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Abstract

The microwave reflectometers on GAMMA 10 measure the density profile and fluctuations in the
central-cell plasma. The density profile measurement using a broadband reflectometer is performed for
vatious sweep times of the oscillator, 5 ms — 5 ps. The reliability of the measurements seems to be
improved when the sweep time is faster than 50 — 100 ps. The resultant intermediate frequencies from
a mixer output of the reflectometer are larger than 1 MHz. The several reconstruction algorithms are
used to analyze the fast time-varying data, such as, the maximum-entropy method (MEM) and wavelet
analysis as well as the standard zero-cross fringe counting method. The integrated value of many recon-
structed density profiles agrees well with the profile obtained from a scanning interferometer. The
proof-of-principle experiment of an ultrashort-pulse reflectometry is also performed.

The reflectometer is also applied to the measurement of density/magnetic fluctuations. The space-
and time-resolving spectra of ICRF-driven waves as well as low-frequency waves are obtained. The
density and magnetic-field fluctuation levels are evaluated from both the reflectometer and cross-
polarization scattering (CPS) diagnostic method which is related to the mode-conversion effect
consisting of a polarization difference of a scattered wave with regard to an incident wave by existence
of magnetic fluctuations. It is observed that the Bragg resonance condition seems to be satisfied for the
CPS similar to conventional Thomson scattering.
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1. Introduction modulation (FM) reflectometer is caused by the exist-

Reflectometry has been expected to be one of the
key diagnostics to measure density profiles and density/
magnetic-field fluctuations in large fusion devices. It
provides good spatial and temporal resolutions, while
requiring a single viewing chord and minimal vacuum
access in contrast to interferometry and Thomson
scattering. One of the most serious problems in density
profile measurement using conventional frequency-
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ence of density fluctuations in plasmas, since the multi-
fringe phase changes produced by a reflectometer are
easily masked by those due to density fluctuations.
Several methods have been proposed to avoid this
problem such as amplitude-modulation (AM) reflecto-
metry [1] or dual-frequency differential reflectometry
[2] and pulsed-radar reflectometry using moderate
short pulse [3] or ultrashort pulse [4] as well as

* Present Address: National Institute for Fusion Science, Toki 509-5292, Japan
TCORLIZEUMERICTRFEHEHEL LTRERIWb0eHLLL b0 TY.

NI | -El ectronic Library Service



A

advanced data processing techniques based on sliding
Fast Fourier Transform (FFT) algorithms [5] and on
maximum entropy method (MEM) [6].

We report here on two types of reflectometers, a
broadband FM reflectometer and an ultrashort-pulse
reflectometer. The source of the FM reflectometer for
density profile measurement can be swept faster than
the characteristic time scale of density fluctuations. The
high-frequency fringes due to the change of frequency
and the cutoff layer are distinguished from those due to
the density fluctuations, since the fluctuation level with
frequency larger than a few MHz is usually much smal-
ler than the average density. Several different data
processing techniques have been applied in order to
reconstruct density profiles from the fringe data, that is,
zero-cross counting method, digital complex demodula-
tion (CDM) analysis [7], and spectral analysis using
MEM [8] and wavelet transform [9]. Recently, an
ultrashort-pulse reflectometer using an impulse oscilla-
tor (8 V amplitude and 65 ps pulse width) as a source
has been applied to the central-cell plasma [10]. The
Fourier component of the oscillator lies in the similar
frequency range as the FM reflectometer.

The reflectometry has the distinct advantage of
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providing a local, nonperturbing measure of density -

fluctuations from edge to core regions of plasmas,
which enables to monitor magnetohydrodynamic
(MHD) behaviors, low-frequency instabilities, and ion
cyclotron range of frequency (ICRF) waves [11-14]. In
this paper, a broadband reflectometer with FM and
fixed frequency operations is used to monitor the low-
frequency instabilities and ICRF waves. The reflec-
tometer is also utilized as a cross-polarization scattering
(CPS) system for the measurement of magnetic fluctua-
tions. The CPS is related to the mode conversion effect
consisting of a polarization difference of a scattered
wave from an incident wave by magnetic-field fluctua-
tions [15,16]. It has been mentioned recently that
magnetic fluctuations as well as density and potential
fluctuations are of importance for plasma transport.
The direct measurement of internal magnetic fluctua-
tions becomes a major issue in plasma diagnostics. We
have applied the CPS measurement to electromagnetic
ICRF waves [17] and low-frequency waves [18].

