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In high temperature fusion plasmas the transport of energy and particles is commonly believed to be

driven by turbulence. Turbulence quantities as correlation length and decorrelation time are

important for the confinement properties of a plasma. Besides other diagnostics, correlation

reflectometry has proven to be a suitable tool for the measurement of turbulence properties. At the

medium sized Toroidal EXperiment for Technical Oriented Research �TEXTOR� the existing

correlation reflectometry has been recently upgraded. A new reflectometer based on a microwave

synthesizer has been developed and installed for the investigation of turbulence properties in a

fusion plasma. Together with the existing reflectometer the measurement of radial correlation length

and decorrelation time becomes available. Both reflectometers are computer controlled and allow to

program individual frequency sequences and the duration of each frequency step. With the existing

poloidal antenna array at �=0° and on top of the vacuum vessel, the system allows the measurement

of radial correlation and poloidal correlations at the same time. First experiments have been

performed and the results on the radial correlation length of density fluctuations in a fusion plasma

are presented. �doi:10.1063/1.3497305�

I. INTRODUCTION

High temperature fusion plasmas are produced in either

stellarators
1

or tokamaks.
2

In these devices the plasma is

confined by magnetic fields. The superposition of toroidal

and poloidal magnetic fields produces eccentrical flux sur-

faces where, in first approximation, electron temperature and

density are constant. One of the urgent tasks in magnetic

confined fusion plasma physics is the understanding of the

origin of the anomalous radial transport. It is commonly be-

lieved that small scale turbulence, e.g., density fluctuation, is

responsible for the radial transport. In a fusion plasma small

scale structures are aligned along magnetic field lines. Espe-

cially, the interaction of small scale and mesoscale structures

and their contribution to transport of energy and particles on

one side and the generation of transport barriers
3

on the other

side is of interest for the design and operation of large toka-

maks as ITER.
4

The properties of these fluctuations can pro-

vide new insight into transport mechanisms. However, the

observation of fast turbulent processes is difficult and needs

high temporally and spatially diagnostics. One of them, the

reflectometry, is operated in the range of millimeter waves

and sensitive to fluctuations in the electron density. It makes

use of the optical properties of a high temperature plasma.

The refraction index decides between regions of absorption,

transmission, and reflection. Choosing a frequency range

which allows only for reflection at a certain isodensity sur-

face, density fluctuations near this reflection layer can be

related to amplitude and phase fluctuations of the probing

frequency. Combining different antennas in an array allows

to study spatial correlations and the propagation of turbulent

structures. The capability of correlation reflectometry has

been discussed by Rhodes and co-workers.
5

Since then it is

used for the estimation of correlation length and decorrela-

tion time at the same flux surface.
6

With an additional reflec-

tometer operating at a slightly different frequency the radial

correlation length can be estimated as demonstrated at JET.
7,8

This quantity is of importance for the radial electron trans-

port. In addition, correlation reflectometry for O- and

X-mode is used for the estimation of the local magnetic

field.
9,10

The paper is organized as follows. In Sec. II the instru-

mentation is discussed with emphasis on the new generator.

Also the antenna arrays installed in the tokamak are de-

scribed in detail and especial attention is paid to the arrange-

ment of the antennas in the array to deduce the inclination

angle of the magnetic field line. Section III explains the dif-

ferent possible correlation schemes available at TEXTOR

and in Sec. IV, first measurements of long range correlations

and the measurement of the radial correlation length are pre-

sented. Section V summarizes the results.

II. PRINCIPLES AND INSTRUMENTATION

A. Conditions for reflection

The condition for absorption and reflection of waves in

the plasma is governed by the refractive index �N�, which is

given by the Appleton–Hartree equation.
11

For the probinga�
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frequency �, the condition for reflection �N2=1� and the as-

sumption of a perpendicular viewing angle to the plasma, the

equation can be simplified to

�2 = �p
2 �1�

for O-mode propagation �the E-field vector is parallel to the

magnetic field�. Here the plasma frequency is denoted by

�p=�nee
2
/�0me and depends only on the electron density ne.

In case of X-mode polarization, reflection occurs for the

lower and upper X-mode cutoff, which is given by

�R,L
2 =

1

2 ��2�p
2 + �c

2� � �c
�4�p

2 − �c
2� . �2�

Here cyclotron frequency is denoted by �c=eB /me, where B

is the local magnetic field strength. Compared to O-mode

polarization the use of the lower X-mode polarization allows

to use the same frequency to probe a reflection layer deeper

in the plasma.

