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ABSTRACT

The- paper presents the concept of a neutron
generator based on a thermonuclear device with a
blanket acting as a neutron reflector. It is shown
that in such a generator the neutron flux to the
test sample of a material is much higher (by a
factor of several tens) . than the fhix in an
ordinary thermonuclear device. Neutron generator of
this type based on a small two-component tokamak,
is considered. The neutron flux in an ITER-type
tokamak reactor with a neutron reflector is

estimated.
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1. INTRODUCTION

Neutron generators are needed for many practical
purposes. One such purpose is radiation teatinge of
materials, which is necessitated by the problem of the first
wall of a fusion reactor. A neutron generator serving this
purpose should supply a neutron flux to the test sample
which over the time of the experiment would give a neutron
fluence equal to 10 MW }:f/m2 for the wall of the demonstra-
tion reactor (DEMO) and 40 MW J.f/m2 for a commercial reactor
[1]. The generator should produce neutrons with energies E =
= 14.1 MeV and also with lower energies (the neutron flux to
the first wall can be essentially higher than the initial
flux of particles with an energy of 14.1 MeV).

The concept of a neutron generator with such properties
is presented in this paper. The proposed generator is a
thermonuclear device in which neutrbns are accﬁmuiated Toq Bl
special way. The thermonuclear device can be virtually any
steady-state (quasi-steady-state) system  with magnetic
plasma confinement (tokamak, stellarator, open trap, etc.)
or even a pulsed system. However, the calculations made in

this paper do not apply to the latter.
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The characteristics of our neutron generator based on a
thermonuclear device differ essentially from those of
earlier proposed neutron sources [2-5]. These have an almost
monoenergetic spectrum of neutrons with E = 14.1 MeV and
differ from a fusion reactor of the relevant type only by
their smaller dimensions and the energy gain factor (Q<<1),
thus having correspondingly lower neutron fluxes than the
reactor. In particular, Vasil’ev et al. [4] described a neu-
tron source based on a centrifugal trap, while Hendel and
Jassby [5] analysed the potential of tokamaks as neutron
sources. Only Mirnov et al. [2] and Berk and Ryutov [3]
considered a special neutron generator (based on an open
trap) where the neutron flux density could be increased
locally by a factor of up to 6.

Section 2 describes our method of amplifying the neutron
flux in a thermonuclear device. In the same section we have
performed evaluations for a neutron source with neutron
accumulation based on an ITER-type tokamak reactor. In
Section 3 we give the results of calculations for a neutron

source based on a small two-component tokamak.

2. INCREASING THE THERMONUCLEAR NEUTRON FLUX

Let us assume that the plasma which serves as the source
of 14 MeV neutrons is surrounded by a blanket of nonfissile
material with a high neutron albedo {Sn]. Then, if we neg-

lect neutron multiplication in the blanket material, the

following neutron balance equation holds:
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where N is the number of neutrons in the volume bounded by
the inner surface of the blanket, P:J+ the rate of neutron
production by nuclear fusion reactions, I' the density of the
neutron flux from the plasma to the blanket inner surface, S
the area pf‘ this surface, and Sﬂ the cross-sectional area of
the openings in the blanket associated with the structural
features of the device. Equation (1) is written on the assu-
mption that neutrons which go through the openings in the
blanket do not return to the plasma. For simplicity’s sake
it is further assumed that the plasma and the blanket have
circular cross-sections so that I' ~ const on the surface and
we can represent the neutron flux in the form I'-S. In the
steady state we obtain from (1):

r
0
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where I' = I;F+/S is the density of the neutron flux to the in-
ner surface of the absorbing blanket or in the .absence of
the blanket (at the same points).

Hence it follows that the flux density is higher than l“n
by a factor of K,= [1 - B (I - SD/SJ}"I. If the thickness of
the blanket is small in comparison with the radius of its
inner surface {th‘.:*: a, see Fig. 1), the quantity K, charac-
terizes the increasc of the neutron flux to a sample located
outside the blanket near the openings.

If however, the sample is placed between the first wall
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Fig. 1.

Section of the chamber through the & = const plane, where is the
toroidal angle. [ and II denote the regions with the plasma and the

blanket, respectively.

