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ABSTRACT

It is of great interest to determine the deuteron temperature or
density in tokamak fusion plasmas from total neutron rate
measurements. This can be done easily during ohmic heating or H®
injection, where the velocity distribution function of the plasma
deuterons is Maxwellian. However, during D° injection the
distribution function is highly non-Maxwellian and until now
deuteron temperatures or denstities could only be evaluated with the
aid of complex codes. Here we present a fast interpretation code
using a Fokker-Planck formalism and identify the parameter ranges
where deuteron temperatures or densities can be determined from
neutron rate measurements during neutral beam heating. As an
example of its application, ion temperatures and densities are
evaluated for JET discharges.

1. INTRODUCTION

Neutron diagnostics offer the most direct way to obtain information about the deuterons
in fusion plasmas. Thus neutron diagnostics are of increasing importance for future fusion
plasmas and efforts are being made to improve the present methods for interpreting neutron
signals. The most natural procedure would be to determine deuteron densities from neutron
rate measurements and deuteron temperatures from neutron energy spectra. But as neutron
spectra are not always (and never in a simple way) available while, on the other hand, the
deuteron density can be derived from electron density, Zef-measurements and impurity
composition, there is much interest in determining deuteron temperatures from neutron rate
measurements. This is a quite straightforward and simple procedure for thermal plasmas. For

auxiliary heated plasmas, information on the deuteron temperature has as yet been accessible



only by using complex and time-consuming codes, such as TRANSP (HAWRYLUK, 1980;
GOLDSTON et al., 1981), which attempt to obtain consistency between all measured plasma
parameters within small variations of their values. Such plasmas have a highly non-
Maxwellian deuteron velocity distribution and therefore an enhanced fusion reactivity which
does not depend in a simple manner on the deuteron temperature. Even the use of the term
"temperature” is quite questionable in this case. To be precise, we define the deuteron
temperature by an asymptotic (and isotropic) Maxwellian part at low velocities in the actual
deuteron velocity distribution. The distribution function is thus artificially divided into two
parts, one of which is the thermal background plasma and the other is considered as the "beam”
part in the distribution. In this sense, the local neutron rate and the local reactivities can be split
into thermal, beam-thermal and beam-beam components. But one has always to keep in mind

that this is an entirely artificial splitting of the unique ensemble of deuterons in the plasma.

2. REACTIVITIES
The local neutron rate Y for a plasma containing ion species of type (i) and (j), e.g.
deuterons and deuterons or tritons, is given by:

nn;
Y= ;;s‘%j(ov).,- )

where nj and n; are the densities of the interacting particles and §;j is the Kronecker symbol.
The reactivity <ov>jj is in general given by the 6-dimensional integral:

(ov); = [[ £®);)005 =105 - 1% Q@
where f;(V) and f ;(v') are the normalised distribution functions, ¢ is the cross-section and
I¥ — 'l is the velocity of impact. In the case of neutral beam injection, the distribution function

f(¥) can be written as the sum of a thermal part f;(V) and a non-thermal part f,,(V) due to the

beam as mentioned above:
f) = £,(F)+ f, (V). 3

The corresponding densities are np, ny and np. The reactivity <ov> may then be written as the

sum of the different reactivities:
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The first term determines the thermal reactivity of the background plasma, the second one
describes the reactivity between the fast particles and the background plasma and the last one
the reactivity of the fast particles themselves. This leads to the three corresponding neutron
rates Yy (thermal), Yy (beam-thermal) and Ypp (beam-beam). The determination of those
reactivities in general requires the evaluation of a 6-dimensional integral. CORDEY et al.
(1978), however, showed that considerable analytic simplification for toroidally confined
plasmas can be achieved by symmetry assumptions and expansion of the distribution functions
f(v,u), where v=I¥l and 4 =v;/v=cosB is the cosine of the pitch angle, in Legendre

polynomials Py, as:

fom)=Y, a,()P, ()
n=0

thus reducing the number of integrations to be performed. For the above reactivities one

obtains the following expressions:
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with p;, = cos(6'-0), w =lv—v'l, m =mym; / (m; + m;) and ut=v
be mentioned that the zeroth order eigenfunctions a,(v), b,(v') of this expansion are the pitch-

angle-averaged distribution functions:
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3. STRUCTURE OF THE INTERPRETATION CODE

We have developed a code called NR-FPS (Neutron Rate-Fokker-Planck-Solver)
which has a fully modular structure. A software module which is easy to adapt to changes in
central data banks or to newly available diagnostics data reads all the input data which, apart
from the neutral beam deposition, are measured. The local distribution functions and the
reactivities are determined in the main module. In the interpretation module, one of the three

local parameters comprising neutron rate Y, ion temperature Tj, and deuteron density np), can

always be calculated, the other two being taken as alternate inputs to iterate the value of the
plasma parameter of interest. The code thus allows not only the determination of Tj or np, but
also prediction of neutron rates and neutron emission profiles and therefore detailed studies of

the influence of relevant plasma parameters on the neutron rate.