At TEXTOR �Ref. 12� both polarizations are realized,

but not for all antenna arrays used. The reflection layers for

O- and X-mode polarization for TEXTOR parameters are

shown in Fig. 1. In addition, the frequency range of the re-

flectometry system at TEXTOR is given by the horizontal

dashed lines.

B. Microwave generators

At TEXTOR two microwave generators are operational.

Both are operated in the so-called Ka-band �26–40 GHz� and

each of them consists of two sources with frequencies f1 and

f2, which are out of tune by 20 MHz. Both sources are phase

coupled by a phase locked loop �PLL�. Whereas one genera-

tor �26� f �37 GHz� uses low noise yttrium-iron-garnet

�YIG� tuned oscillators which can be swept only slowly with

10 GHz/s, the second one �24� f �40 GHz� allows a fast

frequency change within �t�1 ms for an arbitrary fre-

quency step. For achieving the fast frequency change and

enough output power �Pout�40 mW� voltage controlled os-

cillators �VCOs� are used. Such oscillators, having enough

power, are not available in the Ka-band. Therefore oscillators

at a lower frequency have to be used and multiplied in fre-

quency to cover the frequency range from 24 to 40 GHz.

However, each frequency doubling reduces the signal

strength of the output signal and amplifiers have to be used

to increase the signal strength again. The frequency range

and power of the oscillator are selected carefully to match

the specifications of the output signal in the Ka-band and to

provide a low phase noise. A sketch of the generator is seen

in Fig. 2. In the case of TEXTOR reflectometry it was de-
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FIG. 1. �Color online� Plasma frequency �p—solid, �ce—dotted, upper

X-mode cutoff �co1—dashed, and lower X-mode cutoff �co2 for a parabolic

density profile with central ne=4�1019 m−3. The dashed horizontal lines

mark the frequency range of the reflectometry system.

FIG. 2. Setup of the new reflectometer generator with two VCOs and PLL. To achieve the Ka-band frequencies multiplying of the VCO frequency is

necessary. Each multiplier increases the frequency by a factor of 2.
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cided to use VCOs in the range of 3–5 GHz. With a fre-

quency multiplication of 8 it covers the full Ka-band. Besides

the frequencies f1,2 the reference frequency f ref= f1− f2

=20 MHz signal is provided from both VCOs and used later

for down conversion in the quadrature detectors �see Sec.

II E�. This 20 MHz signal is only available when both fre-

quencies are phase locked.

Both generators also have a serial interface which allows

to program the frequency of each oscillator and the time

duration of the frequency step. Whereas the control software

for the reflectometer with the YIG-oscillator allows up to 20

different frequency steps, each at the same duration, the

VCO based reflectometer can be programmed for eight dif-

ferent time windows and frequency steps individually. In

this reflectometer the time window range should be

�10 000 ms. The time step itself is programmed in millisec-

onds. Two trigger inputs allow arming of the system as well

as starting the preprogrammed frequency sequence. After one

sequence the system automatically falls back into the pro-

gram modus. The VCO based reflectometer can be triggered

several times during a discharge, whereas the YIG based

reflectometer needs a substantial delay �several seconds� for

recalibration after a sweep.

C. Antennas and waveguides

At TEXTOR three antenna arrays are installed �see Fig.

3�. The circles denote the locations of the antenna array. Two

of them are in the equatorial plane at the outer midplane,

denoted as midplane I and midplane II, the third one on top

of the toroidal vessel. With respect to the top array the other

two arrays are installed at 	�
90°, 	�=22.5° and 	�

90°, 	�=112.5°. The fact that 	�
90° stems from a shift

of the top antenna array toward the high field side by s

=0.08 m with respect to the major radius R0. Furthermore,

due to the Shafranov shift the angle increases with decreas-

ing reflection radius. All three arrays are different in the

number of receiving antennas and in the shape of a single

antenna. All arrays are installed 5 mm behind the liner. The

liner radius amounts to rliner=546 mm. The two arrays,

which are separated by 	�=22.5°, consist of one launching

antenna and four receiving antennas. They are grouped in the

array as shown in Fig. 4�a�. The top one uses pyramidal horn

antennas with a focal length of l=93 mm. The antenna

mouth is rectangular �49�32 mm�. The antenna foot ends

in a rectangular Ka-band fundamental WR28 rectangular

waveguide made of copper. The same waveguide is also used

to guide the microwaves outside the vessel to the measuring

cabin. All five antennas aim to the plasma center. The geo-

metrical poloidal distance between the antennas is 	�geo

=0.05,0.09,0.14,0.19 rad. The geometrical toroidal separa-

tion between the two antenna columns is 	�=0.019 rad.