T

and the blanket, the flux to it will be higher than K*FD
owing to neutrons moving towards the plasma. For simplicity,
we shall assume that the gap between the first wall and the
blanket inner surface is small in comparison with the
latter’s radius, i.e. a-.a << a. In this case, we can
neglect the gradient of the neutron flux over the sample
dimensions, and the total density of the neutron flux to the

sample will be

I‘E =T + F;‘ (3)
where l“1 is the density of the additional neutron flux from

the blanket and the total amplification factor of neutron

flux (K) is

K = : (4)

From (3) and (4) it follows that

-
K=K*[1+FIJ=KK, (5)

where K1E (1 + T /T) is the factor of additional increase of
flux due to neutrons moving towards the plasma. It is easy
to see that Kls 2, while K1= 2 for K, = o, Su': 0. In fact,
K = o for an )ik So= O, therefore for K ,= o the neutron flux

to the plasma is the highest and equals the flux from the

]

plasma; consequently K1(K*=m)=K1 2. In order to estimate

max

how high K should be to ensure that Kl is close to K:max’ we

assume that Jf'i*||+ = n, where n is integer. Then, if we assume

that this value is attained owing to an n-fold escape of
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neutrons from the plasma, we come to the conclusion that
neutrons should return to the plasma n - 1 times. Therefore,
Flzl“ = (n-1)/n. If we require that K = 2 with not more than
10% error, we obtain the condition n > 5. We shall see below
that this conditicn can be easy satisfied.

Taking into account the foregoing, we shall characterize
the increase of the flux to a sample located between the
first wall (confining the plasma) and the blanket by a flux

amplification factor

2o
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Here we have introduced the factor @« > 1 to take into ac-
count the neutron multiplication reactions in the blanket
(it is assumed that the magnitude of the albedo Bn is a
slowly varying function of neutron energy); in the absence
of multiplication « = 1. In order to estimate the Bn in exp-
ression (6), we can use the well-known relationship (see,

for example, Ref. [6]):

142D d In ®(r)
dr
*b
ﬁn= . : (7)
192D d In &(r)
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where D is the neutron diffusion coefficient in the blanket
material (having the dimension of length) and & = n |3|,
where n and v are, respectively, the density and velocity of

neutrons in the blanket. &(r) in the simplest approximation
=

[6] satisfies the diffusion equation
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where Ea is the macroscopic neutron absorption cross-sec-
tion. Considering that Z£ D<<l, with the help of (7) and (8)
a

we find

1 b
8HN1_4KDW’ [9]

where x2=Eax’D, and Kﬂ(x} and Klix) are modified Bessel func-
tions. Hence, substituting Bn into Eq. (6), for Sn/S = 0 we
cbtain*}

oK (ka )

- 0 b
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K (10)

In Fig. 2 the solid lines represent values for the flux
amplification factor versus the inner radius of the blanket
[ab} for @« = 1 which were obtained on the basis of Eq. (10)

14 MeV (for

and the neutron cross-section data [7] for En
neutron energies in the 3 - 14 MeV range the scattering and

absorption cross-sections change little). It is seen that
even at a ~ 40 cm amplification factor K~10-30 is possible,
and at ab> 100 cm the amplification factor can attain 60-70

(when DEO is used). Neutron multiplication as a result of

g Formulae (9) and (10) are valid for a very thick blanket
(:cLb >> 1). For smaller Lb the values of Bn and K are, of
course, lower. For example, for rcLb=l the value of K is ~10%

lower than that obtained by formula (10).
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Flux amplification factor K=2/(1-pn) as a function of inner radius
of blanket for several materials (solid lines). The following values of
k—1 (cm) and D (cm), respectively, were assumed in the calculation:
Mo (34, 1.52), Nb (76, 1.5), C (54, 0.903), BeO (29, 0.76), Pb (170,
1.32), D20 (160, 0.8). The dashed line indicates the value of
(2a/ (1 — Bn) for lead taking into account the n—2n reaction; here we
used values of q=2and k' =117 c¢cm, D=1.43 cm corresponding to
a secondary neutron energy En=17 MeV.
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reactions of the type n » 2n, n - 3n in some materials -leads
to a still higher increase of K («>1), although this is ac-
companied by a further decrease in neutron energy. In Fig.2,
the dashed line shows the value of K for lead, in which the
mean path length for the n - 2n reaction is only 5 em, i. e.
a=2; however, the albedo has to be determined for secondary
neutrons with En = 7 MeV.

