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Two different types of interferometers, used for the measurement of the electron density in fusion experiments, 

are compared. The challenges due to mechanical vibrations of the optical components can be addressed by a 

conventional two-color interferometer or by a dispersion interferometer. We perform here a direct comparison 

of these two methods, showing that the dispersion interferometer is superior to the two-color interferometer. 

Although the dispersion interferometer is much more robust, one must nonetheless address of a number of 

issues, some of which are shared with the two-color interferometer. These include the use of a corner cube 

reflector and also the significant impact of ambient air turbulence and temperature and humidity changes. 

The error of the integrated line density, caused by air fluctuations on the time scale of several seconds, was 

found to be 17105.4  m
-2

 for the dispersion interferometer and 18105.2   m
-2

 for the two-color 

interferometer. At the time scale of less than one second, the data noise is smaller by a factor of about 5-10 for 

both interferometers, allowing investigations of the influence of vibrations of the corner cube reflector with 

amplitudes up to 65 µm. The two-color interferometer compensates for these by a factor of  0.001. We will 

show that the small residual vibration noise (0.0005 of the initial value) for the dispersion interferometer 

originates from disturbances of the CO2 laser by back reflections from the corner cube reflector into the laser. 

This can be avoided by the increasing distance between the incident and reflected beams at the corner cube 

reflector to five times the radius of the beam waist.  In order to reduce the noise due to thermal air effects, the 

interferometer should be covered, and components heated by the laser radiation must be cooled. 

I. Introduction 

At Wendelstein 7-X (W7-X) as at other fusion devices, interferometry is an important 

diagnostic for measuring the line-integrated electron density
1, 2, 3, 4

, one of the key parameters 

of the fusion plasma. It is required for machine control and for the calibration of the density 

profiles measured by Thomson scattering. In order to deliver reliable and accurate data, the 

interferometer needs to be able to cope with mechanical vibrations and perturbations due to 

time-varying ambient effects such as air temperature and air humidity. Due to the space 

requirements of superconducting coils and the large cryostat of W7-X, the interferometer 

features path lengths of up to 20 m from the interferometer bench to the corner cube reflector 

(CCR) at the inboard side of the torus (outside the vacuum vessel) and back. In addition, the 
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corner cube reflector cannot be mounted on the same support structure as the other 

interferometer components. This could lead to significant thermal changes of the mechanical 

laser input path length (about1 mm
2

100 CO ) in comparison to the reference path. These 

thermal drifts and further mechanical vibrations require precise compensation to ensure that 

the line-integrated density can be measured to an accuracy of about 
18101 m

-2
 01.0( fringes 

at 10 µm). 

Moreover, future long term discharges of up to 30 minutes put very strong requirements on 

the stability of the interferometer. 

This paper explores two possible interferometer designs for the use at W7-X: 1) a CO2/CO 

two-color interferometer
5
 and 2) a dispersion interferometer

6
. 

The first laboratory tests of the two-color laser interferometer are presented in section II. The 

basic set-up is discussed there, as are the main challenges with this type of interferometer.  In 

order to study the influence of slow thermal movements of optical components, the CCR was 

positioned on a manual translation stage. Additionally, a piezo vibration stage was added 

between the CCR and its mount. This setup allows the separate investigation of the impact of 

slow translations of up to 1 mm and higher frequency vibrations (20 and 70 Hz) with an 

peak-to-peak amplitude of up to 65 µm. The tests are performed in both directions, parallel 

and perpendicular to the beam path. The first tests of a dispersion interferometer at a fusion 

device delivered promising experimental results at TEXTOR
6
. The principal set-up of this 

interferometer will be explained in section III. The test procedure is exactly the same as for 

the two-color interferometer. Although these show significant advantages of the dispersion 

interferometer in comparison to the two-color system, limits with respect to the use of CCRs 

are demonstrated and explained separately in section IV. 

Since the long path length at fusion experiments cannot be avoided and air conditions cannot 

be easily controlled around large plasma devices, it will be shown in section V that 

temperature drifts and air convection limit the accuracy of both interferometers significantly 

and must be taken into account. 