The array is installed with the long antenna edge along the

poloidal angle. This allows the propagation of the fundamen-

tal mode in rectangular waveguide, which means measure-

ment in O-mode only.

The antenna array �see Fig. 4�b�� in the equatorial plane

consists of the same antenna arrangement; however, each

antenna has a circular mouth d=50 mm in diameter and a

focal length of l=86 mm. Due to the circular antenna

mouth, the toroidal separation of the two columns is 43 mm,

which corresponds to 	�=0.019 rad. Also this array aims to

the plasma center which yields the same poloidal separation

as for the top array. The antenna foot ends in a copper cir-

cular waveguide. The waveguide with an inner diameter of 8

mm is used in the vessel as well as outside the vessel on the

way to the measurement cabin. The coupling of the circular

waveguide to the WR28 rectangular ones is realized by

smooth tapers with length of 50 mm. The third antenna array

consists of three antennas �see Fig. 4�c��. Here the antenna

mouth is quadratic with an edge of 40 mm. The focal length

is l=75 mm. The third array is constructed to measure O-

and X-mode polarity of the reflected wave �see Sec. II A�.
The antenna in the middle is used for launching the wave,

and the poloidal separation between the upper and lower an-

tennas amounts to 	�=0.71 rad. Following the vacuum

break, a taper together with a twist selects the polarization of

the reflected radiation. Turning the taper by 90° and remov-

ing the twist will allow measurements for X-mode polariza-

tion as well. Following the taper, the waveguide to the mea-

surement cabin is made of WR28 rectangular waveguide.

All antennas in the three arrays are made of stainless

FIG. 3. �Color online� The position of the three antenna systems installed at

TEXTOR. In addition, the location of different diagnostics is visible.

FIG. 4. �Color online� Different antenna arrays used at TEXTOR: �a� top

array, �b� midplane array I, and �c� midplane array II. Note that L denotes

the launcher antenna.
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steel. The reflected microwave passes a vacuum window in

the fundamental waveguide, made by a Kapton sheet with a

thickness of 0.8 mm and an attenuation of 0.8 dB. The

vacuum break acts also as electrical insulation from the ves-

sel. The signals feed the balanced mixer after passing a

manual microwave switch. The switch is used to select be-

tween midplane and top antennas for each antenna �see Sec.

III�. The heterodyne branch to the mixer is supplied directly

by the generator and is distributed to the mixer via 3 dB

directional couplers. The frequency in the heterodyne branch

�fHD� and the frequency in the launching path �f launch� fulfill

the equation fHD− f launch= f IF=20 MHz, where f IF denotes

the intermediate frequency.

D. Antenna arrangement

The arrangement of the antenna in the top and midplane

array allows to determine the inclination or pitch angle of the

turbulence. Therefore, it is assumed that the eddies follow in

first approach the magnetic field line and are elongated along

the field line. In terms of wave number it is equivalent to

k� �k�. The calculation of the cross correlation for the six

combinations results in four different poloidal and toroidal

combinations. The slope of the calculated delay time as a

function of the poloidal separation �	�� is a measure for the

propagation of the turbulence perpendicular to the magnetic

field line �B��. However, the projection of an antenna com-

bination with the same poloidal separation and a toroidal

angle 	��0 rad, e.g., EC and BD �see Fig. 5—note that

antennas E and C are poloidally shifted by 	�geo=0.14 rad

for a better comparison�, on the direction of B� yields a

difference in the propagation path if the inclination angle 

�0 rad. This offers the possibility to determine the inclina-

tion angle of the eddies from those combinations. In this case

the measured ratio in the delay time depends only on geo-

metrical properties of the antenna array and the reflection

radius rc,

sEC

sBD

=
	tEC

	tBD

=
rc	� − a · tan 


rc	� + a · tan 

. �3�

Here a denotes half the toroidal distance between both an-

tenna columns. Note that also other combinations can be

used for the estimation of the pitch angle as long as one of

the used combinations fulfills the condition 	��0 rad.

