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The concept of a new diagnostic for NSTX to determine the time dependent charged fusion product
emission profile using an array of semiconductor detectors is presented. The expected time
resolution of 1–2 ms should make it possible to study the effect of magnetohydrodynamics and other
plasma activities �toroidal Alfvén eigenmodes �TAE�, neoclassical tearing modes �NTM�, edge
localized modes �ELM�, etc.� on the radial transport of neutral beam ions. First simulation results of
deuterium-deuterium �DD� fusion proton yields for different detector arrangements and methods for
inverting the simulated data to obtain the emission profile are discussed. © 2010 American Institute
of Physics. �doi:10.1063/1.3464262�

I. INTRODUCTION

The products of d�d , p�t and d�d , 3He�n reactions,
namely, the 3 MeV proton, 1 MeV triton, and 0.8 MeV 3He
ion, originate mainly from the neutral beam-plasma interac-
tion and are not confined in NSTX. Due to its relatively
small magnetic field �0.2 T�B�0.6 T for the trajectories
studied here�, the gyroradius of a 3 MeV proton or a 1 MeV
triton is between of 0.4 and 1.3 m, which is close to the
typical size of the poloidal cross section of the NSTX
plasma. Protons and tritons originating in the central region
of the plasma can often exit the plasma without completing a
full gyro orbit. If one detects these fusion products by select-
ing a certain particle direction at the location of the detector,
one obtains a direct “view” of the DD fusion rate profile in
the plasma interior. The data accessible in this manner, which
are heavily weighted to the profile of the injection energy
beam ions rather than the partially slowed down ions, com-
bined with measurements of the bulk plasma ion density pro-
file, will allow one to determine the neutral beam ion density
profile and its variation with time. With typical ion tempera-
tures of �1 keV, the beam-thermal reaction rate is more than
a factor of 25 larger than the thermal one. The ratio of beam-
beam to beam-thermal reactivity is roughly the ratio of the
beam ion density to the thermal ion density, namely 0.13.
Consequently, beam-thermal reactions are dominant in
NSTX, with beam-beam and thermal reactions suppressed by
an order of magnitude. The high time resolution of this sys-
tem will make it possible to study magnetohydrodynamics
�MHD� effects and correlate the proton data with other fast
ion loss diagnostics such as scintillator fast lost ion probe,1

solid-state neutral particle analyzer,2 fast-ion D-alpha
�FIDA�,3 and the neutron detector and provide useful data for
energy and momentum transport studies. In addition, the

presence of this diagnostic on NSTX would allow cross com-
parison with FIDA measurements of the neutral beam ion
density profile. This would be of value since the sensitivity
of FIDA to beam ions has some pitch angle dependence
while the technique proposed here has much less dependence
on the pitch angle of the beam ions at their point of sam-
pling. Such a cross comparison of the diagnostics would al-
low assessment of the degree to which the pitch angle range
seen by FIDA drives instabilities or is transported by them.

For this new diagnostic we will use an array of colli-
mated particle detectors arranged in such a way that they
measure MeV charged fusion products �CFPs� within well
defined bundles of orbits �similar to sight lines� that are
crossing the plasma. The detection system, based on solid
state detectors and a fast multichannel digitizer, will be able
to handle the expected high particle rates �up to a few mega-
hertz� allowing integration times as short as 1 ms, and lead-
ing to a time resolution of the same order of magnitude. To
explore the potential of this new diagnostic we will build a
first version with a total of eight detectors arranged in vari-
ous configurations.

II. TWO-DIMENSIONAL MODEL

All diagnostics that determined plasma profiles through
an inversion technique used quantities which have been in-
tegrated along straight lines of sight across the plasma, e.g.,
x-ray emission and neutron emission. The integration path
was therefore very simple and independent of the magnetic
field. For the proposed diagnostic however, the integration
paths through the plasma are curved and depend on the
knowledge of the magnetic field.

Hence, to study the feasibility of an inversion using
curved paths we first carried out a two-dimensional �2D�
Monte-Carlo simulation of particle production in a simple
system consisting of a region with constant magnetic field, a
collimator, and a detector. The third dimension was ignored
in this case, as in this direction the particles behave like free
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ones. The location and the direction of each particle were
selected randomly within the constant magnetic field region
and given a weight according to the local value of the emis-
sivity. The particle was subsequently counted if its trajectory
passed the collimator and hit the detector. The ratio between
the number of counted particles and the total number gener-
ated corresponds to the total detection efficiency for the
detector-collimator configuration �2d. The same quantity can
be calculated as follows

�2d =
�A���d��orbitS�r��dl

2���areaS�r��dxdy
. �1�

Here A��� is the effective detector opening, � is the incident
angle, S�r�� is the emissivity at point r�, and orbit represents
the time-reversed particle trajectory. The expression in three
dimensions is very similar.4 The emissivity S���r��� was
given as a function of a single variable ��r�� which plays the
role of poloidal flux of a real system implying constant emis-
sivity on surfaces of constant flux �. We introduced some
structure into this function to investigate how well it can be
reproduced by the inversion procedure using the simulated
measurements. In addition this simulation also served as a
check of the calculation of the detection efficiency given in
Eq. �1�. This method has been successfully applied previ-
ously in systems detecting CFPs from well defined orbits.4–6

We found that for geometries similar to the one planned for
the real system that the two methods agree within the preci-
sion of the Monte-Carlo calculation.