The results of the study presented in this paper are summarized in section VI. 

  

II. Setup and vibration compensation tests of the two-color interferometer 

  

FIG. 1. Schematic of the laboratory setup of the two-color interferometer 
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The two-color interferometer originally planned for W7-X was designed to use wavelengths 

in the infrared region that would produce phase shifts of less than 2π at high plasma densities 

up to 2010 m
-2

. A CO2 laser interferometer with a wavelength of 10.6 µm was combined with a 

CO laser interferometer (λ=5.3 µm) to compensate for mechanical drifts and vibrations. The 

interferometer setup is shown in FIG. 1 Both Mach-Zehnder interferometers feature spatially 

separated signal and reference lines of the same length. Passing an acousto-optic modulator 

(AOM), the reference beam (1
st
 harmonic) is generated from the CO2 laser beam (0

th
 

harmonic), being deflected by the sound waves of the AOM crystal under a certain angle and 

shifted in frequency by the frequency of the acoustice waves. A different AOM driver 

frequency is used interferometer (40 MHz for 10.6µm and 25 MHz for 5.3 µm) to avoid 

electrical crosstalk and to enable the use of a single detector, the signal from which is 

analyzed digitally. Thus, one fewer beam splitter is required, in comparison to a two-detector 

scheme. Nevertheless, the two wavelengths must be combined by means of a dichroic mirror 

that totally reflects one wavelength while being transparent to the second. Vibrations of the 

dichroic mirror contribute only to the phase shift of the reflected beam. Thus, it cannot be 

compensated by any way. Furthermore, the separation into reference and signal line happens 

in each AOM at a distance of about 1 m before the wavelengths are combined. Different air 

properties (temperature, convection) in the volumes between the AOM and the beam 

combiners can significantly affect the signal/noise ratio. The significant spatial separation 

between signal and reference line that is unavoidable at large fusion experiments, could also 

add another source of errors; the different air conditions in the two volumes passed by signal 

and reference beams introduce an additional phase shift that varies on the scale of several 

seconds. These effects will be analyzed separately in section V. To simulate future torus hall 

conditions with the laboratory set-up (FIG. 1), the CCR was mounted to a wall well separated 

from the main optical components of the interferometer bench. 

 

 

FIG. 2. Experimental setup of the CCR for testing the compensation of drifts and vibrations 

in the direction perpendicular to the laser beams 

The ability of the two-color interferometer to compensate for mechanical drifts was tested by 

mounting the CCR on a manual linear stage, as shown in FIG. 2. Investigating directions both 

parallel and perpendicular to the beam, it was found in both cases that the system 

compensates for these movements by a factor of 0.001. 
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Mounting a piezo stage between the CCR and its mechanical mount (see FIG. 2), vibration 

well defined in amplitude (up to 65 µm) and frequency (20 and70 Hz) can be applied to the 

CCR.  

For the laser propagation through the plasma in the region far from the cutoff frequency, as is 

the case for µm105 and electron densities of
32110  mne , it can be shown that the 

phase shift due to the plasma
7
 is given by  dzzn

mc

e
e

e

Plasma )(
4 0

2

2






,
 
where e is the 

elementary charge, c the speed of light, me the mass of the electron, 0 the dielectric constant 

of vacuum, ne the electron density of the plasma, z the plasma length and λ the laser 

wavelength. The phase changes at both wavelengths are extracted from the detector signal 

and the trigger of the AOM driver delivered by means of digital data processing using a field 

programmable gate array (FPGA)
8
. Since i is the sum of the phase shifts at a given 

wavelength due to changes of the path length and to changes of the electron density
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 . The final line-integrated electron density can be 

obtained from the phase shifts at the two wavelengths 
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where the contribution from changes of the path length z cancels out. 

The strategy behind is that the longer wavelength is more sensitive to the electron density 

whereas the shorter wavelength enables a geometry correction. The success of this 

compensation is checked experimentally. 