The ratio of poloidal magnetic field �B�� and toroidal

magnetic field �B�� is proportional to the pitch angle by the

relation

B�

B�

=
1

tan 

� q . �4�

Measuring 
 allows to determine B�, and therefore the local

safety factor q from correlation reflectometry. This offers a

new and robust method for the safety factor estimation even

at the edge, where diagnostics as polarimetry or motional

Stark effect �MSE� have difficulties. Also the restriction to

neutral beam heated plasmas as in the case of MSE is not

necessary. The consequence of the pitch angle estimation

results in more robust estimation of the turbulence propaga-

tion velocity �v�� by taking into account the different propa-

gation path having the same poloidal and toroidal angular

separation. An example for a pitch angle corrected estimation

of v� is shown in Fig. 6 for midplane antenna array and a

reflection layer of rc=0.325 m. It shows 	t as a function of

	� for the uncorrected data and as a function of 	�� for the

corrected data, where 	�� is defined as 	��=s /rc. Here s

denotes the distance on the B� direction, traveled by the

turbulence. However, the estimated velocity for the uncor-

FIG. 5. �Color� Turbulence propagation direction for a case with 
�0. The elliptical assumed eddy is elongated along the magnetic field line. It is clearly seen

that the projection EC on v� given by E�C� is smaller than the projection of BD �B�D��.

113502-4 Krämer-Flecken et al. Rev. Sci. Instrum. 81, 113502 �2010�



rected and the corrected data has not changed much due to

the fact that the deviations in the uncorrected case are sym-

metric. Furthermore, the fact that the correction for the top

array is smaller than for the midplane array is explained by

an increased B�. With the known pitch angle it is also pos-

sible to calculate the projection of v� on the � axis, which

makes the comparison with other diagnostics much simpler.

E. Detection and acquisition

The intermediate signal from the mixer �f IF�, belonging

to one antenna, and the 20 MHz reference signal from the

generator �f ref� feed the quadrature detectors. The quadrature

detectors are fabricated in house. They have a small band-

width for the input signal. The amplitude of both signals

together can be adjusted on the circuit board as well as the dc

offset and the amplitude of the sine and cosine output sig-

nals. This allows an ideal matching to the input voltage range

of the analog to digital converters �ADCs�. Both signals are

stored with a sampling rate of 1 MHz for each antenna. The

used ADCs are peripheral component interconnect �PCI�
modules mounted in a PCI extension crate installed close to

the quadrature detectors in the TEXTOR experimental area.

Each ADC allows to store four signals with a resolution of

14 bit and 64 MSample on board memory for each channel.

These parameters allow to store the complete pulse �tpulse

�10 s� even with the highest sampling rate of 3 MHz. The

short cabling reduces noise on the signals. The computer for

storing the data is localized in an air conditioned server room

outside the experimental area. The connection between the

crate and the computer is done via an optical link.

III. OPERATION SCHEMES

The three antenna arrays are operated with two genera-

tors and allow different operation schemes, as can be seen in

Fig. 7. It shows the receiving antenna of all three positions

and the waveguide connections to both generators to illus-

trate the measurement arrangements. The use of manual mi-

crowave switches allows to select antennas from different

arrays. The following measurement scenarios are possible:

• Measurement of poloidal correlations either in the top or

midplane arrays with one generator only allows the esti-

mation of the rotation perpendicular to the magnetic field

line as well as the estimation of the perpendicular correla-

tion length �l�� and the decorrelation time ��dc�.
• Measurement of long distance correlations for the follow-

ing separations:

�1� 	�
90°, 	�=22.5°;

�2� 	�
90°, 	�=112°; and

�3� 	�=0°, 	�=90°.

• Measurement of radial correlations either with the top ar-

ray or the midplane array. In both cases one antenna is

connected to the second generator. In this scheme, radial

and poloidal properties of the turbulence are measured as

well as the rotation. In this scenario, it is possible to

change the frequency of one generator only, or to change

the frequency of both generators keeping the radial sepa-

ration nearly constant. In the latter case the change in tur-

bulence properties as a function of the radius can be inves-

tigated during a discharge.

The advantage of O-mode correlation reflectometry is the

measurement of turbulence properties and the plasma rota-

tion with the same diagnostic at the same time and radial

position. This is of importance for long range correlation

measurements. Furthermore, the measurement of v� allows

to measure the radial electric field Er, assuming the pressure

gradient is known from density and temperature profiles.

From the radial development of v� the rotation shear can be

calculated. Both rotation shear and Er influence the turbu-

lence properties and are discussed to play an important role

in the generation of transport barriers.

IV. EXAMPLES OF CORRELATION MEASUREMENTS

This section describes the first results on long range cor-

relations and on radial correlation measurements at TEX-

TOR. Both examples are obtained by using O-mode polar-
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ization and highlight the application of the extended antenna

array setup and the use of two reflectometers in a similar

frequency band.

