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Abstract

The neutron yield obtained from nuclear fusion reactions represents a straightforward
indication of the fusion power generated inside a plasma.

A JET-like apparatus has been reproduced and computer simulations carried out with
the help of Monte Carlo Neutron Photon (MCNP) code [1] in order to test for neutron
production and flux coming out from a D-D and D-T plasma.

A detection channel has been set up beside the torus chamber and the simulated neutron
yield calculated in five different angular positions related to the various sections of the
plasma view—angle resolved by means of a pin-hole.

In addition letargy calculations on neutron kinematics have been performed to estimate the
elastic scattering processes which are responsible of appearance of neutrons with energies
far from the D-D and D-T peaks detected at the bottom of the horizontal port.



1. Introduction

The neutron diagnostics provides a useful tool to obtain informations on the plasma pa-
rameters. In deuterium-deuterium (D-D) and deuterium—tritium (D-T) fusion reactions,
2.45 MeV and 14.02 MeV neutrons are respectively produced and detected in regions far
from the plasma. From measurements of total yield and spectral distribution and from
estimations of the peak widths it is possible to know the ion temperature inside the plasma
[1,3]. Monte Carlo simulations runs have been carried out in order to reproduce a typical
experimental result in plasma diagnostics and to analyze the informations which can be
obtained.

The MCNP computer simulations analyzed in the following are referred to neutron fluxes
outcoming from a detection channel placed at the side of a general torus chamber containing
the magnetically confined plasma.

The calculated yields on the below described simulated fusion apparatus have given a
statistically consistent set of outputs and the spectra obtained in different positions have
been analyzed by means of neutron kinematics.

2. Reactor structure reconstruction

A toroidal ring section has been assumed which reproduces the vacuum vessel. It is sur-
rounded by iron represented as a greater coaxial torus and with thickness larger than the
mean {ree path of neutrons. A smaller coaxial toroidal cell inside the mentioned chamber
simulates the region occupied by the plasma itself and it is regarded as the physical volume
where the source of neutrons is placed.

Then a horizontal port for plasma diagnostics has been reproduced together with the pin—
hole structure set up inside in order to select the neutron fluxes coming from different parts
of the plasma seen at different angles by the cells placed at the outer limit of the port.

For our purposes and in order to simplify the geometry of the problem, the sections of
both the vessel and the plasma have been supposed to be ellyptical instead of the typical
D—-shape usually reported. This has however no influence on the quality of the results
obtained [2].

The scheme relative to the geometrical structure simulated is shown in fig.1. The pin-hole
device has been supposed to be iron-made according to the hypothesis adopted for the
rest of the coverage of the vacuum vessel and the detection channel.

Track splitters represented by surfaces have been placed along the port in order to improve
the number of events and the statistical meaning of the yields counted [1]. This is an
important tool provided by the MCNP computer code which enables to reduce the true
number of events originally generated into the source cell identified by the central torus
inside the vessel in fig.1. This has been done in order to lower the CPU time which is one
of the main difficulties to overcome.

The frame has been chosen with the z coordinate along the axis of the horizontal port so
that the final cells shown in fig.1 are symmetrically displaced at different azimut angles 6,
evaluated from the z axis itself. The positions of these cells have been labelled with the
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3. Neutron source details

The spectral distribution of the neutrons produced in D-D or D-T fusion reactions have
typical gaussian shape [3] if the square root of the energy, instead of the energy E, is

adopted as variable,
(VE - VB)?

F(B) ~ exp |~ (1)

where B is the neutron fusion energy peak and W = FW H M /(log 16)*/2.

The ion temperature T; is directly related to FW HM by means of the well established
equations

FWHMp_p =82-+/KT; FWHMp_r =177 \/KT; (2a)

where K is the Boltzmann constant and the sensitivity on FW HM value is consequently
related to the ion temperature one by [3]

41 88.5 .

dFWHM)p_p = \/ﬁKdTi dFWHM)p_7 = T kdl ()

To get a useful normalization during the calculation, the following scaling constant has
been chosen

f(Bp-r)=__ max {f(E)} ,

0<E<15 MeV

which represent the absolute maximum of the global distribution D-D + D-T, so the
correctly normalized form of (1) becomes

(VE — VB)?

f(E) = ;n—a—.x{ITE)}exP [——W—z ; (3)

while the global distribution of the source can be written as

fiot(E) = fp-p(E) + fp-1(E)
due to the fact that the two peaks are well separate on the energy axis and their shapes
are very narrow, so that the overlap is negligible [4].