The proposed method of increasing thermonuclear neutron
flux is a versatile one - it can be used in thermonuclear
devices of different types (tokamak, stellarator, open
traps, etc.). Note that since the thermal load on the first
wall is associated with the plasma and alpha particle
fluxes, it is determined by the value of the initial flux
F.;, and can be very moderate even for a high value of the
neutron flux I'. Its efficiency increases with the dimensions
of the device up to values at which Kﬂ{mab] = Kl(x:ab], cor-
responding to the condition a > 2k ' (in order to evaluate
the possibility of satisfying this condition, let us note
that, for example, when carbon is used in the blanket k= =
= 54 cm, but when DZO is used J-c,“l = 160 cm). Given that the
initial thermonuclear neutron flux increases with the size
of the device, the highest neutron flux to the test sample
will clearly be achieved in large-scale devices. For ex-
ample, in an ITER-type tokamak reactor with a lead blanket
K = 60 . and I' = 3*1{}15 nx’cmz-s. However, even small devices
can have sufficiently large I', several times larger than
the I"D of an ITER reactor without a reflecting blanket, and
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consequently be of interest for the radiation testing of

materials.
3. NEUTRON GENERATOR BASED ON
A TWO-COMPONENT TOKAMAK

In our opinion, the most attractive neutron source at
the present stage of a development is a tokamak as it is the
best-tested system. For this reason below we consider the
neutron source based on the two-component tokamak. We show
that even in a small tokamak with a moderate magnetic field
and an injected power of only 5 MW, a neutron flux density
in the sample about 3:10"" n/cm’-s can be obtained, which is
sufficient for a fluence level of ~10°“ n/cm® in less than a
year. In certain sense such a device may be regarded as the
extremely small one.

The features of this device which enable such results to

be achieved are as follows:

I- It uses a blanket with a high neutron albedo B, which
n
gives a considerable increase of the neutron flux;

II- Not only neutrons with £ = 14.1 MeV but also neutrons

with a wide energy sper?trum formed by the blanket are
used for testing samples;

III- The test sample is placed between the first wall and
the blanket;

IV- The 14.1 MeV neutrons are produced in the D.T beam-plas-
ma reactions, deuterium beam is being proposed to use.

Let us look at the possible characteristics of such a

12
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neutron generator. In all the «practicaly» = formulae used be-

low the radius R is expressed in meters, the temperature T

in kiloelectronvolts, the magnetic field B in teslas, the

: . 3 S : .
density n in 107 m 3, the current I in the plasma in mega-

amperes, the power P in megawatts and the time in milli-
seconds.
Parameter Calculated value Explanation

(a) Geometry

Ma jor radius of plasma, R 0.9m
Radius of first wall, a_ 0.15 m
Radius of blanket inner

surface, ab {2 m
Blanket thickness, Lb 0.35 - 0.4 m
Aspect ratio of coils, A g = 1.5
Plasma chamber volume, V 0.4 m°
First wall surface area, S 5.3 m°

(b) Plasma part

Plasma aspect ratio, 4 6
Magnetic field on axis, B 4.2 T Maximum field on
coil 12~15 T
Current in plasma, I 0.25 MA
Safety factor, g i q=5 it
2
AT
Average temperature of
electrons and ions, T 2 keV
Average density of ions, n 1.2-1020111_3 Murakami parameter
nR
Mu = 10 B_
13




Temperature at plasma 3 keV
center, T(0)

Plasma density at center,

n(0) 2.4-1020111

Effective charge number, Z 2 1
e

Required energy confinement 11 ms

time, T

E
Toroidal, .é )17
Poloidal ,é[ 1.75

Tangential injec-
tion provides main
heating at center
heating at center

-

Parabolic profile

TEiII: 1(25+58/P)

1:”;”= 1(58+61/P)

P is the injected

1

power in MW; P=O.8Pl
P=5 MW;

1
Troyon limit

5 ow it aien

max qA

BI/A = 0.29

(c) Neutral injection (tangential)

Injected power, Pi

Density of injected power, fF’i
Energy of injected deuterons, €,
Deuteron current, ID

