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ABSTRACT   

Accurate values of plasma electron density can be challenging for long running fusion reactions as complete temporal informat ion 

from startup is necessary. Furthermore traditional techniques can introduce errors due to fringe jumping. Here we present a prototype 

interferometer that can measure relative phase. It is based on dual frequency comb spectroscopy with quantum cascade lasers a t the 

wavelength of ~8 um. This method relies on phase differences between neighbouring comb lines eliminating the need for pervious 

plasma electron density knowledge and minimizing fringe jumping errors. The instrument performance was verified: 1) by 

measuring the phase induced by a material with known absorption characteristics (polypropylene). The frequency comb phase shift 

after propagating through a sample with both negative and positive phase gradien ts was measured and showed good correlation with 

the expected one calculated using the known refractive index and absorption characteristics of this material. 2) by measuring the 

relative phase change induced by two counter rotating plane-parallel plates. The measurements were taken by adjusting the tilting 

angle of plane-parallel plates. Good correlation between the measured slope of the phase shift w.r.t. the wavenumber and that 

simulated with the known dispersion parameters of the plates was demonstrated. The noise of this system was evaluated. The phase 

error occurs due to comb instability, amplitude instability and the phase drift between the two frequency comb sources. This phase 

error combined with the frequency of each comb line was used to determine the plasma electron density error. With this suggested 

instrument the error associated with the line integrated plasma electron density is in the order of 10 17 m -3, with an upper limit 

measured as 1.3×1027 m -2. The cut-off plasma density is 4.4×1023 m -3. The results of measurement and simulation demonstrate the 

validity of the built instrument for reliable phase shift measurements applicability for use in long running fusion reactions  necessary 

for powerplant operations. 

1. INTRODUCTION  

Plasma electron density measurements are fundamental to running a plasma fusion reaction. As more focus moves toward 

developing long term fusion reactions the development of devices that can offer real-time feedback that are still robust and accurate 

are necessary. 

Interferometers are a powerful tool when determining the plasma electron density as the electron density is directly related to the 

refractive index of the plasma and the optical path length change [1].  By having a reference background and probe measurement 

the line integrated plasma electron density can be determined along the path of the beam. Currently there are several methods  for 

determining the plasma electron density: two colour interferometry, dispersion interferometry and far infrared interferometry [2][3]. 

These methods rely on one or two beam to probe the plasma to determine the plasma electron density. For accurate determination 

of the phase these systems must take measurements from the startup of the plasma to have a correct fringe count. These methods 

relying on absolute phase can result in errors when fringe jumps occur between measurements.  

A method for determining the plasma electron density using dual comb spectroscopy (DCS) was proposed by [4]. The 

advantage of using a frequency comb approach is that errors due to fringe jumping are eliminated, as this device relies on relative 

phase shifts between the comb teeth rather than temporal phase evolution. 

DCS has many benefits such as fast acquisition speeds, and excellent sensitivity. It allows the full spectral region of the comb 

to be acquired simultaneously without any moving parts. DCS relies on two combs with slightly different comb tooth spacing, o ne 

to interrogate the sample and one to act as a local oscillator [5]. To measure the phase information of the sample one comb 

interrogates the sample while the local oscillator bypasses the sample. Often both combs are used to interrogate the sample which 

results in the samples phase information being lost while maintaining only the amplitude data. After interrogation on the detector, 

frequency combs with a slight difference in offset frequency produce a heterodyne signal in RF domain, which can be measured 

directly. Each RF line corresponds to a certain optical frequency, which through calibration of the spectrometer can be extract both 

the magnitude and phase information of the two combs before interfering.  

 Phase change due to change in the plasma electron density is a combination of pathlength change and line integrated plasma 

electron density derived in [4]. 

 This phase error occurs from several factors including comb instability, amplitude instability and most importantly the 

phase drift between the two frequency comb sources. To estimate the lower noise limit of the plasma electron density due to phase 

noise at least three wavelengths must be sampled. This is generally not an issue for QCL frequency combs where hundreds of comb 

lines are expected.  

 In this paper a proof-of-concept dual frequency comb interferometer device is shown to measure phase, with an outline of 

the subsequent processing tools to calculate the corresponding plasma electron density, associated limits and noise.  

2. METHODOLOGY 

To verify this instrument a process to allow repeatable phase shifts was implemented. These controllable and repeatable phase 

changed allow comparison between experimental results and simulation work. this ensurse that this instrument can measure not 



 

 
 

 

 

 

only the correct phase spectrum over the spectral range of the device but also the correct absolute phase when compared a 

background measurement. 

