detector for various spatial 
points. a-(x=O, y=O, z=300 cm); b-(x=30 cm, y=O, z=O); c-(X 
= 17 cm, y=O, z= 10 cm); d-(x= 150 cm, y=O, z=O). 

overall spectrum of the neutron radiation (referred to a 
total neutron yield of 5.4. 1015 n from the target). 

Thermal neutrons. The measurements were carried out 
with Au, Na, and Dy detectors. The thermal-neutron flu- 
ence was calculated by the "cadmium difference" method. 
Each detector was irradiated twice: inside a cadmium 
sheath and without it. The "above-cadmium" fraction of 
the activity was then subtracted. 

From these results we can draw conclusions about the 
formation of the thermal-neutron field as the result of ther- 
malization of DT neutrons in the walls of the source hall. 
The thermal-neutron fluence is essentially constant at 
5.5 lo8 n/cm2 at all points in the hall, including the vol- 
ume behind the target. As the measurement point is moved 
out of the source hall, the thermal-neutron fluence drops 
sharply. 

Fast neutrons. The field of fast neutrons (0.1 
MeV < E n  < 15 MeV) was studied with a larger set of 
threshold activation detectors. Analysis of the spatial vari- 
ation of this field led to the conclusion that the scattered 
radiation consisted of two components: neutrons scattered 
directly in structural elements of the target assembly (the 
fluence of the scattered neutrons decreases significantly 
with distance from the target) and neutrons reflected from 
the walls of the hall (the variation of the neutron fluence is 
not in inverse proportion to the square of the distance from 
the center of the target). A quantitative estimate of the 
spectral characteristics was found from measurements us- 
ing the complete set of activation detectors at a point 10 cm 
away from the working layer of the target; this point cor- 
responds to the typical position of the test samples in the 
irradiation experiments. Experimental data corresponding 
to this point are shown in Table IV. 

The values of the activation integral A, are referred to 
a single nucleus of the isotope: 

where u ( E )  is the energy dependence of the activation 
cross section of the detector, O ( E )  is the neutron spec- 
trum, and N is the number of nuclei of the isotope in the 
detector. 

The neutron energy spectrum at the detection point 
was reconstructed from the experimental data with the 
TDN code (Moscow Engineering-Physics Institute). This 
code was written especially for reconstructing fusion or 
source neutron spectra from the readings of activation de- 
tectors. Information of the shape of the peak found by the 
methods described earlier was used in analyzing the spec- 
tral shape. 

To reconstruct the neutron radiation spectrum we be- 
gin by determining the fusion-neutron component and the 
shape of the peak. The algorithm embodies the information 
that the peak is Gaussian. For this purpose, we select from 
the entire set of activation integrals those which corre- 
spond to neutron reactions with a threshold near the peak 
of DT neutrons. 

TABLE 111. Effective neutron energy at various spatial points on the target surface 
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1 
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- of point, cm 4 ,  MeV No. 

The coordinate origin is at the lower point of the target. 

14,7 
14.4 

EeR, MeV 
Coordinates No. 
of point, cm 
20.3; 0 3 

0.8; 10.0 4 
14.5 
14.4 

10.8; 14,0 
0; 25,O 



TABLE IV. Values of the activation integrals. 

From the results of the reconstruction of the DT- 
neutron spectrum we find the energy E= 14.35 MeV at the 
peak of the spectrum. We also find the width of the spec- 
trum at half-maximum, 1.45 MeV. The discrepancy be- 
tween the experimental and theoretical activation integrals 
for this specification of the spectrum is less than 0.5% in 
the peak region. 

The neutron spectrum behind the target of the neutron 
source reconstructed by the TDN program is shown in Fig. 
6.  Within the errors in the measurements of the activation 
integrals, we find no scattered-neutron contribution. For 
the flux of scattered neutrons with energies above 0.1 MeV 
(minus DT neutrons) we find an upper limit of 9 .  lo9 
n/cm2. 

3. CHARACTERISTICS OF THE yRADlATlON FIELD 

Although the DT reaction does not involve the pro- 
duction of y rays, the radiation field at the positions of the 
test samples during irradiation is mixed. The y rays are 
produced in processes which accompany the motion of the 

10 12 14 16 18 

E,, MeV 

FIG. 6. Neutron radiation spectrum behind the target as reconstructed by 
the TDN code (Moscow Engineering-Physics Institute). 

accelerated particles in the inner volume of the source (in- 
cluding the active layer of the target) and also in the in- 
teraction of DT neutrons with surrounding material. 

