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A Solid State Neutral Particle Analyzer (SSNPA) array has been installed on the

National Spherical Torus Experiment (NSTX). The array consists of four chords viewing
through a common vacuum flange. The tangency radii of the viewing chords are 60, 90, 100,

and 120 cm. They view across the three co-injection neutral beam lines (deuterium, 80 keV

(typ.) with tangency radii 48.7, 59.2, and 69.4 cm) on NSTX and detect co-going energetic
ions. A silicon photodiode used was calibrated by using a mono-energetic deuteron beam

source. Deuterons with energy above 40 keV can be detected with the present setup. The
degradation of the performance was also investigated. Lead shots and epoxy are used for

neutron shielding to reduce handling any hazardous heavy metal. This method also enables us

to make an arbitrary shape to be fit into the complex flight tube.

1. Introduction

In a spherical tokamak, the magnetic moment is not always well conserved. The

behavior of some ions cannot be adequately expressed with only the motion of the gyro-
center [1]. The interaction of these ions with mode activities or waves is of interest to plasma

physics. There is also evidence of abnormal heating of bulk ions during neutral beam (NB)
injection [2], which might relate to the peculiar behavior of energetic ions in a spherical

tokamak. The enhanced transport of energetic ions due to Alfvén eigenmodes and other MHD

activity is another interesting issue [3]. Thus it is important to measure the energetic ion
behavior from many aspects. Neutral particle analysis (NPA) can measure the cross-section-

weighted line-integrated energy spectrum of the neutrals that emerge from the plasma. The
measured neutrals are produced by the charge exchange between the ions and the neutrals of

D0, or the hydrogen-like-carbon-ion, C5+. Through the cross-section-weighted line-integrated

energy spectrum, we can deduce the energy distribution of energetic ions. Recently, we have
installed the solid-state NPA (SSNPA) array with four sight lines on NSTX in order to

measure the energy spectrum of energetic ions from different radial positions. Here, we



introduce the characteristics of our system; the specification, the devices at the installation,

calibration results, and the preliminary results on NSTX.

2. Solid-state detector and its calibration

Both a silicon diode detector and a natural diamond detector[4,[5] can be attached to

the SMA connector as solid state detectors in our system. Although these detectors are
sensitive to the energetic particles with energies up to several MeV, our current interest is

focused at energies less than 100keV. Though the energy resolution of a solid state detector is
worse than that of E//B spectrometer[6], it is easier to make a multi-channel system by virtue

of the small size of the solid state detector.

There is a choice between the silicon diode detectors and the natural diamond. Here
we are using a silicon diode detector (International Radiation Detectors inc, SXUVHS5 )

because of its higher carrier collection efficiency. The detector area has a square shape of
1mm x 1mm. The detector is operated at a bias voltage of -15V at room temperature. In order

not to be affected by the visible radiation or low energy x-ray from the plasma, a thin (150

nm) Aluminum foil is placed in front of the detector as shown in Fig. 1. The stopping power
due to this foil is estimated to be around 9 keV for deuterons of energy between 40 and 120

keV. At the front of the detector, there is a very thin layer of platinum silicide (a dead layer)
whose thickness is 7 nm . The energy loss from this layer is less than 1 keV.

An energy calibration was carried out using a mono-energetic source of deuterons

from the low energy charged particle accelerator at the Colorado School of Mines. The output
of the second stage amplifier was measured using a multi-channel analyzer (MCA). The

MCA was calibrated using a pulser. The results are shown in Fig. 2(a) and (b). The peak
position in the MCA waveform is plotted versus the beam energy in Fig. 2(a).  There is good

linearity in the range of 40 to 120 keV. It is found that the particles with energy larger than

40 keV can be detected. The energy resolution (FWHM in the MCA waveform) is about 10
keV, which is almost constant in the range of 40 to 120 keV. This lack of dependence on the

energy suggests that electronic noise is dominant in the present setup. These calibration

results were also consistent with calibration using an alpha source (241Am) with energy of
5.49MeV

We also carried out an investigation of the degradation characteristics of the detector.
The detector was exposed to a relatively intense deuteron beam with an energy of 80 keV for

a total dose of about 2E+13 deuterons/cm2. The results are shown in Fig. 2(c). The efficiency



almost linearly degrades. The value of 2.0E+13 dose/cm2 is roughly comparable to the

exposure for one year of operation on NSTX Thus the detector can be degraded by about
50 % in one year on NSTX. The energy calibration using NB injection into the vacuum

vessel filled with a gas might be useful just before the precise experiment [7].

