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A fast visible light measurement system was installed on GAMMA 10/PDX to measure plasma light fluctua-
tions induced by ion cyclotron range of frequency (ICRF) (6360 kHz) waves. Time evolution and power spectrum
were obtained and the relative amplitude of the fluctuations was the order of 0.1%. The difference of measured
wavelength region was investigated by using three interference filters, but obtained time evolutions and the rel-
ative amplitudes were similar when we neglect a factor of difference. The RF pick-up noise is about two orders
of magnitude smaller than the ICRF wave induced plasma signal, and the broad frequency band component is
about an order of magnitude smaller than the signal. The latter arises from the shot-noise of the photon detection
Poisson process, and an expression of the shot-noise, in which the effects of the frequency response of the system
and the detector property are included, was obtained. The expression is confirmed experimentally using a stable

light source.
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1. Introduction

Ion cyclotron range of frequency (ICRF) heating is
a main tool for steady state operation experiments in the
present fusion devices. The heating efficiency, however,
is not always high enough, and the non-absorbed power,
which may be deposited in the SOL plasma near the an-
tenna, would pose a serious problem for steady state op-
eration. While power deposition profiles are calculated
by various codes, their accuracies are affected by many
practical factors in experiments. In such a situation, inter-
nal wave field measurements and comparison of the mea-
sured data and the code results are quite important. Such
a measurement can be provided by two schemes: one is
microwave reflectometry and the other is the plasma light
measurement. The former measures the electron density
fluctuations induced by RF electric fields[1, 2], and the
method was used in several fusion devices such as DIII-
D[3,4], GAMMA 10[5, 6], TST-2[7, 8] and LHD [2, 9].
The advantage of microwave reflectometry is its high sen-
sitivity, and the relative density fluctuations down to about
107> was measured in LHD [2].

The plasma light measurement method can be divided
into the following two classes. One is the dynamic Stark-
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effect spectroscopy [10, 11], which extracts electric field
from the deformation of spectral shape. The deformation is
a function of RF frequency and electric field strength [12],
and the method can be applied to high frequency waves
(e.g. 3.7 GHz in Ref. [10]) because the wavelength shift is
proportional to the RF frequency.

The other is the measurements of plasma light inten-
sity fluctuations. In the case of bremsstrahlung, the inten-
sity is proportional to the electron density. In the case
of line radiation, the intensity is usually proportional to
the electron impact excitation, which is proportional to
the electron density. Thus, the intensity is proportional to
the electron density, but note that the dependence becomes
square of it when the ion density is proportional to the elec-
tron density. The measurement principle is the same as that
of the microwave reflectometry.

The measurement in visible range is attractive because
of good accessibility and availability of various compo-
nents. In addition, the number of detected photons are
expected to be a weak function of the photon energy as
shown later. The method was applied to the high harmonic
fast waves (with the frequency of 21 MHz) in TST-2 using
a photodiode [13] and a photomuliplier tube (PMT) [14].
Comparing these two results, a photodiode is more sensi-
tive to RF pick-up noise, and a PMT seems to be suitable
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for ICRF wave measurements.

Measurements of plasma light fluctuations induced by
ICRF is not yet established, partly because of the huge
noise from the high power ICRF waves, and partly because
of the high frequency and small amplitudes. The target fre-
quencies are about an order of magnitude higher than those
of recent beam emission spectroscopy [15]. In addition,
the difference of the continuous bremsstrahlung measure-
ments and various line radiation measurements have not
been compared. The choice of a line or bremsstrahlung
would become important at ICRF, because lines have a
finite life time, which is the inverse of transition proba-
bility, and the order of the life times is 10 - 100 ns for
typical visible lines. These finite life times have a func-
tion of a low-pass filter, and the frequency response could
be deteriorated. In the case of GAMMA 10, the density
is relatively low (e.g., 2 x 10" m=3) and the number of
photons may not be sufficient, because the light intensi-
ties are expected to be proportional to the 1st or 2nd power
of density. For the case of bremsstrahlung, the number
of photons at the energy £ ~ E + dE is proportional to
n2Z.sre EMedE/E, and the photon numbers in soft X-
ray and visible light measurements are similar as long as
dE/Es are similar. In GAMMA 10, visible light fluctua-
tion measurements have been carried out and instabilities
with several tens kHz were observed [16], but we were not
sure whether we can observe the ICRF wave induced visi-
ble light fluctuations with much higher frequency and with
much smaller amplitude of around 0.1% [17]. The objec-
tives of the present study are the detection of the ICRF
wave induced visible light emission in GAMMA 10, and
the comparison of choices of different line, and the clarifi-
cation of the noise source. The paper is organized as fol-
lows. The measurement system is described in Sec. 2, and
measurement results are shown in Sec. 3. Discussion of the
noise is given in Sec. 4. Finally, conclusions are presented
in Sec. 5.