Results 

In the FIG. 3 and FIG. 4, the results of the vibration compensation are plotted. The resolved 

data streams show that the compensated signal. In the case of vibrations of the CCR with a 

peak-to-peak amplitude of 65 µm parallel to the beam, the phase shift of the CO2 

interferometer is equal 12.8 fringes, corresponding to a change of the line integrated electron 

density of 221107.2  m . After compensation with the CO interferometer (FIG. 3), a residual 

signal corresponding to an integral density of 218101  m is measured. This means that 

vibration compensation is successful only to a certain degree, namely to 1/1000
th

 of the 

amplitude of the single CO2 interferometer interference signal. The amplitude of the 

modulation of the compensated signal due to vibrations significantly exceeds the noise on the 

time scale of <<1s (FIG. 3b), but it is comparable with the drift of the signal over several 

seconds (FIG. 3a).  

In the case of vibrations of the CCR perpendicular to the laser beams, the compensated signal 

should not show any modulation if the wavefronts of signal and reference beam are coplanar 

with one another on the detector. This is difficult to achieve, especially in the case of long 

path lengths when over which large number of beam-guiding optics disturb the wave fronts. 

Furthermore, the center of mass of the CCR could not be placed exactly on the axis of the 

piezo. As a result, an additional movement parallel to the laser beams could not be avoided 

completely. The residual modulation of the compensated signal due to the vibration is found 
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to be only slightly above the noise level on the time scale of << 1 s and negligible for t>1 s. 

Drifts due to air dynamics dominate the noise level on that time scale and lead to a significant 

error of 218103  m . 

 
FIG. 3. Compensated and uncompensated phase shifts at different time scales, expressed in 

terms of the corresponding change of the integrated electron density, due to vibrations of the 

CCR parallel to the laser beam direction. The phase shift of the CO2 interferometer (after 

subtracting the constant offset and dividing by 1000) is given in grey, the compensated signal 

calculated from Eq. (1) in blue. The time window shown in (b) is marked in (a) in light blue. 

 

 
FIG. 4. Unresolved (a) and resolved (b) signals in the case of vibrations of the CCR 

perpendicular to the laser beam direction. The signal of the CO2 interferometer divided by 

1000 is given in grey, the compensated signal calculated from formula (1) in blue. The time 

window shown in (b) is marked in (a) in light blue. 

 

III. Setup and vibration compensation tests of the dispersion interferometer 

A detailed description of the dispersion interferometer (DI) at TEXTOR was given in 

references
6, 9, 10

 For testing the sensitivity of the dispersion interferometer (DI), one of the DI 

modules at TEXTOR is examined in the laboratory. The same CCR unit (FIG. 2) was placed 
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behind the exit of the DI modules. The distance of the CCR is chosen to be 5.5 m to match 

conditions for density measurements at TEXTOR. A schematic of the setup is shown in FIG. 

5.  

 

FIG. 5. Setup of the dispersion interferometer 

The beam of the CO2 laser is focused into an AgGaSe2 non-linear crystal where it becomes 

partially frequency-doubled. The generated second harmonic (5.3 µm) and the fundamental 

(10.6 µm) beams then travel together through the plasma to a CCR that reflects them back, 

parallel to the incident beam offset by a certain distance. Passing the AgGaSe2 crystal a 

second time, another 5.3 µm beam is generated from the fundamental one. After the residual 

10.6 µm radiation is blocked by a sapphire plate, both 5.3 µm beams are focused onto the 

detector: 

)cos(21

2

2

2

1  AAAAI , where A1
2

 and A2
2
 are the amplitudes of the two interfering 5 

µm beam and  - the phase shift between both. The line-intergrated electron density ne is 

calculated from the phase shift  .  

The phase shift due to the plasma can be described by 
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with µmL 6.10 . 

 As the second harmonic is polarized perpendicular to the first harmonic, an additional phase 

shift is introduced only to one of the beams by using an electro-optical modulator (EOM). 

This results in the final expression for the measured overall phase shift 

  dln
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where Ω is the frequency of the modulator.  

