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Abstract A microwave reflectometry system operating in the V-band frequency with extraor-

dinary mode polarization has been developed on the EAST tokamak. The reflectometry system,

using a voltage-controlled oscillator (VCO) source driven by an arbitrary waveform generator with

high temporal resolution, can operate for the density profile measurement. The result of the bench

test shows that the output frequency of the VCO has a linear dependence on time. The dispersion

of reflectometry system is determined and reported in this paper. The evolution of a pedestal

density profile during the L-H transition is observed by the reflectometry in H-mode discharges

on EAST tokamak. A frequency synthesizer is used to replace the VCO as microwave source

for density fluctuation measurements. The level of density fluctuation in the pedestal shows an

abrupt decrease when the plasma enters into H-mode. A coherent mode with a frequency of about

100 kHz is observed and the mode frequency decreases gradually as the pedestal evolves.
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1 Introduction

Microwave reflectometry is a radar-like technique,
which measures the phase or time delay of electromag-
netic radiation reflected from a plasma cutoff layer.
The diagnostic is widely used on tokamak and other
fusion devices [1−5]. Reflectometry has the great ad-
vantage of being a non-perturbative method of mea-
surement due to very low injected power of the probing
microwave beam. Reflectometry has been developed for
two main applications: determination of density pro-
file and density fluctuations. Due to its high temporal
and spatial resolution, reflectometry for density profile
measurement becomes an important tool to do physics
studies, such as H-mode physics, transport behavior,
etc. For the measurement of density profile, it is well
known that density fluctuations may seriously deterio-
rate the accuracy of density measurement, and the ul-
trafast sweep reflectometry [6,7] can overcome this dete-
rioration by “freezing” the fluctuations. Reflectometry
is also a powerful tool to determine some characteristics
of the density fluctuations, which could induce phase
fluctuation of the microwave signal [1].

The high confinement mode (H-mode) was first dis-
covered in the ASDEX tokamak [8]. Since then, lots of
work has been done to understand the H-mode physics
with significant progress achieved in experiments and
theories. The H-mode is characterized by a sponta-

neous formation of a transport barrier at the plasma
edge, which is usually associated with the repetitive
edge localized modes (ELMs). The measurement of
the dynamic evolution of density profile is important
for understanding the L-H transition, pedestal and
ELM physics. Recently, H-mode has been achieved on
the experimental advanced superconducting tokamak
(EAST) [9,10]. EAST is a full superconducting toroidal
device with a major radius (R) of 1.75 m and a minor
radius (a) of 0.45 m. An X-mode microwave reflectom-
etry with probing frequency 46-74 GHz has been devel-
oped on EAST, which can provide routine measurement
of the edge density profiles and fluctuations. In this
paper, the reflectometry setup and some experimental
results are presented.

This article is organized as follows: the development
of reflectometry on EAST is described in section 2, and
the experimental results are given in section 3. Sum-
mary and future plans are presented in section 4.

2 Development of reflectometry

2.1 Description of the reflectometry
system

A schematic of the X-mode reflectometry system
on EAST is shown in Fig. 1. The microwave source
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of the reflectometry is a voltage-controlled oscillator
(VCO), which generates frequencies between 11.5 GHz
and 18.5 GHz with output power ranging from 21 dBm
to 24 dBm. The output wave of the VCO, driven by an
arbitrary waveform generator (AWG), is split into two
channels using a 3 dB power divider. One channel is
used as a reference arm and the other is used as a prob-
ing arm. To achieve heterodyne detection, the probing
wave frequency is modulated in a single sideband mod-
ulator (SSBM) by a quartz oscillator at 100 MHz. The
frequency of output wave from the SSBM is upshifted
100 MHz and then upconverted by an active quadru-
pler, providing frequency coverage between 46 GHz and
74 GHz with an output power ranging from 8 dBm to
12 dBm. Two adjacent antennae, located at the equa-
torial plane of the low field side of EAST, are used for
emission and reception. A 3 m delay line is used to com-
pensate for the phase delay of the reference channel.
After the quadrupling of its frequency, the reference
wave is mixed with the reflected wave from the plasma.
The I/Q detector is used to measure the in-phase and
90◦-phase signals which allow the absolute phase and
amplitude detection. For the measurements of density
fluctuations, the VCO source is replaced by a frequency
synthesizer, which has lower noise and smaller drift.