2. Measurement System

We have developed a fast visible light measurement
system and installed it on the GAMMA 10/PDX tandem
mirror device to measure the RF induced light intensity
fluctuations. The measurement system consists of optics,
and two sets of a detector, a preamplifer, a high-pass filter
(Fig. 1). An oscilloscope is used to record the signals. The
plasma light is collected by a convex lens and made par-
allel by a concave lens. Three interference filters with the
pass-bands of 375 = 5 nm (OIII and Fel), 467 + 5 nm (CIII)
and 543 + 5nm can be used to choose spectral lines. The
last filter is used to measure the wavelength range with no
apparent spectral line. The light with the last filter is pre-
sumably bremsstrahlung. The light passing through the fil-
ter is focused on one end of a liquid light guide. The other
end is attached to a PMT (Hamamatsu photonics, H10721-
110), and the signal is amplified by a two stage amplifier.

-

Light guide
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Fig. 1 Schematic drawing of the system composed of optics, a
detector, an amplifier, a high-pass filter and an oscillo-
scope.

The wavelength range (with sensitivity > 1/10 of the maxi-
mum) of the PMT is 250 - 640 nm. The output signal of the
amplifier is recorded by an oscilloscope. We use a high-
pass filter with the cutoff frequency of 800 kHz when we
measured the high frequency ICRF induced components to
reduce the bit noise. We remove the high-pass filter when
we measure the DC and slow components. Two sets of a
light guide, a PMT, an amplifier are prepared, and one set
is used to measure the plasma light, while the light guide
of the other set is covered by a sheet of black-out paper to
cut the plasma light and to measure only the RF pick-up
noise. Hereafter, these two signals are denoted by plasma
channel and shielded channel, respectively. Preparing an
additional set cutting the plasma light is quite important to
evaluate the RF pick-up noise, because the pick-up noise
is often the dominant noise in the measurement. In order
to reduce the RF pick-up noise, the PMTs and amplifiers
are contained in an diecast aluminium box and DC powers
are introduced using feed-through capacitors. The gain of
the PMTs is adjusted to a level so that the signal is high
enough to avoid the circuit noise effect and low enough to
assure the linearity of the system.

Since the target ICRFs were 6360, 9900 and
10300 kHz, a fast response amplifier was developed. The
frequency response of the system is measured using a fast
response diode laser (Sanyo Semicon Device, DL3247-
165), and the results are calibrated using a fast PIN photo-
diode (Hamamatsu photonics, S8664-02). Figure 2 shows
the obtained frequency response of a set of a PMT and
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Fig. 2 Frequency response (i.e., gain) of the system with differ-
ent amplifier resistance combinations and the response of
the high-pass filter. The response of the system is mea-
sured by using a laser diode as the source, and the re-
sponse is normalized by the value at 100kHz with the
resistance combination (2.2 kQ, 2.2 kQ). The response of
the high-pass filter is also plotted.

an amplifier with different combinations of resistances.
The response of the high-pass filter is also plotted. The
combination of the resistance was selected depending on
the target frequencies. In practice, measurements of the
higher frequency components 9900 and 10300 kHz showed
a small amplitude or a poor signal-noise ratio, and we will
show only the measurement results of 6360kHz in this
paper. The wave with this frequency is used to heat the
plasma in the central cell.