To determine S we expressed it as a function of � with
adjustable parameters. These were then optimized by fitting
the integral of the emissivity along the central orbit of the
detector-collimator system to the simulated experimental re-
sults. The central orbit was defined by the time-reversed pro-
ton orbit with its initial position at the center of the collima-
tor and its direction pointing from the center of the detector
to the center of the collimator. We used two types of poly-
nomials to represent S���. A “standard” polynomial

S��� = a0 + a1� + a2�2 + a3�3 + a4�4 + a5�5

and a series of Zernike polynomials n
mZ�r ,�� where for the

moment we selected the m=0 subset which are radially sym-
metric polynomials.

S��� = a0 + a1 · 2
0Z��� + a2 · 4

0Z��� + a3 · 6
0Z���

+ a4 · 8
0Z��� + a5 · 10

0 Z��� .

These types of polynomials are being widely used in optics
and in x-ray tomographic reconstruction.7 To include the fact
that experimental data have finite errors we assumed a cer-
tain statistical error in the “experimental” data and added
corresponding random offsets to each simulated data point
according to its precision. These data points together with
their errors were subsequently used in the fit procedure de-
scribed above. The results of one of these fits is shown in
Fig. 1. We found that both parameterizations can reproduce
the emissivity S��� within each error bar and that the quality
of the reconstructed function depends strongly on the preci-
sion of the experimental data. The possibility of alpha to-
mography, which faces a similar problem, has been discussed
in Ref. 8.

III. SIMULATIONS FOR NSTX

To estimate the proton rates in NSTX we used a LOR-

ENTZ orbit code5 and placed the detector array at two posi-
tions, above and below the midplane. We then calculated the
central orbits for the eight detector orientations �Fig. 2�. The
collimator and the detector active area were selected to be
5�5 mm2 and the distance between the collimator and the
detector was 50 mm. Assuming a total reaction rate of
2�1014 neutrons /s we obtained counts for integration times
of 1 and 5 ms. As in the 2D case we added a random deviate
to each point according to its error and fitted the pseudodata
taking into account their statistical errors. The emissivity was

FIG. 1. �Color online� The reconstructed emissivity S��� for the 2D model
using a series of Zernike polynomials up to n=8 �a total of five parameters�
fitted to the simulated data of seven detectors. The dashed line indicates the
function used in the simulation and the error band indicates the uncertainty
of the fitted function value.
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FIG. 2. �Color online� The poloidal view of the NSTX plasma, the limiters,
and the detector position above the midplane together with the central orbit
associated with each detector in the array. The filled contours represent the
emissivity S��rel� and the other ones the relative poloidal flux �rel.
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again expressed as a function of �rel which is defined in such
a way that �rel is 1 on the magnetic axis and 0 on the plasma
surface. The emissivity used in ORBIT was given by a simple
power law S��rel�=�rel

	 where 	=11.45 which has described
a past experiment but does not necessarily match expecta-
tions for the NSTX emission profile.9 For both the top as
well as the bottom �below the midplane� detector array po-
sition the fit was able to reconstruct the emissivity with the
top position giving a slightly better reconstruction. The re-
sults of the fit for the top position in shown in Fig. 3.

Uniform proton emission on a flux surface is used here
as an approximation for the design of a first instrument with
a limited number of channels and the interpretation of its
data. While beam ion density is not strictly a function of flux
surface, the fact that the beams inject tangentially in NSTX
means that the beam ions will deviate little more than one
gyroradius �about 15 cm� under typical conditions. In case of

changes in the beam ion density profile produced by MHD
activity, one might imagine that the underlying plasma equi-
librium will not change too drastically, leaving any changes
in the signals to be interpreted as real changes in the reactiv-
ity along those chords and not just movement of the chords
to different parts of the plasma due to changes in the mag-
netic field. In future studies we plan to include a variation of
the emissivity as a function of the poloidal angle �. This will
allow us to investigate the influence of such a variation on
the assumption of constant emissivity. We will then test the
reconstruction of S�� ,�� using two detector arrays at two
different locations with orbits that cross each other.

IV. SUMMARY

The 2D studies as well as the simulations for NSTX with
ORBIT have shown that one can obtain the emission profile
from an inversion procedure applied to a data set obtained
from an array of detectors that are viewing different parts of
the plasma cross section. The next step in the development of
this diagnostic will be the construction and installation of
one or two channels to obtain real data and optimize the final
design followed by the construction of the final eight detec-
tor system. Depending on the results obtained with the eight
channel system, more channels will be considered for a sec-
ond generation instrument.
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FIG. 3. �Color online� �a� The counts expected for each view shown in Fig.
2 for an integration time of 5 ms together with its fitted value. �b� The fitted
emissivity using Zernike polynomials up to n=10. The fitted function is
represented by the error band and the dashed line indicates the function used
for the simulation.
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