The input values of fusion energies B of the two reaction and of the relative FW H Ms are
BD—D ~ 2.4750 MeV BD—T ~ 14.076 MeV

FWHMp_p ~0.2657T MeV  FWHMp_1 ~ 0.5623 MeV .

As we are interested only in neutrons coming out from the detection port, a forward
emission probability from the source has been imposed, giving a statistical weight to the

emission angle
P(cosp) = €% (4)

where, once again, ¢ is measured from the = axis of the laboratory frame. This has been
done in order to partially avoid lack of events evolving in undesired directions, useless with
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4. Results about MCNP and discussion

The MCNP code adopted provides an output function Y (E,,, 8;) which gives the neutron
yield, averaged over the transit time inside the cell, as a function of both detection angle
and energy. The energy range has been divided into intervals AE,, (m = 1,...,N) and
each of them represent a bin where a neutron history can terminate. The results presented
as histograms are then identified by the following expression

Y(Em,ak)z// o(7,E,t) dE dt , (5)
At JAE

m

where E,, is the mesh point of AE,, and
®(7, E,t) = [v] n(7,E,t) , (6)

being v the average velocity of the particle crossing the cell and whose modulus can be
deduced from the kinetic energy Eiin, v = 4/2Ekin/mn. Furthermore, n(7, E,t) is the
generalized particle density, i.e. their total statistical weight divided by the cell volume.

As it can be easily remarked from Fig.1, the radial positions of the cells can be considered
as a constant as their distances from the plasma r; is much greater than the distance
among them, i.e. V k' # k it is always true that |ry —ri|/rx < 1. The index k is the afore
defined cell label.

On each angular position 6 the neutron yields have been plotted as histograms, so a
discrete angular resolution of the neutron flux can be gained and different regions of the
plasma scanned.

It is quite evident that the thermalization of neutrons to low energies, i.e.energies below
~ 2.5 eV, gives rise to a sort of mask effect of the D-D peak which apparently disappears,
also due to the natural attenuation of the flux far from the source [5,6]. As a matter of
fact, the neutron flux linear attenuation coeflicient has been evaluated as

d®
_7;?21_ = p=7.01-10%cm™?
HA

The higher the angle @) the stronger the masking. The reason is the vicinity of the pin-
hole walls which are responsible of low—angle elastic scattering of the neutrons that arrive
at the cell. Such an effect emphasizes going nearer to the pin-hole surfaces, while it is
sensitively reduced in the central detection cell. Despite this the unmasking of the D-D
peak is not complete, and a residual peak can only be guessed [7] .

The main tool is the possibility of observation of different sections of the plasma region
as the view angle is selected by the pin-hole, which, then, allows a kind of space-resolved
diagnosis [6].

At large angles (62, ,0_5) the whole spectrum is remarkably reduced up to 2 orders of
magnitude due to the fact that thinner sections of the plasma torus are seen with respect
to the central angle 8, and because of the choice of the initial direction of the particles
forced to be preferentially forward oriented as quoted before. Neutron yields histograms
are shown in Figg.2 a—e.
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In spite of the fact that the D-D peak vanishes, it is possible to estimate its FW HM
by means of a fit with an overposition of a gaussian-like function and an exponential one
in the region below ~ 5 eV. The choice of the gaussian-like function is suggested by
the source distribution (1). A similar analysis can be performed also on the D-T and a
significative example about the results of this kind of calculations is shown in fig.3 for the
central detection cell. It is possible to carry out this fitting procedure also on the remaining
cells, but no appreciable changes in FW HMs have been shown. Only the amplitude of
the gaussian-like distribution functions reduces.

A decreasing in the FW H Ms values with respect to the source ones has suggested to set
up two empirical scaling factors

FW HMjg ree

Bp-p = e = 177
FWHMD_D
FWH source

Bp-T = D-T  _ 750

FWHMY'S

in order to estimate the jon temperatures using (2a) and the sensitivity (2b). The numerical
values estimated are

FWHMY =150 £ 7 KeV FWHMY: =15+ 4 KeV

T, ~1.20-10° K

in good agreement with the literature [3, 6]

5. Neutron kinematics analysis

A simple analysis of the elastic scattering processes of neutrons has been supported with the
help of neutron kinematics in order to reach a better knowledge of energy-loss phenomena
occurring during a neutron history along the horizontal port. The spectrum obtained at
the exit of the horizontal channel broadens as mentioned and yields on energies far from

the narrow—peak distributions are found.