4. FOKKER-PLANCK MODEL

To calculate the non-thermal distribution function, we have chosen the simplified
steady-state model as given by ANDERSON et al. (1988), in order to speed up calculations for
online applications. We extended this one dimensional model to two dimensions v and ) in

order to calculate beam-beam reactivities. The Fokker-Planck equation is:

f (v, 1)
ot

=C(f(v,)+S(v,p)—L(v)=0 )
where C is the collision operator (see for instance STIX, 1975), S is the source of injected
particles with given energy and injection angle and L is a particle loss term.

Usually, the diffusion coefficients in the collision operator are calculated using the
Maxwellian velocity distribution of the background plasma in the Rosenbluth potentials. For
the electrons we can assume throughout a Maxwellian distribution with the measured electron
temperature. To estimate the effect of the non-Maxwellian deuteron distribution on the particle
relaxation we can use optionally a self-consistent solution which takes into account the actual
distribution function in the collision operator. Thus the Fokker-Planck equation becomes a

non-linear integro-differential equation which is solved using an iteration technique, taking the

initial distribution as Maxwellian.



Figure 1 shows the beam part of the pitch-angle averaged deuteron distribution function
Fy (Eq.6) as a function of energy calculated with a Maxwellian deuteron distribution (dotted
line) and with the iteration procedure (solid line) for Te = Tj = 2keV, ne = 4 x 1013cm-3, np/n,
= 0.65, injection source rate s, = 5.96-1013sec-1 and Ejpj = 40 ke V.

The effect of the self-consistent treatment on the distribution function and the reactivity
is rather small. The plasma parameters were chosen to give a relatively large final difference in
the calculated neutron rate, which in this case is 6%, while the typical difference for JET is
smaller than 2%.

At first the electrons, which are always Maxwellian, dominate the particle relaxation for

high velocities. Around and below the transition energy (cgs):
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where A and Aj; are the atomic masses of the test and j species of field ions, ne is in cm3 and T,
in eV, the ion collisions become more important and the use of the true deuteron distribution

function results in an overall reduction of the relative velocities and in a lower background

density. This leads to a retardation of the relaxation process and thus to an enhancement of the
.. s . 1
deuteron population in the distribution function around 5 mvg2.

S. RANGES OF APPLICATION
The neutron rate depends in a complicated manner on the different plasma parameters,

and small changes in the input data can have a strong influence. The relative change in the

neutron rate Y due to variations of the four most important input parameters Te, Tj, npy and

injection source rate sq is given by:
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The sensitivity factors Ke, Kj, Kp and K which describe the influence of electron and

ion temperature, deuteron density and source rate:
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are again functions of all the other plasma parameters. It should be pointed out that the higher
the value of one of these factors, the stronger is the neutron rate dependence on the
corresponding plasma parameter. By calculating 1,200 points in the 4-dimensional parameter
space Y(Te, Tj, np, so) (5 for Tj, 5 for Te, 4 for so, 3 for ne and 4 for np), we obtained
empirical fit-functions for the sensitivity factors. These fit-functions can be used to determine

the range of applications for neutron interpretation calculations. Figure 2 shows the sensitivity

functions of Te, Tj, np and so for 80keV injection energy with a power density typical for JET

of 0.77 W/cm3 plotted in a np vs. Tj diagram, together with measured data points from the JET

data base. The curves for the sensitivity of the neutron rate on the ion temperature are plotted
for Kj = 0.15 and 0.20, meaning that a change of 15% or 20% in neutron rate is caused by a
change in Tj by 1keV. The curves for K¢ = 0.2 and Kp = 0.2, where the latter signifies a 20%
change due to a change by 1019m-3 in np, are also plotted. In addition, the curve for Kj = K¢
is shown. For points belonging to this curve the neutron rate is influenced equally by T; and
Te, while the dependence on Te dominates for points below and the dependence on T;
dominates for points above this line.