Deuteron gyroradius, P

Neutron beam ionization length, A

Fast ion slowing down time, TE(ED}

14

5 MW

12.5 MW/m
140 keV
5. A

1.8 cm

32 cm

*
e

.L. ¥

QL

S G Ll S
£ E 3

£

a

L
where g is the
fast ion energy

Charge-exchange time, T

Transverse pressure of 0.4%

*
fast particleel, B

Energy efficiency, Q

Beam area, Sb

Ratio of beam area
to first wall surface

area, S /S
bil W

<TV>
e
n * ¥
sl 6l
cCX

12 ms = =T
Cx CxX

#

T =9 . and v is the
n E

fast ion velocity
We assume that the fast

particle confinement
time in the plasma is
twice the charge-exchange

#

tinie = 2t .
CX

B |
* sin ¢ TG
Bi[‘F‘LL q 2 Tufly X'ca)
or 1'*= 24 ms, T = 28 ms
('i':#.-"T ) = 0.6

#

0.64 During time <t the ion

loses 757 of its energy,
escaping from plasma with
energy < 40 keV. Thus,

Q > Q(140) - Q(40) = 0,64
Q[ED} =P XPi=[efus/ED}f;

fus

I R Ty A

fus fus O

e = 17.6 MeV,

f - being the reaction

propability
500-1000 cm S = P /p , Where
b i max >
p =5 = 10 kW/cm
max :
0.009-0.019
15




(d) Tritium system

Tritium burnup in one year
of operation

Tritium drawing through
the system (not exceeding)

141 g/year

8 grhowr for .= T

n

(e) First wall

e
L4

Thermal wall load, Wth

fus

£ = 3.5 MeV
o

Neutron load, I"GE* 0.48 MW/m
F n

Density of thermonuclear
neutron flux with E = 14.1 MeV

n

to the first wall, I“G 2.13'1013n/cm2-s

(f) Blanket

Flux amplification
factor, K 15

Lead (35 cm) +
+ absorber(5 cm)

The absorber can be lithium-containing matérial which
will ensure both neutron shielding of the coils and partial
tritium breeding. The blanket should contain channels
through which the test sample can be inserted into the slit
for testing. The thermal load in the blanket is small
- 0.55 W/cm®.

The total neutron flux to the sample is about

3- Jui}Hn,r’vc:m2 ' S,
4. CONCLUSION

In this paper we have described a method of applying to
the test sample of a material the maximum flux of neutrons

‘ormed in a plasma system by nuclear fusion reactions (for
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1.O6 MW/m Wtthi [1+Q = ]/Sw

example, DT reactions). The increase of neutron flux is
achieved by accumulation of neutrons in the plasma
confinement volume an their rational use. The neutron energy
spectrum lies in the region of En < 14.1 MeV. The shape of
the spectrum depends on the material of the blanket, its
structure and geometrical factors.

Our consideration showed that the flux of thermonuclear
neutrons could be increased considerably - by a factor of
several tens. But this consideration is qualitative rather
than quantitative. Detailed calculations of specific systems
need to be performed in order to obtain a complete picture
of the characteristics of the neutron source considered.

[n our opinion,. it is of greatest interest at . the pre-

sent stage to calculate and develop the design of the neu-

tron source based on a tokamak. Its possible parameters are
presented in Sec. 3. However, the neutron source, proposed
in Sec. 3 can not operate in steady-state regime because of
the large energy release in the toroidal magnetic field
coils at the inner circumference of the torus. To avoid the
mentioned difficulty and, in addition, to provide coils with
the neutron absorber protecting them against the neutron
flux one need to increase the tokamak major radius (and as-
pect ratio of the torus). Then the plasma cross-section
should be taken elongated and, perhaps, bean-shaped. For
example, one can take A =12, a=15cm, k =2 (kis a
plasma elongation).Also the toroidal field maybe decreased
(B ~3 + 3.5 T).
17
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At last, we note that the mirrors, especially
Cas-Dynamic Trap [2], seems to be good candidates for the
use as a neutron source with high albedo blanket because
they have technological advantages in comparison with toroi-
dal systems.

The authors are grateful to D.D. Ryutov for fruitful
discussion.
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