 

The phase sensitive dual comb spectrometer consists of three parts: 1) a  QCL 

frequency comb source (Iris-core, IRsweep AG, Switzerland). 2) The detection 

stage, this includes two MCT detectors for both the reference and signal 

channels. 3) the sample stage which consisted of parallel plane plates. The QCL 

frequency source consists of two QCL frequency combs which are designated as 

the reference comb and the sample comb. The frequency combs are centred on 

1265cm -1 with a spectral range of 1230-1310 cm -1 with a frequency space 

between individual teeth of 4 MHz. This produces ~ 220 resolved comb lines 

with a combined power of ~500 mW.  

To process experimental data a python script was written to convert the 

detector outputs to phase. A dual comb interferometer returns the complex ratio 

of the signal and reference detector for each wavenumber point. To turn this 

measurement into phase the argument of the complex ratio is taken with quadrant 

correction, this resulting phase is in terms of ±π rad. Phase jumps are 

incompatible with finding the plasma electron density using a gradient fitting 

method meaning this phase must not be limited to ±π rad. The result of this is a  smooth phase spectrum with no fringe jumps. 

 

 For measuring the phase change with the DCS method we use 

the approach suggested in [6]. A setup consisting of two plane parallel plates of 

either ZnSe or CaF2 on goniometer stages was built . PPP consists of two 

mutually parallel polished plates of the same material and thickness properties 

mounted on goniometers shown in fig 1.  When placed in the optical path, the path of the light rays is conserved due to refraction 

on both surfaces. In the case of these plates being rotated on the optical axis a change to the optical path length occurs. This optical 

path length change induces a phase change, allowing controllable and predictable phase change [6]. Since the experimental set up 

uses a retroflector, this phase change is multiplied by two. 

For experiments two sets of plates were used: i) a  set consisted of two ZnSe windows with thickness of 5mm ii) a 

combination of these two ZnSe windows with two CaF2 ones with thickness of 5mm. 

For every angle of rotation of the plates, the spectrometer measures the phase difference at each wavenumber between the 

reference and the signal channels, i.e. the phase of the sample comb was measured in reference to the phase measurement when the 

goniometer pair was at a  tilting angle 0˚ This phase difference is plotted as a function of wavenumber and the gradient of this plot 

for each angle is calculated. This gradient is then plotted as a function of the angle of rotation. The phase gradient represents what 

would be the plasma density value in future deployment of the system. The measured phase gradient is then compared with that 

calculated for the plates using equation from [6], to validate the performance of the system. 

 

 

 
Figure 2: Experimental set up of dual comb interferometer for experiments with PPP.. 

3. RESULTS 

The measurements were taken for tilting angles 0 – 12˚ and the phase gradient as a function of the tilting angle was plotted in fig 3. 

 Figure 3 shows the gradient of the measured phase as a function of wavenumber (symbols) in comparison with the 

theoretical values found with equation 3 (solid lines). There is a clear difference between the ZnSe and the ZnSe + CaF2 simulations, 

this is expected as a larger optical path length is seen with the addition of the CF2 plate. This is reflected in the results found 

experimentally where the addition of the CaF2 plate results in a similar change in the gradient of phase. The simulation and the 

experimental work agree well with each other, small discrepancies can be seen due to tilting angle errors and asymmetry between 

the two plates. The large errors seen in the early angles can be explained by instabilities of the comb. To reduce these errors each 

measurement was taken 3 times. The agreement in the results between the simulation work and experimental show the validity of 

the built instrument for reliable phase shift measurements.  

 The lower limit of plasma density is determined by both the frequency of individual comb lines and the phase error. The 

frequency of the comb lines is set for all measurements so the determining factor for plasma density is the phase error measu rements. 
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Figure 1: Image of plane parallel plates at 0° of 
rotation. plates consist of 5mm thick ZnSe 
mounted on goniometer 



 

 
 

 

 

 

This phase error occurs from several factors including comb stability, amplitude instability and the phase drift between the two 

frequency comb sources. The manufacturer estimates 20 mrad/1.5 min of phase drift [7].   