Fig.1 Schematic diagram of the V-band X-mode reflec-

tometry on EAST

The condition for the absorption and reflection of
waves in a magnetized plasma is governed by the re-
fractive index, which is given by the Appleton-Hartree
equation. For X-mode polarized waves, reflection oc-
curs at the position where the probing wave frequency
equals the right-hand cutoff frequency (ωR) or left-hand
cutoff frequency (ωL), which are given by

ω2
R,L =

1
2

[
(2ω2

p + ω2
c )± ωc

√
4ω2

p − ω2
c

]
, (1)

where ωc = eB/me is the electron cyclotron frequency
and ωp =

√
nee2/ε0me the plasma frequency. Fig. 2

shows the characteristic plasma frequencies on the
equatorial plane by assuming a parabolic density profile
with central density of 3.5×1019 m−3 in typical EAST
discharge with toroidal magnetic field (Bt) of 1.85 T
at R0=1.88 m. Using the right-hand polarized probe
waves, the present V-band system covers the plasma
profile from R ∼2.1 m to R ∼2.3 m as seen from the fig-
ure. One of the advantages of the X-mode reflectometry
is that the plasma edge location can be determined by
the signal characteristics, as shown in section 3. Other

advantages of X-mode as compared to O-mode propa-
gation are the ability to look beyond the density peaks
and the compatibility with flat H-mode density profiles,
due to the magnetic field dependence of the refractive
index.

Fig.2 Characteristic frequencies on the equatorial plane

for typical EAST tokamak parameters. fce: electron cy-

clotron frequency, fp: plasma frequency, fL: left-hand cut-

off frequency, fR: right-hand cutoff frequency, fUH: upper

hybrid frequency, f2ce: second harmonic of the electron cy-

clotron frequency

2.2 Bench test of reflectometry system

Fig. 3 shows the nonlinear dependence of the out-
put wave frequency of the VCO on the driving volt-
age, which is measured by changing the driving voltage
step by step. Considering this dependence, a nonlinear
waveform of driving voltage is programmed into the
AWG, and is expected to acquire a linear sweeping of
the output wave frequency of the VCO. The system
test in laboratory has been done to check the linearity
of the sweeping frequency and determine the system
dispersion.

Fig.3 The dependence of static output frequency of VCO

on driving voltage

By putting a metallic mirror in front of the anten-
nas, the phase delay (φ) of the probing and reference
channel was measured. According to the principle of
reflectometry, the relationship between delay time (τ)
and the phase delay is

τ =
1
2π

dφ/dt

df/dt
, (2)

where f is the probing frequency. In the test, delay time
(τ) consists of two parts, the delay time (τv) due to the
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wave propagation in vacuum and the delay time (τs)
due to the wave propagation in the microwave circuit.

τ = τv + τs =
1
2π

dφ/dt

df/dt
. (3)

The time delay τv = 2d/c is related only to the distance
(d) between antennae and the metallic mirror, and τs

is dependent on f , representing the system dispersion.
The phase delay has been measured for different dis-

tances. For any two different distances d1 and d2, the
relationship between the phase delay difference (∆φ)
and the time delay difference (∆τv) is used since the τs

doesn’t depend on d.

∆τv =
2∆d

c
=

1
2π

d∆φ/dt

df/dt
. (4)

Here, ∆d = d1 − d2. After a simple manipulation, one
can get

f(t) = f0 +
c

4π∆d
[∆φ(t)−∆φ0], (5)

where f0 and ∆φ0 are the probing wave frequency
(46 GHz in the test) and phase delay difference at the
initial time of one sweeping cycle, respectively. Fig. 4
shows the time dependence of the sweeping frequency
calculated by using Eq. (5) for three different ∆T ,
where ∆T is the repetition rate between sweeps. The
result shows that linearity of the sweeping frequency is
very good up to a repetition rate of 50 µs.

Fig.4 Output frequency of VCO after calibration with dif-

ferent repetition rates ∆T between sweeps

The system dispersion has been calculated from the
following formula,

τs = −τv +
1
2π

dφ/dt

df/dt
. (6)

Fig. 5 shows the dependence of τs on the probing fre-
quencies. It can be observed that the dispersion is
mainly in the low frequency range and doesn’t depend
on ∆T . In the experiment, the system dispersion is
considered in the density profile reconstruction.

