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At the TEXTOR tokamak in Jülich, Germany, a modular dispersion interferometer was installed and
operated for the first time. Equipped with four lines of sight, the line-integrated density could be
measured in parallel at different major radii with a resolution of better than 3 × 1017 m−2. This
paper will describe the setup and show the first measurement results. Among others, it was possible
to detect the evolution of a disruption with a time resolution of 4 μs. The movement of the runaway
beam following the disruption could be resolved spatially and temporarily. © 2011 American Institute
of Physics. [doi:10.1063/1.3600896]

I. INTRODUCTION: DISPERSION INTERFEROMETRY

Interferometry is a well-known type of plasma diagnos-
tic to measure the electron density on fusion experiments. Its
robustness and reliability makes it an appropriate tool for con-
trol purposes, e.g., the real time control of the plasma density
and the position of the plasma column.

An interferometer detects the phase shift of a probing
beam along the line of sight; this phase shift is generated by
the dispersive effect of the electron density (equals the plasma
density in a fully ionized hydrogen plasma) on the probing
beam. So, interferometry is a line-integrated density measure-
ment, but with a sufficient number and an appropriate config-
uration of multiple beam lines a spatial density distribution
can be calculated using an inversion algorithm.

For the choice of the optimal wavelength of the probing
beam, one has to deal with two counter-acting effects: On the
one hand side, the phase shift generated by the plasma is not
only proportional to the line-integrated electron density (the
parameter of interest), but also directly to the wavelength λ,

ϕdisp = λe2

4πε0mec2

∫
nedl, (1)

(e – elementary charge, ε0 – vacuum permittivity, me – elec-
tron mass, c – speed of light, ne – electron density). To achieve
a large signal one would choose a high value of the wave-
length. On the other hand, in plasma experiments with high
electron densities an upper limit is given by refraction.

A good choice for the wavelength of a probing beam
in high performance plasma experiments lies around 10 μm:
Practically no refraction effect can be detected, and the phase
shift is typically in the order of π (e.g., for an electron den-
sity of 1020 m−3 and a beam path of one meter in the plasma)
and therefore large enough to be detected with an appropriate
resolution. In addition, laser sources with a sufficient output
power (e.g., CO2 lasers) are available.

The remaining challenge comes from effects generated
by vibrations of the optical elements in the beam path. In ad-
dition to the dispersive part of the phase shift as described in
Eq. (1), a vibration induced contribution,

ϕvib = 2π
δ

λ
, (2)

where δ is the change in length of the optical path, caused by
the shifts of optical elements, increases the overall phase shift
� of the probing beam,

� = ϕdisp + ϕvib. (3)

This effect can be about one order of magnitude
larger than the dispersive part (e.g., for λ = 10 μm and
δ = 100 μm) and therefore needs to be compensated.

A common approach is a two-color interferometer (see,
e.g., Refs. 1 and 2), using a second interferometer at the same
beam path, but with a different wavelength. With two results
for the overall phase shift (3), the vibration induced part can
be eliminated. However, this approach requires a consider-
ably effort (two interferometers with one measuring and one
reference arm each). In addition, the dynamic range of the
phase counter needs to be quite large because the vibration
induced effects must be measured completely with high accu-
racy. These disadvantages can be overcome with a dispersion
interferometer (DI).

The working principle and layout of the TEXTOR dis-
persion interferometer is described in detail in Refs. 3 and 4.
Main laser source is a 25W CO2 laser working at 10.6 μm.
The key element is the frequency doubling crystal (AgGaSe2),
which converts a fraction of the fundamental wave into its
second harmonics. Both beams cross the plasma and the re-
maining part of the fundamental wave is frequency doubled.
Both beams interfere, and the detector signal is proportional
to

�� = 3e2

8πε0mec2
λ

∫
nedl. (4)
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Most important feature of this technique is the fact that
the phase effect generated by vibrations is not detected in gen-
eral.

II. CONFIGURATION AT TEXTOR

For TEXTOR, the multi-channel dispersion interferome-
ter was designed in a modular way: Each measurement chan-
nel is represented by a compact module, which is completely
independent of the other modules. In this design, the modules
can be operated in stand-alone or multi-channel configuration,
maintenance and even exchange of modules is possible with-
out affecting the others.

The modules consist of a vertical plate, on which the op-
tical elements are mounted on both sides: The “laser level”
includes the main laser source and a small red laser diode
for alignment as well as the main shutter with a beam dump.
On the “optical level,” the frequency doubling crystal and the
main detector are located (see Ref. 4 for more details). All
modules are in principle identical with exception on the last
focusing mirror, which focuses the probing beam on the re-
flector. The position of this mirror varies due to the different
beam path lengths of the different channels, the distance from
the modules to the retro-reflector (see below) varies from 5.1
to 5.9 m.