3. Measurement Results

The system was located near a window at Z = +1.2m
(in the central cell) of the GAMMA 10/PDX device. Here,
Z represents the coordinate along the axis of the mirror de-
vice, and Z > 0 for the west side. Figure 3 shows the time
evolutions of the diamagnetic flux and the line integrated
density at the central cell and the plasma light signal mea-
sured by our system. The plasma is sustained by ICRF
heating with the frequencies of 6360, 9900 and 10300 kHz,
and the net injected powers are about 95, 35, 20kW, re-
spectively. With the increase in density, the plasma light
intensity also increases. The amplitude of the high fre-
quency components shows a similar time evolution, while
the shielded signal seems to be independent of the dis-
charge (Fig. 3 (c)). The ICRF induced plasma signal is ex-
tracted from the raw signal and plotted in Fig.3 (d). The
extraction method is described later. The ICRF induced
signal always becomes large during the initial ramp-up
phase of the diamagnetic flux (at # ~ 80ms). Such be-
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Fig. 3 Time evolution of the diamagnetic flux and the line in-
tegrated density at the central cell (a), measured plasma
light signal without the high-pass filter (b) and that with
the filter (c) and extracted ICRF components (d). Black
and red curves in (b) and (c) represents the signals with
plasma light and without plasma light (i.e., shielded), re-
spectively. The vertical lines in (c) represent the time
windows to calculate power spectra. An interference fil-
ter (375 = 5nm) is used. Due to the limited memory size,
either the first half or the last half of a discharge can be
measured during a discharge.

havior appeared in a past microwave reflectometer signal
(Fig. 4 in Ref. [18]). This is possibly related to the appear-
ance of Alfvén ion cyclotron modes accompanied by elec-
tron heating [19].

Figure 4 shows the power spectral densities of the
plasma channel and the shielded channel. The spectrum of
the shielded channel is broad and frequency dependence
is very weak. In addition to the broad component, the
spectrum shows three peaks at the ICRFs (red arrows in
Fig.4 (a)). These peaks represent the RF pick-up noise.
The plasma channel spectrum is about one to two orders
of magnitude larger than the shielded channel spectrum
(Fig.4 (a)) when we neglect fine structures, such as the
RF pick-up noise. The high frequency (> 100 kHz) broad
component of the plasma channel is well represented by
the frequency response of the system with the filter (light
blue dashed curve) if the response is multiplied by an ap-
propriate factor. At the ICRF of 6360kHz, the plasma
channel shows about two orders of magnitude larger power
than the shielded channel. The peak ratio in Fig. 4 (c) is
340, and the ratio between the black and red rms ampli-
tudes in Fig.3 (d) is 18. However, the main noise source
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Fig. 4 Power spectral density of the plasma channel and
shielded channel. Spectra with a wide frequency range
(a), and those with a narrow frequency range (b) and (c)
are shown. (a) and (b) are the spectra of the initial ramp-
up phase of a discharge, while (c) is those of a quasi sta-
tionary phase. An interference filter (375 + 5 nm) is used.
Frequency response of the system with a high-pass fil-
ter is plotted in (a), where an appropriate factor is mul-
tiplied to express the broad component by the frequency
response. Frequency smoothing of 10 points (0.2 kHz) is
applied in (a).

determining the signal to noise ratio is the background
broad component of the plasma channel (approximated by
blue dashed lines in Figs.4 (b) and (c)). We will discuss
the origin of this board component, and show that it arises
from the photon-noise (i.e., shot noise) affected by the fre-
quency response of the system with a high-pass filter. A
narrow band frequency filter of 6360 + 0.2 kHz (green ver-
tical lines in Figs. 4 (b) and (c)) is used to extract the RF
components around 6360 kHz, and the rms amplitudes for
the plasma channel and the shielded channel are shown
in Fig. 3 (d). The rms amplitude of the background broad
component at 6360 + 0.2 kHz is speculated from the power
spectral density outside the band. In order to obtain the
net ICRF induced rms amplitude, the contributions of the
RF pick-up noise (red) and the background (blue) are sub-
tracted from that of the plasma channel. Note that the rel-
ative rms amplitudes, which are normalized by the slow
component (Fig.3 (b)), are plotted in Fig.3(d), and the
typical relative amplitude is the order of 0.1%. Since the
past reflectometer measurements showed that the relative
amplitudes are less than about 0.5% (in Fig.5 in [17] and
Fig. 4 in [18]), the present results are not inconsistent with
the past results. Except for the initial and final phase of a
discharge, where the plasma light is weak, the effect of the
background is small, and the effect of RF noise is negligi-
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Fig. 5 Time evolutions of extracted ICRF components (black),
background components (blue) and RF noise components
(red) with or without an interference filter. (a): without a
filter, (b) 467 + 5 nm(CIII), (c) 375 + 5 nm(OIII, Fel), (d)
467 + 5 nm(CIII). (543 + 11 nm(Bremss.).

ble.