The completely identical beam path of the interfering beams leads to several advantages of 

the DI when compared with the two-color interferometer: 

 Mechanical drifts and vibrations parallel to the beam path cancel out – that is, 
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0
2

22
2  zz

LL

mech







 . Consequently, the compensation for vibrations of all 

optical elements parallel to the optical path is intrinsic.  

 The full dynamic range of the data acquisition system can be spent on the plasma 

induced phase shift. (In the case of the two-color system less than 10 percent of the 

overall phase shift is due to the plasma; the major part of the dynamic range is 

required for mechanical effects.) 

 No separate reference line, which could give rise to significant noise due to additional 

air effects, is required. Only second order effects resulting from the difference of the 

indices of refraction of air at the two wavelength can play a role. 

Results 

The data measured while performing slow movements of the CCR are shown in FIG. 6.

 

FIG. 6. Line-integrated densities correspond to the measured phase shifts before, during and 

after moving the CCR 1 mm perpendicular (a) and parallel (b) to the laser beam path. The 

bold arrows marks the time interval of the movement. 

Movements of the CCR perpendicular to the beam path (FIG. 6a) over 1 mm lead to a 

substantial drift 
217107  mne  due to changes of the path length through dispersive 

element (modulator) impairing the alignment of the reflected laser beam. This results in an 

additional phase shift which can easily be verified by taking into account the geometrical 

characteristics (distances and focal lengths) of the interferometer. Additionally, a marginal 

increase of the noise level appears due to the misalignment. The impact of the movement 

parallel to the optical path is small in comparison with the noise of 
217105  mDI

ne
 on the 

time scale sec1t  (FIG. 6b).  
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FIG. 7. Line integrated densities corresponding to the measured phase shifts for the case of an 

unperturbed CCR (without vibrations and movements). 

It can be seen from FIG. 8 that the signal variation introduced by the traverse vibrations of 

the CCR is much smaller than the drift of the signal over several seconds (FIG. 8a) and is 

also of the same order as the noise without vibrations (FIG. 8b).  

 

 

FIG. 8: Line integrated densities corresponding to the measured phase shifts for the case of 

vibrations with a peak-to-peak amplitude of 65 µm to the CCR perpendicular to the laser 

beams. FIG. 8b shows a fraction of the whole time trace as marked in (a) 
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FIG. 9. (a) Line-integrated densities corresponding to the measured phase shifts due to 

vibrations of the CCR with a peak-to-peak amplitude of 65 µm and a frequency of 60 Hz 

parallel to the laser beams. (b) A fraction of the time trace, with a 60 Hz sine wave overlaid 

for better understanding. 

When vibrations of the CCR are introduced parallel to the beam path, the noisy time trace 

over several seconds (FIG. 9a), but the time-resolved signal (FIG. 9b) is clearly modulated at 

the frequency of the vibrations. 

Nevertheless, this effect is smaller than that measured with the two-color interferometer at 

least by a factor of two. Moreover, this modulation looks different, resembling to a frequency 

modulation in the form    
i

i tiI sinsin , where  is the frequency of the vibrations. 

We will analyze this in detail in the following section. 

 

IV. Impact of the beam reflected from the CCR on the stability of the CO2 laser 

CO2 lasers, on which both types of interferometer are based, are very sensitive to back 

reflections from the experiment into the laser resonator. If a small fraction of the laser 

radiation is reflected back on the laser axis, it becomes amplified in the resonator and leads to 

an additional component of the laser beam shifted in phase dependending on the distance of 

the source of the back reflection and its velocity (drifts, vibrations). 

That is why, when using CCRs which return the beam exactly parallel to the incident beam, a 

possible impact of the reflected beam on the laser operation has to be taken into account.  
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FIG. 10. Principle components of the DI and processes resulting in a modulated density 

signal (see FIG. 9). The optical elements responsible for a possible impact of the beam 

reflected from the CCR on the stability of laser operation are marked with green circles. 

In the DI tested, the distance between reflected and incident beams was limited in order to 

guarantee the second pass through the frequency doubling crystal.  