In the initial phase, four modules have been brought to
operation at TEXTOR (Figure 1). They are located in a rack
system below the plasma vessel, the beam is guided to the
flange using one relays mirror per channel mounted at the
TEXTOR yoke. The beam enters the vessel through a flange,

FIG. 1. Schematic view of the experimental setup: All four DI modules are
mounted in a rack (1). The probing beams are sent to relays mirrors (2),
which guide them through a flange into the TEXTOR plasma vessel (3). At
the upper flange, the beams are reflected at corner cube retro-reflectors (4),
the plasma (indicated in grey) is then crossed a second time. TEXTOR has a
major radius of R0 = 1.75 m and a plasma radius a = 0.46 m.

is reflected at a corner cube retro-reflector mounted at the up-
per side of TEXTOR and is sent back to the DI module. Doing
so, the plasma is crossed two times.

Because in the initial phase no in-vessel optics were
available, the spatial distribution of the probing beams was
limited by the size of the flanges. About 300 mm around the
center of the plasma column could be covered with prob-
ing beams, whereas the plasma radius in TEXTOR is about
460 mm. The following beam line positions in relation to the
plasma center (at R0 = 1.75 m) were chosen: channel #1 at
116 mm and channel #2 at 16 mm towards high field side,
channel #3 at 34 mm and channel #4 at 179 mm towards low
field side.

The time resolution of the DI is given by 4 μs. This re-
sults from the modulation frequency of 250 kHz, which is
added to the second harmonics beam.3 The data from the main
detector are analyzed in real time by an on-board field pro-
gramming gate array, the technique is described in detail in
Ref. 5. The output is transferred by network cable to the mea-
suring computer and by fiber optic cable to the TEXTOR con-
trol system.

The overall system is operated using Siemens S7 Pro-
grammable Logic Controller hardware.6 Special attention was
paid to laser safety issues, because the beam lines outside the
module housings cannot be covered.

It is reasonable to compare the measurement results from
the DI with the existing HCN multi-channel interferometer
installed at TEXTOR.7 This 9 channel systems with ver-
tical lines of sight covers the plasma cross section from
R = 1.44 m to R = 2.15 m (TEXTOR major radius:
R0 = 1.75 m). The interferometer operates at a wavelength of
336.6 μm, therefore no vibration compensation is necessary.
The real time output of the density signal, which is used for
density and plasma position control, is sampled with 1 kHz.
However, in post-measurement data analysis, which is used
for this work, a time resolution of 20 kHz can be achieved.

III. MEASUREMENT RESULTS

Figure 2 shows one of the first TEXTOR shots (#113115)
measured with all four DI channels. At this experiment, the
plasma density was increased stepwise, which could be re-
solved very well. One can clearly see different densities for
the different channels, where the channels with larger distance
from the plasma center show smaller densities as if one would
expect for a monotonic peaked density profile.

In Figure 3 a section of the measured signal from the
same shot is displayed, the signals of channels #2 and #3 are
shown for a time period of 400 ms at the first plateau phase
1200 ms after the start of the discharge. At this level of mag-
nification, the saw tooth oscillation of the plasma density is
clearly visible and well resolved; the signal-to-noise ratio is
in the order of 3 × 1017 m−2 as expected. The time resolution
is 4 μs, no smoothing by averaging over several data points
was done. The figure also shows the signal from the HCN
interferometer channel at the plasma center with a time reso-
lution of 50 μs. The signal-to-noise ratio is comparable with
the DI, the saw tooth oscillations show a good agreement.
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FIG. 2. Stepwise constant density distribution (TEXTOR shot #113115),
line-integrated measurement with four DI channels. Distance from plasma
center (minus sign indicates high field side): channel #1 at −116 mm, chan-
nel #2 at −16 mm, channel #3 at 34 mm, and channel #4 at 179 mm. The
deviation from the zero line for some signals at the end of the discharge re-
sults from cumulated errors of the phase counting algorithm.

The main advantage of the DI system becomes clear
when extreme events such as disruptions occur. Disruptions
are characterized by a fast and large increase of the plasma
density, followed by an immediate breakdown of the plasma
column. Conventional interferometers with wavelengths of
some 100 μm, such as the multi-channel HCN system at
TEXTOR, are hardly able to follow the fast changes of the
plasma to such extend. The signal may even be lost for a short
time when the beam does not hit the detector due to refraction
in the plasma. A typical effect followed by that is a “jump” in
the density signal (often referred as “fringe jump”): The inter-
ferometer signal does not go back to zero after the discharge.

For the DI, on the other hand, the small wavelength leads
to a smaller phase signal, and combined with a higher time
resolution rapid changes in the plasma density can be fol-

FIG. 3. Resolution of saw tooth oscillation at channels #2 and #3 for TEX-
TOR shot #113115, the distance is −16 mm and 34 mm from plasma center,
respectively. The achieved resolution for the line-integrated density is around
3 × 1017 m−2. For comparison, the signal from the HCN interferometer chan-
nel at the plasma center is displayed, too.