Figure 5 shows the time traces of the extracted com-
ponents with or without an interference filter. While the
measurement with an interference filter of 543 = 11 nm
(Bremss.) failed due to the large background component,
the other measurements show similar time evolutions with
a similar relative amplitude, if we neglect the difference
of a factor of about two. In GAMMA 10/PDX plasmas,
CIII, OIII and HA lines are dominant lines in the sensitive
wavelength range of the system. The life times of their ex-
cited states are 14, 10 and 120 ns, respectively, and the life
times for CIII, OIII are negligible compared to the period
of the ICRF (6360 kHz). The results shown in Figs. 5 (b)
and (c) are not inconsistent with this expectation. Note that
bremsstrahlung is expected to show no time delay from
(i.e., fast response to) the density change.

4. Discussion of the Noise

The observed relative rms amplitude of ICRF induced
plasma light is the order of 0.1% as shown in Fig. 3. How-
ever, to measure smaller amplitude or to measure the de-
tailed frequency broadening profile (e.g., Figs. 4 (b), (c)),
it is necessary to suppress the background broad compo-
nent. The broad component seems to reflect the frequency
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response of the system (Fig. 4 (a)). In this section, we es-
timate the shot-noise arising from the Poisson process of
detection, and derive an analytical expression of its power
spectrum. In addition, we will demonstrate the agreement
between the expression and the measured results. It is well
known that the shot-noise causes fluctuations of the de-
tected photon number, which is about /N when the en-
semble average photon number is N, and such a feature
is used to estimate the noise or used in analysis [20, 21].
However, an accurate comparison of the predicted and the
measured noise power spectra for a certain system is nec-
essary to determine the performance limits of the system.

In order to measure the photon number N and its fluc-
tuation, we use an LED as a source and use the same de-
tection system as that used in the plasma measurement.
Firstly, the intensity of the LED is adjusted to be suffi-
ciently weak, so that each photon detection signal becomes
clear. The statistical features, such as the average time in-
tegrated signal intensity are obtained. In addition, several
analytical expressions are derived. Secondly, the intensity
of the LED is increased, and the measured and the pre-
dicted power spectra are compared.

Figure 6 (a) shows the ensemble averaged one photon
signal without the high-pass filter (defined as (y(#))) and
the signal with the high-pass filter (defined as (ylhp(t)>).
The shape of the pulse, which reflects the frequency re-
sponse of the system, is stable and the FWHM pulse width
of (y(¢)) is about 40ns. The time integral of this signal
is used to estimate the photon number for a given signal.
When we measure an intense signal v(f) during a period of
T, the ensemble averaged photon number is written as

) I <o) de

(N) = .
[ i@y dr

(D

Hereafter, we assume that N is large enough that the dif-
ference between N and (N) is negligible. This period T
should be that used for the calculation of power spectrum.

Figure 6 (b) shows the distribution of the pulse height
obtained from the pulse height analysis of many one pho-
ton signals. The distribution is broad and the standard
deviation normalized by the average height is defined as
V< 62 > (= 0.82 for the present case). Note that the gain
of the PMT was increased by more than an order of mag-
nitude from the typical gain for the plasma measurements
to reduce the effect of dark currents (i.e., signals with no
light). Not only the pulse height distribution shape but also
V< 62 > varies with the gain. Each ensemble of one pho-
ton signal is written as

yi(® = i) (1 +6). 2

Then the signal v(¢) is written as

N N
o)=Y =)= E-tHA+8), ()
i=1 i=1

15x103
';' | (ra(6)) (a) i
g L wo high-pass filter |
EI) 0 (YIhp(t)
5_5)(10_3 w high-pass filter
0 0.1 Time [ps] 0.2 0.3
1000 £ (b) 4
E : ]
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Fig. 6 Time evolutions of the one photon signal with and with-
out a high-pass filter (a), and the distribution of the pulse
height (b). Average pulse height (y; ()max) and the region
of the standard deviation are shown by vertical lines in

(®).

where #; denotes the appearance time of a certain one pho-
ton signal. In the following, we consider the effect of the
high-pass filter. With the filter, the signals v(¢) and (y,(?))
become vyp(#) and <y1hp(t)> (the blue curve in Fig. 6 (a)),
respectively. We also introduce the Fourier transform of
these signals as

o)~ Vip(F)s (inp(®) — Yip(H). (@)