Most of the measured data points are located below K; = K, and thus for these points
the influence of Te dominates over the dependence on the ion temperature. The weak
dependence of the neutron rate on Tj is due to the fact that the non-Maxwellian part of the
distribution function results from the relaxation process of the injected particles and thus Fy
mostly depends on Te, so, ne and Ejgj. If the neutron flux consists mainly of beam-beam and
beam-thermal neutrons, which for example is the case for low deuteron density plasmas, then
Te influences the neutron rate more than Tj.

The shaded areas in Fig. 2 show where one of the plasma parameters Te, Tj and np has
a stronger influence on the neutron rate than the others and thus mark optimum parameter
regions for interpretation calculations. The picture indicates that the ion temperature can hardly
be determined for high temperature plasmas with low densities such as hot ion modes.

However, the deuteron density can be calculated with good accuracy by numerical analysis in



this case. On the other hand, the ion temperature can be obtained from interpretation
calculations for medium temperature, medium and high deuteron density plasmas if the other
plasma parameters are measured with sufficient accuracy. A comparison with the experimental
data shows that the ion temperature can be calculated with reasonable accuracy only in a very
limited range, while interpretation calculations for np, can be performed for most discharges.
The errors in the temperatures and densities derived from neutron rates depend on the
sensitivity factors (Eq.9) and the errors in the input data and are determined by a variation of
the input values within their error range. As an order of magnitude, for the deuteron
temperature in the shaded Tj-region of Fig. 2 we expect an error approximately twice as large
as the error in the input data. But this error increases strongly with decreasing density. On the
other hand, the error in deuteron density derived from the neutron rate is in the same order as
the errors in the input data, and decreases with increasing temperature and decreasing deuteron

density.

6. EXAMPLES OF APPLICATION

Neutron rate interpretation calculations have been carried out for various JET
discharges with 80keV deuterium injection. As a representative example of an evaluation of
ion temperature, we present the result for the H-mode discharge #17160 with Pjy; = 6. 7MW,
With temperatures of about 3-4keV and central deuteron densities of 2.5-3.5x1019m-3, this
pulse belongs according to Fig. 2, to a parameter range where the critical parameters are T, and
np. The sensitivity factor for Tj is Kj = 0.1 approximately and thus an ion temperature
determination is possible for time points with low dilution. Taking the measured Te- and n-
profiles, the calculated deposition profiles from PENCIL (STUBBERFIELD et al., 1987) and the
plasma composition deduced from Zggr assuming a hydrogen density of nyg = 5% of the ion
density and a carbon to oxygen ratio of n¢/ng = 5.0, we calculate a central ion temperature of
Ti(0) = (3.14 £ 0.20)keV. The measured values are (3.6 £ 0.5)keV from charge exchange
recombination spectroscopy (CXRS) (BOILEAU et al., 1989) and (3.0 £ 0.3)keV from X-ray
crystal spectrometry (XCS) (MORSI et al., 1990). Alternatively, taking the measured T;-

profiles, the central deuteron density and thus the ratio np/ne can be determined. Figure 3a



shows measured np/ne ratios from CXRS assuming ny/njons of 5% and 10% in the plasma and
from the visible bremsstrahlung Zesr (HAL) (MORGAN, 1988) together with our results (calc.).
For the hot ion H-mode discharge #18757, which has been discussed in much detail
before (ADAMS et al, 1990; BALET et al., 1990; WATKINS et al., 1989), a temperature
determination from neutron rates is not possible since the neutron rate depends weakly on T;
for high temperatures and low densities. In this parameter region, instead, the neutron rate
strongly depends on np. In Fig. 3b again measured ratios np/ne from CXRS and HAL are
plotted as a function of time together with the results of our calculation (calc.) showing again

good agreement between all independent diagnostic methods.

CONCLUSIONS

With our fast interpretation software the determination of ion temperature or deuteron
density from neutron rate measurements is extended to neutral-beam- heated tokamak
discharges. Based on a sensitivity study, the error bars on an interpretation calculation can be
related to the errors in the measured input plasma data. This fixes the range of application for a
T; - or np, determination for a given accuracy in measurements. In general, a Tj determination
is possible for plasmas with moderate temperatures and medium to high deuterium densities.
The determination of n, offers a much wider range of application covering most of the
experimentally accessible plasma regimes.

The errors of the evaluated plasma parameters can be smaller than those from other
diagnostics, provided the numerous input plasma parameters are measured with sufficient
accuracy. This demonstraties the potential of our methods for future fusion plasma diagnostics

and experimental cross-checks.
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Fig. 3: Dilution np/ne as a function of time from CXRS diagnostics under the assumption of

5% and 10% H* concentration, from visible bremsstrahlung (HAL) and the calculated
np/ne ratios (connected points) for the discharges #17160 (a) and 18757 (b).
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