 

FIG. 11: Additional resonator cavities due to the partial overlap of incident and reflected 

beam at the CCR (red lines). Arrows show the beam direction, light red arrows mark the 

principal reflections. The resonator mirrors of the laser surfaces are marked with        and              

ccc.                                                                    .  

It will be shown now that the insufficient distance is the reason why the laser output appears 

partially modulated in phase depending on the frequency of the vibrations applied to the 

CCR. As a consequence, the electron density calculated from the interference signal will also 

be modulated (FIG. 9b). The principle of this effect is shown in FIG. 10 and FIG. 11. 

1 

2 
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During one reflection from the CCR, the vibration )(tf of the piezo causes further phase 

shifts to both interfering beams )(
2

2 tf
L


 and )(

2

2
2 tf

L


. 

If the distance between the 10.6 µm-beam reflected from the CCR and the incident beam is 

not sufficient large, it will not be possible to separate both beams completely by the half 

mirror (II in FIG. 10) and some part of the reflected beam will return into the laser resonator, 

where it will become amplified and finally will be part of the laser output frequency 

modulated depending on )(tf .  

By this way, both interfering 5.3-µm beams will consist of three components: 

The main component originates from the frequency doubled unperturbed laser radiation 

generated in the resonator cavity (FIG. 10) and leads to two second harmonic beams at the 

detector, with amplitudes A1,2 respectively.  

Because of the overlap of the wings of the beam reflected from the CCR and the incident 

beam, both beam cannot be separated completely by the half mirror (FIG. 10). A small part of 

the reflected 10.6 µm radiation finds its way back to the outcouppling mirror      , where it 

partially enters the laser, becomes amplified, exits the laser as a part of the laser beam and 

will cross the whole interferometer path ones more. Than, it reaching the detector with 

amplitude B1,2 (FIG. 11) with an additional phase shift   

   .)()(22
2

2 10

1

10

BPlLaser

L

PlB tFtfLLL 



   (4) 

 

Here, the phase shift of the first harmonic due to the plasma is 10

Pl   and  , )(tF and B are 

defined by L
L




4
 , )(

4
)( tfTF

L


  and  Laser

L

B LL 22
4

1 



 . 

L  is the path length of the interferometer, 1L the path length between the frequency doubling 

crystal (FDC) and the outcouppler and LaserL the length of the laser resonator.  

The third component originates from a reflection at outer surface of the outcouppler returning 

to the laser cavity across the whole interferometer path, transmitting the outcouppler and 

becoming amplified (FIG. 11b).  It exits the laser, passes the interferometer path a third time 

with the final amplitudes C1,2 and the additional phase shift 

   ,)(222)(22)(2
2

22 10
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L
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
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   (5) 

with the constant phase shift  Laser

L

C LL 24
4

1 



 . Obviously, the intensity of the main 

component exceeds that of the other both by much more than an order of magnitude 

 
2,12,1

2,1
,2,1

CA

BA




 (6) 

The resulting field strength of the two interfering beams at the detector are given by 

equations (7) and (8) where 1E  is the electrical field strength of the second harmonic 

generated during the first pass through the frequency doubling crystal (FDC), 2E  describes 

the 5.3 µm beam generated during the second pass through the FDC. L is the laser 

1 



12 
 

wavelength. In the electro-optical modulator (EOM),  ttG  sin)(  is added to the phase of 

the second harmonic.  
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Calculating the intensity on the detector 2

21 )( EEI  and taking into account that the 

detector cannot follow the fast oscillation of the laser ω and that all slow varying components 

(which argument of the cosine not contains G(t)) blocked by a high pass filter, I results in 
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This expression can be written in the form of: 
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1

2)tan(
D

D
 .  
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The data processing procedure of the DI is described in reference
11

. Expression 10 differs 

from the case of the DI without any impact of the reflected beam where the filtered signal has 

the form of  

 PltGAAI  )(cos21 . 