2. Principles of Reflectometry
2.1 Density profile measurements

A reflectometer consists of a probing beam propa-
gating through a plasma and a reference beam. The
microwave beam in the plasma undergoes a phase shift
with respect to the reference beam. This phase difference
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as a function of the probing frequency is given by

re(w) 7T
#(w) =2k J,, ,u(r,w)dr—-i €))
within the WKB approximation, where k and o are the
wavenumber and frequency of the probing beam, u is
the plasma refractive index, and a and r (w) are the
plasma and cutoff radii, respectively. The refractive in-
dices of the O-mode and the X-mode propagations are

given by
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in the cold plasma approximation, where c is the speed
of light, w,. and o, are the electron plasma frequency
and the electron cyclotron frequency, and subscript O
and X correspond to the ordinary mode and the extra-
ordinary mode incident waves, respectively. For the
O-mode propagation, this integral can be analytically
solved for the density profile using an Abel inversion.
For the X-mode propagation, a numerical algorithm
has been developed to invert the data [19].

In an ultrashort-pulse reflectometer, a very short
pulse (1 — 100 ps) is used as a probe beam. The pulse
has a frequency component governed by the shape and
duration. Each Fourier component reflects from a dif-
ferent spatial location in the plasma. The time-of-flight
for a wave with frequency o from the vacuum window
position r, to the reflection point at 7, is given by

o

wz -1/2
r(w)=%Jdr(1—;p§) .
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)

In order to obtain the density profile from the
time-of-flight data, the Eq. (4) can be Abel inverted to
obtain the position of the cutoff layer,

Wpe
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By separating different frequency components of
the reflected wave and obtaining time-of-flight
measurement for each component, the density profile
can be determined. The movement of the plasma
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position due to the fluctuations can be neglected during
the reflection of ultrashort pulse (ps).

2.2 Fluctuation measurements

Reflectometry has also been used in order to study
plasma fluctuations. The instataneous phase shift ¢ be-
tween the local beam and the reflected beam is ex-
pressed as ¢ = ¢, + O¢, where ¢, and ¢ are the phase
shift depending on the cutoff layer due to density and
density fluctuations of the plasma profile. In a simple
homodyne reflectometer, the mixer output is given by

V= E E, cos(¢, + 6¢)
= E,E,(cos ¢, cos 64 — sin g, sin ¢)
E,E (cos ¢, — O¢ sin ¢y) (6)

IR

assuming 0¢ << 1, where E, and E, are the electric
field amplitude of the local beam and the reflected
beam, respectively. The time varying component of the
mixer output depends on both amplitude and phase
modulations, since E, can be time dependent due to
changes in the cutoff layer. In general, the radial fluctu-
ations of the cutoff layer produce the phase modula-
tions and the poloidal (azimuthal) fluctuations cause
amplitude modulations. Therefore it is important to
identify both phase and amplitude fluctuations using,
such as, heterodyne detection or quadrature type mixer
[20].

In a simple one-dimensional model, the phase
changes in the O-mode and the X-mode propagations
due to the small perturbations of the density and the
magnetic field, 7, and B at the critical density layer are
given by [21]

6¢0 = 2kO Ln (ﬁe/ne) (7)

and

54 = 2kx [ #ie/n. + (0, 0x/0k) B/B] ®
X 1/L, + (0 0x/0%) /Ly

When the wavelength of the fluctuation is much longer

than the spot size of the incident wave, there is no atte-

nuation or modulation of the reflected wave. The depth

of the phase modulation approaches the 1D geometric

optics limit [22].