The iron made pin-hole inside the port seems to be the only candidate to collision processes,
so elastic n — F'e scatterings has to be taken into account to estimate the afore mentioned
energy decreasing. In the laboratory frame, a completely elastic scattering of a non
relativistic neutron can be described as a negative variation of its energy from an initial
value Ej to a final one E < E, by the equation [8]

dE 24 (

—E: = md(cos 6)

-~
S—

where 8 is the lab scattering angle and 4 is the atomic weight of the target nucleus. The
value FE after a single collision lies in the interval aFy < E < Ey, being

(A —1)\2
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and the scattering probability takes the form

dE
W= ey (8)

The letargy can then be defined as u = log(Ey/E) and its value, averaged over the quoted
interval, depends only on the nature of the target and not on the dynamics of the incoming

neutron. Indeed
Ey

dw
u = / log(Eo/E)EdE = IOg Eo— < logE >
aEy
(A—1)2 A-1
1 .
24 841 9)

It is then possible to state that one collision decreases the average letargy value from log Ey
to <log E > and, as a natural generalization, k collisions give rise to the formula

=1+

<logEr >=logEy— k-7 . (10)

With simple algebraic manipulation of (10) it is possible to extract the number of elastic
scatterings occurred by a neutron observed at an energy F. Assuming that the mean value
E.. related to each bin in the MCNP output histogram represents the final energy, it is
possible to estimate the most probable number of elastic processes n — Fe which have
removed neutrons from D-D or D-T characteristic peak energies,

Ey._,
dw 1
Em = Ej = / E—=dE = ;‘“E,c_l . (11)
aE 4

Intervals and probabilities can be redefined as

2
™14+ a

m]

2c
[@Bk—1,Er_1] = [1 n aE

14+a 1
1-a2F,,

while the discrete set of output energies written as

daw =

dE | (12)

2E1u/(1+0’) dW
<log B, >= / log E - EdE
2aE,, /(1+a)
2F.,. «
1+« 1 -«

loge (13)

and combined with (10) to obtain the mentioned number of collisions k. For our purposes
the starting energies Fy have been chosen as the fusion energies of the D-D and D-T
nuclear reactions. Errors can be estimated by means of the canonical variance calculation



which suggests that the relative error

AEm_ 11—«
E., 3l+a

(15)

does not depend on the energy but only on the nature of the target by means of o defined
at the beginning of the paragraph. In the case of elastic neutron scattering on Fe the
calculations give the value

AE,,

=2.06-10"2
B 6-10

Results of number of collisions vs. final energy E,, for neutrons with D-D and D-T typical
starting energies are shown in Fig.4 .

6. Conclusions

Monte Carlo simulations of neutron fluxes produced in D-D and D-T fusion reactions have
been performed and kinematics analysis carried out in order to predict results of plasma
diagnostics with neutrons.

Statistical errors resulting from Monte Carlo calculations vary over a narrow range for each
bin. Their values are ~ 7T % on energies in the neighbourhood of the fusion peaks, and
increase up to ~ 15 % at very low energies and mostly in the central region between D-D
and D-T, due to the fact that the number of neutrons dropping from D-T peak to lower
values are practically the only ones which contribute [9]. Then the statistics comes out to
be less significative and error bars increase consequently.

The pin hole structure has been shown to be very useful in selecting the sight angle and
detecting neutron fluxes coming from different sections of the plasma. This provides a
kind of spatial resolution of neutron spectrum and a more accurate diagnostics set up.

On the other hand, the pin-hole walls are responsible of the neutron scatterings as sug-
gested by kinematics calculations and the proof can be easily deduced by the yields plot
at large detection angles with respect to the ones evaluated at 6,. Fluxes travelling near
the F'e walls are in fact more affected by elastic collision processes and a higher yield on
energies well far from the source peaks appear as a direct consequence.
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Figure Captions

Fig. 1. Scheme of the computer simulated vacuum vessel and horizontal port.

Fig. 2a-e . Neutron yield histograms in the five detection cells obtained from MCNP
simulations.

Fig. 3 . Example of the fitting of the peaks D-D and D-T and of the estimation of
FW HMs. Values are referred to the central cell.

Fig. 4 . Calculated number of collisions occurred by neutrons with D-D and D-T typical
fusion energies vs. possible final energies at the end of the horizontal port.
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