Fig.5 The dependence of reflectometry system dispersion

on probing frequency

3 Experimental results

In the discharges with a high Bt of 2.25 T on EAST
tokamak, edge density profile has been measured by
the V-band X-mode reflectometry. Fig. 6(a) shows the
line-averaged density measured by interferometry in
one such high Bt plasma discharge. The line-averaged

Fig.6 (a) The line-averaged density from HCN laser inter-

ferometry on EAST, (b) The dependence of beat frequency

on probing frequency in one sweeping cycle, (c) Density pro-

files reconstructed by the reflectometry system at different

time slices
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density shows several peaks from 2.5 s to 5 s due to den-
sity modulation using gas puffing. Fig. 6(b) shows the
beat frequency fb in one sweeping cycle (∆T=200 µs)
at the time of 3 s. Here, fb is equal to dφ/dt

2π in Eq. (2)
and is analyzed by applying Choi-Williams distribu-
tion [11]. Below 51 GHz, the probing wave is reflected
from the wall, and the beat frequency decreases quickly
when the probing wave is above 51 GHz and reflected
from the edge plasma. By using the information of
magentic field, the density profiles were reconstructed
at different time as shown in Fig. 6(c). The density
from R=2.10 m to R=2.25 m at the time of 3.1 s, cor-
responding to one peak in line-averaged density (Fig. 6
(a)), is larger than that at the time of 3.0 s. The den-
sity profile is then recovered at 3.5 s, which is similar
to that at 3.0 s. This indicates that the evolution of
the density profile measured by reflectometry is consis-
tent with that of the line-averaged density measured by
interferometry.

Fig. 7(a) shows that the L-H transition in EAST
shot 40786 occured at about 3.48 s when the Dα signal
showed an abrupt decrease and both the line-averaged
density and MHD energy began to increase. Due to
the low magnetic field in H-mode discharges on EAST,
usually 1.85 T like this shot, the reconstruction of den-
sity profile from the measurement of the reflectometry
needs the edge profile provided by other diagnostics.
Fig. 7(b) shows density profiles at different time slices

Fig.7 Plasma density profile during L-H transition from

the reflectometry in shot 40786 on EAST. (a) Line-averaged

density and MHD energy increase, and Dα signal decrease

in L-H transition, (b) Edge density profile at different time

from the reflectometry during L-H transition

in shot 40786 by using the edge profiles measured by
edge Langmuir probe in another similar shot. It can
be seen from this figure that the edge pedestal formed
at t=3.5 s just after the L-H transiton and the density
and density gradient gradually increase with time.

The density fluctuation evolution during L-H tran-
sition on EAST tokamak has been measured by reflec-
tometry, as shown in Fig. 8. The L-H transition for
shot 41713 occors at about 3.275 s at which Dα signal
shows an abrupt decrease. The fluctuation reflectom-
etry (using the frequency synthesizer as source) with
the probing frequency of 54 GHz, corresponding to a
cutoff at normalized radius r ∼ 0.95, is used to mea-
sure the density fluctuation. Fig. 8(b) shows that the
density fluctuation level also has an abrupt decrease
at the time of L-H transition and the plasma stays in
this low fluctuation stage for about 20 ms. During this
low fluctuation stage, the high frequency component of
density fluctuation is suppressed compared with the L-
mode plasma shown in Fig. 8(c). A coherent mode with
frequency of about 100 kHz is observed in the density
fluctuation spectrum, and the density fluctuation level
increases accordingly after the low fluctuation stage.
In addition, the coherent mode frequency gradually de-
creases as the pedestal evolves. The coherent modes are
often seen in the H-mode pedestal region of ELM-free
H-modes in EAST and other tokamak devices [12,13].
The role of the coherent mode in particle and energy
transport in the pedestal region is unclear at this mo-
ment.

Fig.8 (a) Dα signal, (b) Density fluctuation level (δn/n),

(c) Fluctuation spectrum measured by a 54 GHz reflectom-

etry (with cutoff at about normalized radius of ∼0.95) for

shot 41713 on EAST

4 Summary

A 46-74 GHz X-mode reflectometry has been devel-
oped to measure the plasma density profiles and fluctu-
ations on EAST. Through the bench test of reflectom-
etry system, the linearity of sweeping frequency was
proved and the system dispersion was determined. The
density pedestal formation and evolution in the H-mode
plasma have been clearly observed by the reflectometry.
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During the L-H transition, a coherent mode of 100 kHz
has been measured by fluctuation reflectometry with
probing frequency at 54 GHz.

32-50 GHz (Q-band) and 72-110 GHz (W-band) re-
flectometries are under development. The combination
of the three reflectometries will provide dynamic evo-
lutions of the density profile for the physical studies of
the L-H transition, pedestal and ELM physics.
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