3. Description of Experimental Arrangements
3.1 GAMMA 10 tandem mirror
The present experiment is performed in the hot-
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ion mode of GAMMA 10 [23]. The ICRF power with
frequencies of 9.9 MHz and 10.3 MHz (RF1) and 6.36
— 8.93 MHz (RF2) is employed to buildup a plasma
and heat ions following gun-produced plasma injection.
The frequency of 6.36 — 8.93 MHz corresponds to the
ion cyclotron frequency near the midplane of the cen-
tral cell, and 9.9 MHz and 10.3 MHz correspond to
that of the anchor cells. Two separate 28 GHz gyro-
trons are used in the plug/barrier cells in order to
create the confining potentials. Fundamental electron
cyclotron resonance heating (ECRH) occurs in the plug
regions (ECRH-P) and second-harmonic ECRH occurs
in the barrier regions (ECRH-B). Figure 1 shows an
example of the hot-ion mode with the time sequence of
the heating systems. In this case the ECRH power using
a 28 GHz gyrotron is applied to the central-cell plasma
(ECRH-C). The central-cell plasma parameters are as
follows: the line density n /. = 4 — 5 X 10'® cm™2 with
an effective diameter of /, = 22 — 24 cm, the electron
temperature T, = 60 — 120 eV, and the averaged ion
temperature 7; = 5 — 7 keV. The magnetic field
strength at the midplane of the central cell is B, = 0.40
— 0.57 T, and the mirror ratio is 4.9.

Line Density
[x10"% cm?]

OO0 = N W » O
T
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ECRH-B

ECRH-C

Fig. 1. Time evolution of the central-cell line density and
diamagnetic-loop signel together with time se-
quence of the heating systems.
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3.2 FM and ultrashort-pulse reflectometers

for density profile measurement

The schematic of the FM reflectometer for diag-
nosing density profiles is shown in Fig. 2. It is installed
in the central-cell midplane (z = 0 m). A hyperabrupt
varactor-tuned oscillator (HTO) with 11.5 — 18 GHz
and 40 mW output is used as a source. The separate
transmitter and receiver horns are used to avoid the
mixture of the spurious reflecting components in the
waveguides and vacuum window. A focusing hog-horn
antenna is used as a transmitter. The reflected wave
picked up by a standard gain horn is mixed with the

DATA PROCESSING
SYSTEM
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reference wave in a mixer through an 18 GHz low-pass
filter. The homodyne-detected beat signals are then di-
gitized at a sampling rate of 100 MHz with 128 kB
memory using LeCroy 6841 digitizer or at a sampling
rate of 50 MHz with 4 MB memory using Thamway
AD-8HS50II digitizer. In the present experiment the X
mode propagation is adopted, since it covers a large
portion of the density profile for the appropriate fre-
quency range, 11.5 — 18 GHz.

We have applied and compared several recon-
struction methods in order to obtain the density
profiles, zero-cross counting of the fringes, digital phase

LPF

il
PLASMA

WAVEGUIDE

SHIELD BOX

Fig. 2. Schematic diagram of the fast-sweep FM reflectometer.
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Fig. 3. Schematic diagram of the ultrashort-pulse reflectometer.
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counting using complex demodulation technique
(CDM), and frequency analysis by means of the MEM
and wavelet.

A schematic of an ultrashort-pulse reflectometer
(USPR) is shown in Fig. 3 [10]. The input source is an
8 V, 65 ps full-width half-maximum (FWHM) puise.
The impulse is fed through a 30 cm length of WRD750
waveguide which attenuates the low frequency part of
the Fourier component, and streches into a chirped
pulse. The resultant waveform is then amplified (6 — 18
GHz, 23 dB gain) before propagation via a pyramidal
transmitter horn into a plasma with O-mode propaga-
tion. The received waveform picked up by an identical
horn is amplified (6 — 18 GHz, 40 dB gain), and fil-
tered. The filters have the center frequency 8 — 17
GHz with 1 GHz interval and 3% bandwidth of the
center frequency. The output of each filter is rectified
by a Schottky barrier diode detector, and fed to a
LeCroy 9362 digital storage scope (sampling time 100
ps, bandwidth 750 MHz). Recently, constant fraction
discriminators and time-to-amplitude converters
(TAGs) is also utilized. This system converts double-

* pass time delay data into analog voltages, and enables
us to observe the time-of-flight of the pulse at 50 kHz
— 1 MHz repetition rate with about 50 ps time resolu-
tion.