After normalizing, the line integrated electron density was determined from the time of the 

zero-crossing of  )(cos tGPl  : 

 
2

)( 0


  PltG  (11) 

Obviously, the error of the determined plasma phase shift is given by  . In our laboratory 

tests without plasma, the phase shift yields (taking into account relation 6): 

 

21

21122112 ))(22sin()())(sin()(

AA

tFCACAtFBABA CB 



  (12) 

In the case of a linear function tvtf )( , the calculated  dlne -equivalent error and the 

measured time trace are shown in FIG. 12. Thus, the oscillations observed in the experiment 

can be reproduced by fitting the parameters  
21

2112

21

2112 )(
,

)(

AA

CACA

AA

BABA 
 and the velocity v  to 

the measured data. FIG. 12(a) shows the fit and the data in the case of parallel movements of 

the CCR using the translation stage. The residual discrepancy is caused by the data noise (see 

FIG. 12(b)) and the slightly non-constant velocity of the CCR (manual operation of the 

translation stage). Similarly, the model function can be fitted to the measured modulations of 

the signal in the case of vibrations induced to the CCR by a piezo actuator assuming 

)sin()( tatf  (FIG. 13). Although the data are dominated by noise and drifts of the signal 

due to air effects, modulations due to impact of the reflected from the CCR beam to the laser 

are not negligible. The amplitude of the modulation depends only on the distance between 

incident and reflected beams, assuming an accurate positioning of the half mirror (II (green) 

in FIG. 10). Additional laboratory tests showed that a distance between both beams should be 

at least 5 times the radius of the 10.6µm-beam waist at the CCR. A partial or complete 

overlap of incident and reflected beams at the CCR would always lead to crucial disturbance 

of the laser stability. This should always be taken into account while using a CCR in the CO2 

interferometer setup.  
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FIG. 12. (Color online) (a) Fit of the calculated modulation function to the measured signals 

(dashed line) during slow translation of the CCR parallel to the laser beams. The fit 

parameters were found to be 006.0
)(

21

2112 


AA

BABA
, 016.0

)(

21

2112 


AA

CACA
, v

s

m
8.1 ; (b) shows 

the typical noise without movement of the CCR. 

 

FIG. 13. (Color online) Measured data (dashed line) and fit of the calculated modulation function to 

the density derived from the measured signals during vibration of the CCR parallel to the laser 

beams in the case of vibrations induced by a piezo. The parameters of the piezo were set to 

Hz70 (frequency) and µma 7.10 (peak-to-peak-amplitude). 

For experimental reasons, in the used set-up of the DI, the axis of the EOM was not exactly 

parallel to the polarization of the second harmonic, leading to an additional modulation of the 

first harmonic, only with a different amplitude    tktGtktG  sin)(sin)( 2211 . In this 

case, the resultant impact on the calculated electron density looks more complex. 

Nevertheless, it could be shown that it also has the form of )2cos()cos( fbfa  .   

Not only the planar outcouppling mirror of the laser can induce back reflections into the laser 

resonator, but also every other planar optical element. This has to be taken into account in the 

alignment procedure. 
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Limitations of large scale interferometers by thermal air effects  

When using an interferometer in experiments with a large beam path, the measured electron 

density (neglecting vibrations) will be affected by both drifts of the air parameters 

(temperature, pressure and humidity) and air turbulences, due to differences in the dispersion 

indices at 5.3 and 10.6 µm. Especially, if the electron density must be measured over several 

minutes, temperature and humidity of the air passed through by the laser beams must be kept 

constant over that time. Let us consider changes of the differences of the indices of reflection 

of both wavelength for typical parameters of the air p=1000 hPa, T=20°C and H=80%, 10%. 

Calculating   Lnn
L

2
2

105



   using data published by R.J. Mathar

12
 it can be seen that 

the air pressure changes (FIG.14a) can be neglected, while changes of the air temperature 

(FIG.14b) and the humidity (FIG.14c) result in significant phase change. Small changes of 

the ambient temperature of about KT 8.0 at 80% humidity or of the humidity %4H  

lead to changes of the measured line integrated electron density of about 10
18

m
-2

 if the path 

length in air of the interferometer is assumed to be one meter; n5 and n10 are the indices of 

refraction of the wavelengths 5.3 and 10.6 µm respectively, and µmL 6.10 is the 

wavelength of the laser. FIG.14b demonstrates that the impact of temperature change is much 

larger in moist air than in dry air. 