We also define V(f) and Y(f) in a similar manner. Using
Eq. (3), Vip(f) is written as

N
Vip(f) = D Yip(He (1 +5)). 5)
i=1

The power spectrum becomes

Vip(H)Vi(f)
=immmmwmmdwmmw@
The ensemble’ ;Veraged power spectrum is written as
0mmwM=immmm@wm+m
ij

% < e—izzrf(n—z,->> . @)

When we measure a stable DC signal (v(¢)) = const., then
t; is randomly and homogeneously distributed over the pe-
riod T, and (e~} = O(for i # jand f # 0). The
power spectrum becomes

N
Vo NVip(F) = 2 YiwNYiy (D (1(5%)) ( % 0)
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Fig. 7 Comparison of the measured and predicted spectra with
different light intensities.

= NYip(DYi(H (1+(8) . ®)

Here we use the relationship <(1 +6)( + 5,~)> =1+ <52>.
The power with nonzero f represents the shot noise, which
is proportional to N. When (v(¢)) has a certain frequency
component at f = k/T (k: integer), then <e’i2”f (t"”f)> #
0 (for ti—t;=IT/k (I integer)), and such a frequency
component is added to the power spectrum.

Figure 7 shows the comparison of the measured and
predicted spectra for a DC light source with different light
intensities. Firstly, signals without the high-pass filter are
measured to obtain the photon numbers using Eq. (1). Sec-
ondly, signals with the high-pass filter are measured and
their power spectra are calculated. The predicted power
spectra shown by red curves are obtained using Eq. (8).
The agreement demonstrate the correctness of Eq. (8). This
expression indicates that the power spectrum is propor-
tional to the frequency response of the system including the
high-pass filter, and the level is proportional to the photon
number N. In addition, the level is enhanced by the factor
1+ <52>.

Here, we derive the signal to noise ratio, assuming that
the ICRF induced light fluctuation (in the frequency range
of f ~ f + Af) has a relative amplitude of & with respect
to the DC component (at f = 0). The power of the signal
becomes &2V(0)V*(0)Af, when we neglect the frequency
response of the system. Here, Af = 1/T is the fundamental
frequency (i.e., frequency resolution) in Fourier transform.
With the frequency response including the high-pass filter
effect, the signal power is written as

Yip()Y;(f)

2 *

Since N = |V(0)|/|Y(0)|, the power is rewritten as

&N Yip (/Yo (NAS - (10)
The (background) noise power in Af becomes

NYip ()Y () (1 + (82)) AF - (11)

Here, we use Eq. (8). Then the signal to noise ratio is writ-
ten as

ENTNIRDA, N
NYu(NY (D (L+ (@) ar  (1+(5))
&N

(@) asr

(13)

The last expression indicates that the signal to noise ra-
tio is proportional to the photon count rate N/T and to
the signal power spectral density £/Af. These features
are quite reasonable, and higher photon count rate (i.e.,
stronger light intensity) is preferable, and narrower fre-
quency spread structure is easier to detect. Furthermore,
the frequency response of the system does not affect the
signal to noise ratio as long as the shot-noise is the domi-
nant noise term. It should be noted that the low-pass filter
effect due to finite life time of excited states is important,
because it could decrease the light fluctuation amplitude &
itself for a given density fluctuation amplitude.

5. Conclusions

A fast visible light measurement system was fabri-
cated and installed on GAMMA 10/PDX to measure the
plasma light fluctuations induced by ICRF waves. The sys-
tem has two identical channels: one to measure the plasma
light and the other to measure the RF pick-up noise. The
measured relative amplitude of the ICRF (6360 kHz) in-
duced fluctuations is the order of 0.1%, and it is about
two orders of magnitude larger than the RF pick-up noise,
and about an order of magnitude larger than the broad fre-
quency band component. The latter arises from the shot-
noise of the photon detection Poisson process. We derived
a new expression for the shot-noise, in which the effects
of the frequency response and the pulse height distribution
of an PMT are included. The expression is confirmed ex-
perimentally. In order to reduce the shot-noise effect, a
larger photon number is preferable, but may not be so easy
in low density plasmas. The difference of selected wave-
length region was investigated by using three interference
filters, but the difference was not so large.
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