3.3 FM reflectometer and CPS diagnostic sys-
tem for fluctuation measurements
The reflectometer and CPS diagnostic system for
fluctuation measurements as shown in Fig. 4 are located
at the midplane (z = 0 m) and at the west side (z = 0.6

and 1.8 m) of the central cell. At the central cell two »
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pyramidal horns with O-mode and X-mode propaga-
tions are installed in the top and bottom diagnostic
ports respectively, and used as a transmitter or a re-
ceiver for the reflectometer and the CPS measurement.
The systems utilize an 8§ — 18 GHz, 100 — 150 mW
output of a yttrium-iron-garnet (YIG) sweep oscillator
as a source. The YIG oscillator is operated in a fixed
frequency mode during a plasma shot or a FM mode
with 5 — 10 ms slow sweep rate. The reflected and/or
scattered waves are mixed with the unperturbed local
oscillator (1.O) wave in a mixer. The intermediate fre-
quency (IF) signal is amplified and separated into three
ports by a power splitter. One of them is connected to a
digitizer with 20 ns sampling time and 4 MB memory,
while the others are fed to bandpass filters and rectified
through detectors. The center frequencies of the band-
pass filters are chosen to the frequencies of the RF2
and the self-excited instability identified as the Alfvén
ion cyclotron (AIC) wave, respectively.

4. Experimental Results and Discussion
4.1 Density profiles
4.1.1 Reliability of density profile reconstruction in
FM reflectometry

When the frequency of the incident wave is swept,
multiradian phase change occurs due to the change of
the cutoff layer and the path difference between the
probe beam and the reference beam. The period of the
fringes depends on the sweep speed of the source.
Figure 5 shows a typical example of the density fluctua-
tions obtained by a fixed-frequency reflectometer in-
stalled in the central cell. The low-frequency compo-
nents with frequency less than 100 kHz are identified to

TRANSMITTER a_. DIRECTIONAL | [ g YIG
HORN - COUPLER OSCILLATOIR

RECEIVER _ | FILTER || MIXER

HORN |
0-MODE HORNS PRE AMP.
1
POWER o| HIGH SPEED DIGITIZER
SPLITTER (20 ns, 4 MB)
PLASMA + *
BANDPASS
. FILTERS & [ DATA PROCESSING
X-MODE HORNS DETECTORS SYSTEM

Fig. 4. Schematic diagram of the FM reflectometer and the CPS diagnostic system.
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be flute-type and/or drift-wave modes by using a far-
forward scattering system and probes. The high-
frequency components with frequency 5 — 12 MHz are
ICRF-driven waves such as the Alfvén ion cyclotron in-
stability and the applied ICRF waves. The resultant in-
termediate frequency (IF) between the reflected and
reference waves for each sweep time of the HTO is also
shown in Fig. 5. When the HTO is swept in 5 ms, the
frequency spectrum of the IF signal lies in the range of
1 — 100 kHz, which is almost the same as that of the
strong low-frequency fluctuations excited in the central-
cell plasma. Therefore, the fluctuations easily mask the
information of the density profile.

The performance of the reflectometer system is in-
vestigated for various sweep times of the HTO. In Fig.
6, the density profile reconstructions are performed by
using two phase extraction methods, zero-cross count-
ing and digital phase counting using CDM. It is seen
that the reconstructed density profiles seem to be im-
proved when the sweep time is faster than 200 ps for
the CDM, while the sweep time at least faster than 20
us seems to be necessary for the zero-cross counting.
The IF is in the range of > 0.8 MHz and > 8 MHz,

rch
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respectively. Since the fluctuation level is much smaller
than the average density (n/n < 1073) in this fre-
quency range, it is easy to locate the fringes. In the pre-
vious paper, the zero-cross counting was compared to
the MEM spectral analysis [24]. The results show that
the improvement of data analysis is important for good
profile reconstruction, however, it is also demonstrated
that when the system performance is improved, such as
fast sweeping, the demands on data analysis become
lower.