 

The phase error was calculated with 2000 measurements 

taken over 9 s. All measurements were taken with 1 ms acquisition 

time. These measurements were taken with no sample 

present, resulting in a zero line. Since the background is 

taken immediately before the measurements are recorded, the first 

phase measurement is zeroed while small deviations in phase are 

present in subsequent acquisitions due to the frequency sources 

being unlocked. Figure 4 shows phase plots for 0ms, 25ms and 51 

ms showing these random fluctuations in phase.  

 To determine the stability of the combs an Allan deviation 

was plotted for 30 minutes shown in fig 5. Every 100 ms an 

acquisition of 1 ms would be taken, this ensures enough time has 

passed to process the data stopping the memory buffer from filling. 

The interferometer measured a background with no sample and each 

acquisition was taken with this same path resulting in a zero phase 

line. The derivative of these phase spectra were processed with an 

Allan deviation and plotted. This plot shows that after 30 minutes 

the lack of phase locking does not cause an increase in phase error. 

After 30 minutes the Allan deviation was ~10 -3 . This means that 

measurements taken 30 minutes apart will have an instability in 

phase gradient of ~0.1%.  This Allan deviation plot has yet to show 

the turning point where an increase in time results in an increase in 

uncertainty showing the system is still dominated by random noise 

rather than any systematic noise (i.e. errors from phase unlocked 

comb sources). 

 With the phase error evaluated the electron plasma density 

error can be evaluated with method described in reference [4]. For 

this instrument it was calculated to be 1017 m -3.  

The upper limit of measurable electron plasma density is 

determined by two cut offs [4]: 1) fringe jump cut off density, 2) 

plasma cut off density.  

The fringe jump cut off density is the maximum electron plasma 

density before a fringe jump occurs between any neighbouring comb 

tooth. 

In this case of a comb centred on 8 μm with 4 MHz frequency 

difference between comb teeth the upper limit was found to be 

1.3x1027 m-3. This value increases as frequency increases so a comb 

centred on shorted wavelengths can achieve a higher fringe cut off 

density.  

 The Plasma cut off density is the density at which the plasma 

becomes totally reflective to a laser wavelength.  

For this instrument the limits for measurable electron plasma density is 

1017 – 1023 m -3. These values are within the typical fusion plasma 

densities of ~ 1021 m-3. 

4. CONCLUSION 

The potential of a dual comb spectrometer for electron plasma density 

measurements for hot fusion reactions was shown. The capabilities of 

measuring phase were proven with precise phase measurements with 

parallel plane plates. Furthermore, the limits of this instrument were 

calculated and compared to real world scenarios. 

 Python scripts were designed to unwrap phase information 

from 0 - 2π to values greater than 2π to allow derivation of electron 

plasma density. This code was validated with measurements taken on 

a material with known transmission and phase spectrum.  

 The comparison between simulation and experimental data 

demonstrate the validity of the instrument in reliable phase 

measurements. The validating experiment consisted of two counter 

rotated parallel plates. This consisted of two ZnSe plates and later 

included an additional pair of CaF2 plates. This experiment showed good 

correlation between the simulated and experimental results confirming this 

instrument’s ability to measure the correct phase. 

Figure 3: Phase gradient vs plate angle. Solid lines: gradient of 
phase vs wavelength for 5mm thick ZnSe and 5mm thick ZnSe + 
5mm thick CF2 . Dots: phase measured with dual comb 
interferometer over a range of acquisition times (1 – 4 ms) for ZnSe 
and ZnSe + CF2. Measurements taken 3 times for each 
angle/acquisition time combination with the gradient of the phase 
vs wavenumber plot corresponding to each dot  

Figure 4: Phase vs wavenumber plot of zero line at 0, 25 and 
51 ms. Gradient and shape is similar but y offset is shifted 

due to the lack of phase locking between the comb sources.  

 

Figure 5: Allan deviation of phase measurements taken 
over 30 minutes. 

 



 

 
 

 

 

 

The limits of measurable electron plasma density were explored; the upper limit was bounded by both the fringe jump cut 

off density and the plasma cut off density at 1.3x1027 m-2 and 4.4x1023 m -2 respectively. The lower limit of plasma density value is 

determined by the phase measurements error and was estimated as 1017 m-2. The error analysis showed that the lack of phase locking 

in the instrument does not impact the results of measurement for a duration of up to 30 minutes. These limits show that this 

instrument can work in hot fusion reactions which typically run at the plasma density of 1021 m-2.  

With the experiments outlined in this report a  dual comb spectrometer has potential to work in a hot fusion reactors. The 

next step for this work is validation of the approach of in real world scenarios with hot plasma. 
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