FIG. 4. TEXTOR shot #112813, disruption at the end of the plasma dis-
charge at 4500 ms. Two channels from HCN interferometer are displayed
and show a “fringe jump,” whereas the DI channel follows the disruption and
ends at the correct level with zero line-integrated density.

lowed without such effects. A direct comparison of this effect
is shown in Figure 4: Whereas the two displayed HCN chan-
nels show the typical loss of signal at the disruption event, the
DI is able to follow the density change completely and ends
at zero density after the plasma.

Utilizing the high time resolution and the robustness
against fringe jumps, the DI was used to examine the dis-
ruption phase in more detail. Changes in the density could
be detected in time as well as in its radial position. In
Figure 5, the signals of all four DI channels during a dis-
ruption are shown, for comparison, the plasma current is also
displayed. The fast change in the plasma density, which lasts
about 50 ms in total, is clearly resolved. As shown before, all

FIG. 5. Plasma current (upper frame) and distribution of the line-integrated
electron density (lower frame) during a disruption (TEXTOR shot #113399).
After the disruption of the plasma (at 4005 ms) a runaway beam is formed
and its background plasma is detected by the dispersion interferometer. The
beam moves from the high field side (channel #1, at 4015 ms) to the low field
side (channel #4 at about 4035 ms). Finally, the beam collapses and induces
a short plasma pulse (around 4040 ms).
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channels go back to zero density after the disruption without
showing a “jump” event.

The disruption analyzed here (TEXTOR shot #113399)
was triggered artificially by the injection of Argon. Main goal
of this experimental campaign was the analysis of the run-
away beam, which occurs after the breakdown of the plasma.
Here, the dispersion interferometer can detect the background
plasma of the runaway electrons, which leads to a temporal
and spatial detection of the runaway behavior.

Right after the disruption of the plasma (in Figure 5
around time index 4005 ms), the runaway beam is formed in
the plasma vessel. The peak density of its background plasma
is detected by the different DI channels at different times:
First measured by the innermost channel #1 (at 4015 ms),
the beam drifts to the low field side of TEXTOR. Peaks for
the channels near the plasma center are detected at around
4020 and 4025 ms, channel #4 finally measures its maximum
at about 4035 ms. Shortly after that, the runaway beam col-
lapses by inducing a short final plasma pulse (at 4040 ms),
detected by all channels at the same time.

This behavior of the density at triggered disruption,
namely, the shift from high to low field side followed by an
immediate final plasma pulse, could be reproduced for all ex-
periments of this particular campaign (more than 10 shots
in total). Because the DI offers the feature to use the den-
sity signal with full time resolution also in real time, it may
be possible to control the position of the runaway beam in
future.

IV. FURTHER CHALLENGES

The first measurements with the multi-channel DI have
also shown some challenges that need to be overcome in fu-
ture. The most prominent one is displayed in Figure 6: A
“jump” in the signal occurs, the density line does not go back
to zero after the shot. Whereas in principle this effect can be

FIG. 6. Disturbed signal (TEXTOR shot #112789) at channel #3: Strong
jump in the density signal probably due to line hopping of the laser.

corrected afterwards, it is not acceptable for real time plasma
control.

Reason for this event is a line hopping of the laser fre-
quency: For technical reasons, industrial lasers (type SYN-
RAD 48–2) have been used as main laser source. These lasers
are extremely reliable, very compact, and powerful, but on
the other hand, not actively stabilized in their frequency. Fre-
quency stabilization is done by water cooling with very stable
water temperature (±0.1 ◦C).

However, during a typical experimental day the environ-
mental temperature in the TEXTOR experimental hall can
vary in the range of more than 10 ◦C, which can affect the
housing of the DI modules and the laser in particular. This
can lead to a change in length of the laser cavity, which re-
sults in the excitation of a different laser wavelength. Because
the phase shift of the probing beam is proportional to the laser
wavelength (Eq. (1)), this wavelength change is interpreted as
a jump in the density signal by the phase counter. Such jumps
of different amplitude have been observed in about 30% of
the measurements.

To overcome this problem, the laser source must be sta-
bilized in frequency. A new laser system with line tracking
is presently under preparation. It will keep the laser locked
to a selected wavelength by actively correcting the length of
the resonator against thermal effects. This will protect the DI
against “jump” events in the future.

V. OUTLOOK

Main purpose of the TEXTOR DI will be the control of
the plasma density and the position of the plasma column. For
the latter, beam lines in the outer region of the plasma are nec-
essary, which cannot be achieved in the present configuration
due to the limited size of the flange. Therefore, during the last
maintenance period plane relay mirrors have been installed in-
side TEXTOR, which will be used to access the plasma edge
in future.

In addition, the number of channels will be increased fur-
ther. With an appropriate number of channels it will be possi-
ble to extract density profiles from the measurement. Another
feature could be the possibility to control the position of the
runaway electron beam.
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