Recently, the wavelet analysis is also introduced as
an alternative to the MEM spectral analysis in order to
obtain the good time-frequency resolution in signal
processing. We have chosen the Gaussian wavelet as,

tpw(t)=%exp(iwt) exp(— )

Here, both the packet width and the wavelet frequency
can be changed continuously by varying the value of w.
In order to determine the time-frequency dependence
of the detected signal s(¢), we first normalize it in such
a way that each data sequence of 100 points has a

w??
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Fig. 5. Typical frequency spectrum of the density fluctuations at the central-cell plasma. The circles are resultant beat
frequency between the reflected wave and the reference wave for each sweep time of the HTO.
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zero-average value and a constant variance, and obtain

a convolution with a wavelet function for different fre-
quency

Density Profile and Fluctuation Measurements Using Microwave Reflectometry

¥, MR
S(w,t) = J s(t)y, (t—v)dr. (10)

This gives the wavelet spectrum of the detected signal
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Fig. 6. Density profiles for various sweep times reconstructed by the zero-cross counting method (a)

and the CDM method (b).
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as shown in Fig. 7. It is possible to locate the maximum

points and obtain the required time dependence of sig- 10
nal frequency. Typical density profiles obtained with
present FM reflectometer are shown in Fig. 8. Here the 9.5}
sweep time of 20 us is adopted. Note that we can ob-
tain the density profiles for almost every sweep. — or 0
4.1.2 Time-of-flight measurement in ultrashort- T
pulse reflectometry :s‘»f 8.5 U
A proof-of-principle experiment of an ultrashort
pulse reflectometry has been performed on GAMMA 8 U
10. Figure 9 shows a plot of the measured time-of- 75l “
flight between the vacuum window and the cutoff layer '
of the plasma as a function of the Fourier component v
of the impulse. The fast-time digitizer with sampling . 5 1'0 1'5
time of 100 ps is used for this experiment. The calibra- t [us]

tion measurements are conducted with an aluminum
plate placed on the surface of the vacuum window be-
tween plasma shot. Without the aluminum plate the re-
flection from the window surface is quite small, and
does not interfere with the measurements of cutoff % 10"

layer. The solid line is calculated from Eq. (4) using the
Abel-inverted density profile from the scanning micro-
wave interferometer. The observed time-of-flight is in —6

Fig. 7. Contour plot of the wavelet spectrum.

good agreement to the interferometer data within the U')g

error bar. In the present system, the reflected signal for :;AP

center frequency above 11 GHz is not clear, probably '%

due to the small Fourier components in the 65 ps ape

FWHM impulse, the long distance to the cutoff layer

which causes divergence of the wave, and the shallow 8’ 102.8

1026
. 102.4
102.2

density gradient in the core plasma region which dis- 0.1
perses the reflected wave.

0.2

Radius [m] Time [ms]
4.2 Density and magnetic fluctuations
4.21 Measurement of ICRF-driven waves by FM Fig. 8. Density profiles reconstructed by the wavelet ana-
reflectometry lysis for many subsequent sweeps. The sweep
time is 20 ps.

The AC output of a homodyne reflectometer is
proportional to phase fluctuations when the one-
dimensional geometric optics model is assumed and the

fluctuation level is much smaller than 1. In this experi- 5.0 SRR L L A
ment FM reflectometers have been applied to the g 45 F E
measurements of ICRF-driven waves, since the ICRF — C ]
waves have rather long wavelength (much longer than é’ 4.0 - ]
the incident wavelength), and are coherent. The fluctu- E‘_r_ .
ation level is also much smaller than the low-frequency g 35 [ -]
waves as shown in Fig. 5. E C ]
In the present experiment, the mixer output of the P80 el b b b b d
reflectometer is expressed by a combination of ampli- 6 7 8 9 10 " 12
tude fluctuation A(¢), DC phase change by density Frequency [GHZ]
profile ¢y, and phase fluctuations ¢, and dgy due to Fig. 9. Measured time-of-flight for various filters. The
the low-frequency and RF waves, respectively, as solid line represents the time-of-flight calculated

from the Abel inversion of the interferometer data.
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of (1 + A(£)) Aggsin(dp + 6g) or (1 + A(£)) Aurc
sin(¢, + O¢. ), and is proportional to AZr/2 and
A%, /2, respectively. Therefore, the reflectometer out- I e® 0,4, °o
put is proportional to the density fluctuation of the RF 00 — é T 1'0 * — 15
waves (ri/n)> v r [cm]