Characteristics of the y field and its spectrum were 
evaluated quantitatively from measurements using 6 ~ i ~ ,  
'L~F, CaSO,, and A12P03 thermoluminescence detectors 
(the TOLEDO and IKS systems). 

Since the effective nuclear charges of the elements in 
these detectors are different, the detectors differ in the en- 
ergy dependence of the sensitivity, particularly at low en- 
ergies. Thus a method like that described in Ref. 10 could 
be used in analyzing the results. This method uses detec- 
tors whose sensitivity is nonzero over the entire energy 
range of interest. This approach adds to the experimental 
information on the low-energy part of the spectrum. Char- 
acteristics of the bremsstrahlung are reconstructed from 
the set of results of measurements of the absorbed dose in 
the thermoluminescence detectors, normalized to the re- 
sults found during irradiation of the same detectors in a 
reference field. 

In addition, a set of filters to modify the energy depen- 
dence of the sensitivity of the detectors was used in the 
measurements. 

A serious problem in analyzing the results of these 
measurements is the need to deal with the contribution 
made by neutron radiation to the readings of the thermo- 
luminescence detectors. The data in the literature on this 
point are rather contradictory, so it was necessary to carry 
out some additional research. In the course of this research 
we determined the specific kerma of the neutrons (the 
spectrum was taken into account) in the detector material, 
using kerma values from Ref. 10. Using the results of ex- 
periments with a californium source, whose field charac- 
teristics had been measured with a scintillation detector 
using a stilbene crystal, we then determined the light yield 
from the thermoluminescence detectors due to heavy 
charged particles. 

The results found in measurements with the thermo- 
luminescence detectors of all the types used agreed fairly 
well with each other, after corrections for neutron sensitiv- 
ity. The y-radiation dose behind the target of the neutron 
source (at distances up to 10 cm) amounts to about 5% of 
the neutron dose. From an analysis of the measurements 
carried out with various filters and without the filters we 
can conclude that low-energy y rays make no significant 
contribution to the overall dose. The primary source of y 
radiation in the near zone of the source (at distances up to 
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1 m from the target) is the interaction of neutrons with the 
nuclei of elements making up the structural parts of the 
acceleration tube and the target assembly of the source 
(inelastic scattering of fusion neutrons). For these pro- 
cesses, the y-ray spectrum has an average energy on the 
order of a few MeV. At large distances from the target the 
dose is made up primarily of y rays produced in the walls 
of the hall. 

Yet another characteristic of the y-ray field of the neu- 
tron source is the emission from structural parts activated 
by neutrons. Measurements show that the y dose rate be- 
hind the target increases by 15-25% after 20-30 min of 
operation at a constant source power. This increase is ev- 
idently due to induced activity. The temporal decay of the 
activation component after the source is turned off is de- 
scribed by a fairly complicated law, so it is not possible to 
reliably identify all the partial channels of activation reac- 
tions. This characteristic should be taken into account 
when the source is operated at a low intensity (at a neutron 
yield less than 1012 n/s) right after the completion of work 
near the nominal intensity. 

CONCLUSION 

This study of the y-ray and neutron components of the 
ionizing radiation field behind the target of the SNEG-13 
neutron source leads to the following conclusions. 

1. In the volume studied (in the zone in which the 
samples to be bombarded will presumably be placed), we 
observe a pure spectrum of fusion neutrons. The contribu- 
tions of scattered neutrons and y rays are negligible-less 
than 5-10% of the dose of fusion neutrons, depending on 
the particular spatial point. Thus the neutron spectrum 
expected for a fusion device can be generated by using 
various composite materials between the surface of the tar- 
get of the neutron source and the detection point. 

2. The shape of the DT neutron peak is complicated 
and depends on the operating conditions of the source and 
the state of the target. There are certain source operating 

conditions under which it is possible to vary the half-width 
of the energy distribution of fusion neutrons and also their 
effective energy. This flexibility can be utilized for testing 
neutron spectrometric systems with a high energy resolu- 
tion. 

3. During prolonged irradiation experiments, the shape 
of the peak does not affect the results of the irradiation. 

4. The gradient of the neutron flux density near the 
surface of the SNEG-13 target is smaller than in the case of 
a point source. It thus becomes possible to irradiate objects 
of finite dimensions more nearly uniformly near the target 
surface. 

5. During steady-state operation of the neutron source, 
with the test sample at the target surface, the neutron bom- 
bardment is approximately pulsed. 

6. In the preparation for, and during, irradiation ex- 
periments, it is necessary to allow for the neutron spec- 
trum, primarily in monitoring the load fields. 
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