A. Long range correlations

For the investigation of long range correlation the com-

bination between top array and midplane array with 	�
=112°, 	��90° is used. The frequency of the first generator

was set to f1=28 GHz, whereas the frequency of generator

2 was swept stepwise during the discharge �25.3� f2

�30.2 GHz�. The corresponding reflection layer is fixed to

rc /a=0.83 and 0.87�rc /a�0.8, respectively. In this radial

range, geodesic acoustic modes �GAMs�13,14
are observed.

This mode shows pronounced density fluctuations at the top

and bottom of the vessel and has a poloidal and toroidal

symmetric structure for velocity oscillations. As a conse-

quence a correlation at the GAM frequency should be ob-

served for the above toroidal and poloidal separation. Indeed,

in Fig. 8 GAM frequency is seen in the delay time spectra of

short �within the top antenna array combination DE� and

long distance correlations �combinations of EF and EG�. For

the delay time spectrum the cross correlation for different

antenna combinations is calculated. Each sample volume for

the cross correlation is small, so that the Nyquist frequency

of the spectrum is well above the GAM frequency. Note that

the combination DE is calculated for f1=28 GHz only,

where the other combinations stem from different generators

�f1=28 GHz, f2=28.1 GHz�. For the calculation of the 	t

spectrum, only the frequency range above 40 kHz is used.

The peak at the GAM frequency is therefore also evident for

the modulation of the ambient turbulence rotation by the

GAM.

B. Radial correlations

The radial correlation length and the radial propagation

of turbulent eddies are studied for the top and midplane I

antenna array separately. All analyzed discharges are Ohmic

ones with Ip=400 kA and Bt=1.9 T. The line averaged den-

sity was chosen to be n̄e=2.0�1019 m−3. One of the genera-

tors was kept constant in frequency, whereas the other one

varies the frequency in steps of 700 MHz in the range of

25.3� f2�30.2 GHz during the flat top of the discharge.

Each frequency step lasts for 400 ms. To decrease the radial

separation between data points each discharge was repeated

three times for f1=26, 28, and 30 GHz. For the estimation of

the reflection layer the electron density profiles from the

HCN-interferometer are used. The radial range of the mea-

surements is determined as 0.81�r /a�0.88. Since only one

antenna is connected to the frequency scanning generator,

three combinations with different poloidal separations �	�
=0.025, 0.05, and 0.075 rad� can be used. The estimated

radial correlations are in fact a combination of radial and

poloidal correlations. However, due to three different poloi-

dal separations the radial correlation length can be extrapo-

lated. In Fig. 9 the coherence for the ambient turbulence is

presented as a function of the radial separation for the top

antenna array. The different line styles denote different 	�
and the different symbols denote the data from discharges
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with different f1. As expected, the coherence drops with the

increase of the radial and poloidal separation. The data for

each value of 	� can be approached by a Gaussian. The full

width at 1 /e-level of the Gaussian amplitude is a measure for

the sum of radial and poloidal correlation length. These val-

ues are presented as a function of 	� in Fig. 10 and yield a

lr=11 mm at 	��=0. Similar values for lr are found from

probe measurements at the plasma edge
15

at TEXTOR. Fur-

thermore the obtained lr is in the range of l� /2� lr� l�,

which was obtained in earlier measurements at TFTR.
16

At

TEXTOR the perpendicular correlation length is measured at

the same time from combinations of antennas B, D, and E

and yields l�=24 mm.

V. SUMMARY

The paper discusses the strength of correlation reflecto-

metry applied at the tokamak TEXTOR. With state of the art

heterodyne reflectometers with phase locked loop, a large

frequency band �24–40 GHz� can be accessed by one reflec-

tometer only. At TEXTOR, a sophisticated antenna setup

consisting of three antenna arrays located at different poloi-

dal and toroidal angles allows the measurement of turbulence

properties and plasma rotation at the same time. Hereby, a

second reflectometer is used to determine radial correlation

length as well. Furthermore, the arrangement of the antennas

in an array allows to deduce the pitch angle of the magnetic

field line and therefore enables the measurement of the local

measurement of the poloidal magnetic field and the safety

factor q. First measurements of long range correlations for

the geodesic acoustic mode show the large potential of cor-

relation reflectometry. The measurement of the radial corre-

lation length confirms an existing relation between radial and

poloidal correlation lengths and it can be used for a detailed

study of the radial correlation length profile in the vicinity of

transport barriers.
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