Figure 10 shows the radial profiles of the O-mode
reflectometer output for various times. The density
fluctuation level (71/r)?* is linearly proportional to the
RF power. It is noted that the RF2 is detected in the

W Fesm Density Profile and Fluctuation Measurements Using Microwave Reflectometry ROHE, IR
(1 + A(2))sin(gp + d¢, + O¢r) _. 3 , ———
= (1+ A(2))[sin(Sp + ¢y = ® - 70ms RF2
- ER
+ Ogrcos(fp + 01 )] (11) © oL o o © oA g i
assuming d¢y << 1. Since the density fluctuation level “2 o U
due to the RF waves is estimated to be ~10™* and % 1L oG ® |
much smaller than that of the low-frequency waves, the g °
contribution of the RF waves to A(¢) is negligible. The g L)
phase fluctuations are represented by ‘;{) 0 ‘ .
0 5 10 15
Ody =) Agsin wt,
D ® t=70ms AIC
Oppg = Agp COS wppt+ Apc €08 warct,  (12) < 41 © 1o |0 ]
_ O 150 o0
g r o O 1
where wgp and w,;- show the frequency of RF and o 3} o g 4
AIC waves, respectively. The output after each band U_) g og
pass filter is expressed by the time-integration of square % 2+ o o .
§
1
2
2

Fig. 10. Time evolution of the ICRF-wave distributions:
ICRF heating wave (top), and AIC wave (bottom).

core plasma in the early stage of the discharge, how- 0—X @
ever, it is detected more in the edge during the satura- Time (ms) W“\

tion of the diamagnetic pressure. On the other hand, 10 \ |

the AIC mode localizes in the core plasma region due —_ 589/ !

to the increase in the plasma g. This figure is obtained 2 BE

by scanning the YIG oscillator frequency in 10 — 20 g b

ms. S ol

4.2.2 Measurement of cross-polarization scattering g 0 10

2 30

The CPS method has been applied to the measure- Frequency (kH2) 40
ments of low-frequency waves as well as the ICRF- X=X 4 y
driven waves. Two types of CPS can be observed by Time (ms) 12 49 \“\xiﬂ\

using horn antennas installed in the top and bottom
ports, O- to X-mode (O — X) scattering and X- to
O-mode (X — O) one. The time evolution of the fre-
quency spectra is shown in Fig. 11. The frequency spec-
tra of the CPS and the reflectometer signals show that
the low-frequency waves less than 100 kHz is excited in
a plasma. Figure 11 corresponds to the O — X mode
CPS (incident frequency: 10.20 GHz) and the X-mode
reflectometer (14.29 GHz) signals. The incident fre- Fig. 1. Frequency spectrum of the CPS (O = X) signal (a)
] and the reflectometer (X — X) signal (b).

quencies are chosen so that both systems observe the

similar radial positions of the plasma at the same shot.

It is seen that the intensity and spectra of the fluctua-

tions are changed after the ECRH is applied, indicating

40

Frequency (kHz)
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the modification of the radial electric field due to the

potential formation. Note that the frequency spectrum

of the CPS signal is broader than that of the reflec-

tometer signal. .