3. Experimental setup

The SSNPA array has been installed on NSTX. The array consists of four viewing

chords through a common vacuum flange on NSTX. Figure 3 shows the viewing chords. The
tangency radii of the viewing chords are 60 cm, 90, 100 cm, and 120 cm. They view across

the NB lines at co-going ions. The solid angle is 1.1E-4 sr with combination of collimating

tube and aperture (Solid angle of collimating tube is 7E-4 sr). Thus the collimation is very
sharp and the viewing chord can be regarded as a line. Furthermore, because of the small

field-of-view, it is expected that the sensitivity to x ray, gamma ray and neutron emissions
directly from plasma is small. The diameter of the circular aperture is 25 to 50 

† 

mm. The

aperture holder and Al foil holder covers the detector as shown in Fig. 1. It is also expected

these holders work as an electromagnetic (EM) noise shield. Additionally, a copper foil
covers each flight tube around a detector as another EM noise shield. Even though there are

three EM noise shields, the detector picks up some noise and the noise determines the energy

resolution. It is suspected the noise might come from a ground loop.
There are two flanges in one flight tube, and a long length of ~3 cm between the

detector and a feed-through. A small declination or obliquity of 3 degrees of these flange
attachments prevents the aperture from aiming inside the sight line of collimating tube. Thus,

careful installation of the detector and aperture structure is one of key points for this

collimating structure.
Lead is one of most effective materials for gamma shielding. However, the process of

the lead material is cost expensive because the lead is a hazardous heavy metal. Lead shots
(tiny balls, ~1.5 mm diameter) and epoxy is used to make "lead shield". One merit of this

method is to facilitate making an arbitrary shape in situ. We can fit the shape of the lead

shield to the complex flight tube very well. Thus the equivalent thickness to the “pure” lead is
more than 3 cm at the thinnest part, though the density of the "lead shield" is about 58 %,

compared with the “pure” lead. Another merit is the avoidance of unacceptable

electromagnetic forces during disruptions, which could break the ceramic break and could
lead to a vacuum leak.



 The lead shield is placed and fixed between the table and the lid of polyethylene,

whose thickness is 50mm, and a G10 resin. The polyethylene block of 50 mm thickness and a
several bags of polyethylene beads are also installed between the vacuum vessel and the lead

shield. G10 is used as a support structure in order to avoid an unfavorable electromagnetic
force.

Figure 4 shows the electronics diagram for the data acquisition. The shaping time of

the second stage amplifier is determined so as to minimize noise and to have higher time
resolution. Both of the integration and differentiation time are 500 ns. The number of

discriminators is eight. The separation of each discriminator becomes 12 keV when the
discriminator is set up with equally separated interval from 30 to 120 keV. The narrower

separation and the narrower range of energy should be chosen, depending on the topic of a

given experiment. The clock speed of the scaler is 1kHz. The memory is enough for a one-
second discharge. Most of the electronics are installed in a rack, located about 5 m from the

vacuum vessel.

 A signal from one sight line is also fed into the MCA. The MCA has an enough
resolution, however the result of the MCA is a time integration of one discharge. A PC which

controlls the MCA is controlled manually from the control room.

4. Results and future plan

Figure 5 shows one of the preliminary results. NB (source B) is injected with the

energy of 90 keV starting at 0.1 s. Particle fluxes increase strongly and decay rapidly to the
steady level just after NB injections. This temporal behavior is not expected in TRANSP

simulation, but this behavior is also observed in the E//B spectrometer. This is one of the
interesting issues to be solved in future. Another large flux is also observed when the plasma

is terminated. The temporal behavior of SSNPA is similar to that of E//B spectrometer.

However, the preamps saturated at the occurrence of the large flux. The count rate is limited
by the time response of the preamps. We need to reduce the aperture size to detect the large

flux as a temporary measure, while the counts will get smaller during other periods.

The temporal evolution of the spectrum is shown in Fig. 6. The shoulder in the energy
range of “-2” to “-4” is corresponds to the energy of the injected beam. This means the

slowing down energy distribution is observed. On the other hand, several spiky large events
are observed. Probably, these could originate from noise. We need to resolve these events or

problems.



Finally, we discuss the idea for the future improvement. The detector or the input of

the preamplifier picks up EM noise. The noise determines the current energy resolution of 16
keV. A reduction of noise by less than a half is preferable. The response of the preamps is

relatively slow when the preamp is used with the current detector. The preamp is saturated
when there is a large particle flux as mentioned above. This determines the maximum count

rate at present. The fast preamp will provide the higher count rate. As mentioned also, the

alignment of the collimating tube and the aperture is not easy. A custom-made feed-through
may be useful.
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Figure caption
Figure 1 Schematic view of collimating tube, aperture, Al foil and detector.
Figure 2 (a) Peak position of spectrum versus energy of beam source. One of spectra of MCA

is also shown as an example in this panel(count vs channel), (b) FWHM of spectrum
versus energy of beam source, (c) degradation of detector.

Figure 3 Viewing chords of SSNPA array are shown with the viewing chords of E//B
spectrometer and injection lines of NB on NSTX.

Figure 4 Schematic diagram of electronics
Figure 5 Temporal evolution if Ip, NB power, counts in the scaler of sight-line #1 of SSNPA,

and in E//B spectrometer
Figure 6 Temporal evolution of energy spectrum of sight-line #1



Figure

Fig. 1 Schematic view of collimating tube, aperture, Al foil and detector.
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Fig. 2 (a) Peak position of spectrum versus energy of beam source. One of spectra of MCA is
also shown as an example in this panel(count vs channel), (b) FWHM of spectrum versus
energy of beam source, (c) degradation of detector.



Fig. 3 Viewing chords of SSNPA array are shown with the viewing chords of E//B
spectrometer and injection lines of NB on NSTX.
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FIG. 4 Schematic diagram of electronics



FIG. 5 Temporal evolution if Ip, NB power, counts in the scaler of sight-line #1 of SSNPA,
and in E//B spectrometer



FIG. 6 Temporal evolution of energy spectrum of sight-line #1
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