    

FIG.14. Difference of the indices of refraction of humid air (80% humidity) at a pressure of 

1000 hPa and a temperature of 20°C for the interferometer wavelength 5.3 and 10.6 µm as a 

function of (a) pressure changes, (b) temperature changes and (c) humidity changes. 

Furthermore, air convection due to components warmed by the laser (attenuators, shutters, 

beam dumps absorbing nuisance reflections from optical surfaces) lead to refraction of the 

beams that varies with wavelength. Especially if the gradient of the temperature is nearly 

perpendicular to the beam, these effects are significant. A simple model can be used to 

estimate their order of magnitude. Let us assume a flow of heated moist air (ΔT=0.1K) nearly 

parallel to the laser beams with ambient air parameters pair=1000 hPa, Tair=20 °C and 

H=80%. The index of refraction decreases with increasing temperature. For incident angles 

larger a certain value total  the beam becomes reflected from the vertical convection flow 

of warm air (total internal reflection). Thus, under the assumed conditions the beams become 

deflected in under slightly different angles for both wavelength leading to a small change of 

the length of the beam path – different for µm5 and µm10 . Because of the difference of the 

index of refraction at 10.6 µm and 5.2 µm an additional phase shift of about 0.01fringes is 

measured corresponding to changes in the line integrated electron density of up to
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218101  mdlne  (assuming the deflection of the whole beam and a path length through air 

of 1m). For longer path length (l>>1m) even the partial deflection of the beams (different 

distortion of the wave fronts) induces a signal noise of some 21710 m as can be seen in the 

measured data of the DI.  

These effects have to be considered for two-colour interferometers and for dispersion 

interferometers. Additionally, for the two-color interferometer the region before combining 

both laser beams after the AOM is much more sensitive because every of the four beams (two 

harmonics, two wavelength) travel through different air volumes. 

In any case, the noise and the drifts of both interferometers seem to be determined by 

fluctuations of air so that it appears to be necessary that components heated by the laser are 

equipped with a cooling system keeping the temperature differences inside the interferometer 

below 1K.  

V. Summary 

The aim of this paper was the direct comparison of the two-color interferometer with the DI 

in order to find the most qualified diagnostic for the determination of the electron density at 

W7-X. Both interferometers were tested using the same laboratory set-up. Well defined 

vibrations were applied to the most critical of the optical components: the CCR. Slow 

translations of the CCR with amplitudes up to 1 mm were performed using a manual stage. 

The measurements showed that on a time scale st 1  the two-color interferometer 

compensates the additional noise introduced by the vibrations of the CCR up to 1/1000 of the 

response of a single CO2 interferometer. The vibration compensation by the DI was found to 

be at least two times better.  

Furthermore, the pattern of the small residual vibration noise of the DI was shown to be 

caused by the insufficient distance between incident and reflected beams at the CCR, leading 

to a slight modulation of the laser wavelength. It could be removed by changing the beam 

geometry at the CCR, namely by increasing the distance between the beams to a value larger 

than at least 5 times the radius of the 10.6 µm beam waist at this position. 

When not actively perturbed, the noise of the  two-color interferometer corresponded to an 

error in the integrated line density of 
2172 105  mcol

ne
  and respectively for the DI 

17105.1 DI

ne
 m

-2
, demonstrating again the decisive superiority of the DI. 

Investigating the signals for larger time scales 1t s, the noise of both interferometers 

becomes dominated by fluctuations of the ambient temperature. In this case as well, the 

measured errors of the integrated line density were much smaller for the DI ( 217105  m ) than 

for the two-color interferometer ( 218105.2  m ). The reason for the significantly lower noise 

level of the DI is the common beam path of the interfering beams. Nevertheless, it exceeded 

the noise for st 1 significantly. This needs to be considered when setting up the 

interferometer at W7-X; namely, all optical components will need to be protected by a cover 

against transient air flows of the torus hall. Components, heated by the laser radiation, must 

be cooled carefully. 
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