The discrepancy of the spectra between the CPS
and the reflectometer signals can be explained as
follows. The refractive indices of the O-mode and the
X-mode propagations are given by Egs. (2) and (3). In
the CPS process, the incident O (X) wave is converted
to the X (O) wave by the magnetic fluctuations until it
reaches the cutoff layer of the plasma. The scattering
process satisfies the wavenumber resonance condition
(Bargg condition) k = k; — k,, where k, k; and k; are
the wavenumber vectors of the fluctuation, the incident
wave, and the scattered wave, respectively. Therefore, k
= 0 in the transparent region of the plasma, since the
scattering angle 6, = 0 for the present system and k =
2k;sin(6,/2), where k; = k, is close to the wavenum-
ber in the vacuum. At the cutoff region in the O -~ X
process, the wavenumber of the incident wave, k,
becomes 0 from Eq. (2), however, that of the mode-
converted X wave, kx becomes wx/c from Eq. (3). In
the X — O process, the wavenumber of the mode-
converted O wave, k, becomes 0.81w, /c at the cutoff
region in the same manner. As a result, k varies from 0
to k; for the O — X process and from 0 to 0.81%; for
the X — O process. On the other hand, the reflec-
tometer always gives k = 0, since the wavenumbers of
the incident wave and the scattered wave equal to O at
the cutoff layer. Since the frequency of the waves are
usually given by the relation w = kv,, where v, is the
phase velocity of the wave, we should observe the
higher frequency in the CPS measurement. The phase
velocity of the waves estimated from the observed spec-
tra, v, = 5 — 10 X 10° m is in agreement with the drift
velocity vy, = T,/eBL, using the present experimental
conditions, where e is the charge of an electron and L,
is the density scale length. The magnetic field fluctua-
tions may have significant influence in the drift-wave
mode due to the finite-f§ effect and the shearless
magnetic filed of a tandem mirror, i.e.
(4nn, T,/B*)(L2/L?) > 1, where L, is the shear
length of the magnetic field [25].

4.2.3 Possibility of simuitaneous measurement of
density and density fluctuations using ultra-
short-pulse reflectometry

The ultrashort-pulse reflectometer using constant
fraction discriminators and time-to-amplitude convert-
ers (TACs) will be suited to follow changes in the
electron density profile that result from induced pertur-
bations. The system enables us to observe the time-of-
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flight of the pulse at the maximum repetition rate of 1
MHz with 30 psec time resolution. Figure 12 shows the
time evolution of the flight time of the 10 GHz output
at = 90 ms together with the frequency spectra of the
far-forward scattering signal. It is seen that the position
of the critical density layer of the plasma (r/a = 0.6,
where a is the plasma radius) is oscillating. The time
resolution of the system is estimated to be about 50 ps
from the deviation of the flight time when an aluminum
plate is used as a reflector. The period of the oscillation
agrees with the frequency peak of the scattered signal at
90 ms. The normalized density fluctuation is estimated
to be 15 — 20% from the time-of-flight data.

5. Summary

In summary, an ultrafast-swept reflectometer has
been applied to the central cell of the GAMMA 10
tandem mirror. The reliability of the density profile
measurement is investigated for various sweep times of
the source (HTO) from 10 us to 1 ms. It is observed
that the reconstructed density profile is highly improved
when the sweep time is faster than 100 — 200 ps for
the digital phase counting using the CDM method,
while it has to be faster than 20 us for the zero-cross
counting method. Although the improvement of data
analysis is important for the good profile reconstruc-
tion, it is also demonstrated that when the system
performance is improved, such as fast sweeping, the de-
mands on data analysis become lower. The wavelet
transform provides very good time-frequency resolution
as well as having a denoising capability, and is quite
useful for the profile reconstruction method of reflecto-
metry. It is possible to obtain the density profiles for al-
most every sweeps in 20 ps.

The FM reflectometry and the cross-polarization
scattering diagnostic method with frequency of 7 — 18
GHz has also been applied to the central-cell plasma
for measurement of density/magnetic fluctuations in
the ICRF-driven and the low-frequency waves. The
time evolution of RF-wave profiles are obtained in a
single shot for the first time. The CPS signals (both O
- X and X — O scattering) exhibit the broader fre-
quency spectra than those of the reflectometer signals,
which is considered to be the satisfaction of the Bragg
resonance condition.

The proof-of-principle experiment of the ultra-
short-pulse reflectometry using 65 ps and 8 V FWHM
impulse has been carried out. The observed values of
the time-of-flight are in agreement with those calcu-
lated using the Abel-inverted profile from the ineter-

ferometry data. The possibility of simultaneous
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Fig. 12. {(a) Time evolution of the flight time measured
with the TAC system: reflection from the alu-
minum (top) and the plasma (bottom). The repeti-
tion rate of the impuise is 50 kHz. (b) Spectrum of
the far-forward scattering signal.
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measurements of density profile and density fluctua-
tions is demonstrated.
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