
Prepared for the U.S. Department of Energy under Contract DE-AC02-76CH03073.

Princeton Plasma Physics Laboratory

PPPL- 

Pamela Hampton
Text Box
PPPL-



Princeton Plasma Physics Laboratory 
Report Disclaimers 

 

Full Legal Disclaimer 

This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any agency thereof, nor any of 
their employees, nor any of their contractors, subcontractors or their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or any third party’s use or the results of such use of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof or its 
contractors or subcontractors. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any agency thereof. 

 

Trademark Disclaimer 

Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof or its 
contractors or subcontractors.  

 
 

PPPL Report Availability 
 

Princeton Plasma Physics Laboratory: 
 

 http://www.pppl.gov/techreports.cfm  
 
Office of Scientific and Technical Information (OSTI): 

http://www.osti.gov/bridge 

 

Related Links: 
 

U.S. Department of Energy 
 
Office of Scientific and Technical Information 
 
Fusion Links 



Thomson Scattering Density Calibration by Rayleigh and Rotational 

Raman Scattering on NSTX* 

B.P. LeBlanc 

Princeton Plasma Physics Laboratory 

Princeton, New Jersey, USA 
Abstract 
The multi-point Thomson scattering (MPTS) diagnostic measures the profiles of the 

electron temperature Te(R) and density ne(R) on the horizontal midplane of NSTX. 

Normal operation makes use of Rayleigh scattering in nitrogen or argon to derive the 

density profile. While the Rayleigh scattering ne(R) calibration has been validated by 

comparison with other density measurements and through its correlation with plasma 

phenomena, it does require dedicated detectors at the laser wavelength in this filter 

polychromator based diagnostic. The presence of dust and/or stray laser light precludes 

routine use of these dedicated spectral channels for Thomson scattering measurement. 

Hence it is of interest to investigate the use of Raman scattering in nitrogen for the 

purpose of density calibration, since it could free up detection equipment, which could 

then be used for the instrumentation of additional radial channels. In this paper the 

viewing optics “geometrical factor” profiles obtained from Rayleigh and Raman 

scattering are compared. While both techniques agree nominally, residual effects on the 

order of 10% remain and will be discussed.  
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Introduction 

The multi-point Thomson scattering, MPTS, diagnostic provides the electron temperature 

and density profiles and line integrated density needed for the routine operation of 

NSTX.1 In its current configuration it uses two 30-Hz Nd:YAG lasers operating at the 

fundamental harmonic of 1064 nm. The laser beams travel on the horizontal midplane 

providing profile measurements spanning 92% of the major radius of the machine 

aperture. A spherical mirror optics collects the scattered light along the path of each laser 

and focuses it on 36 fiber bundles, 29 of which are instrumented with one or two filter 

polychromators, for a total of 30 radial channels presently operational. The scattering 

geometry corresponds to the arrangement frequently seen, where a linearly polarized 

laser beam has its electric field perpendicular to the scattering plane.  The density 

calibration relies on laser scattering in gas. The filter arrangement of a subset of the 

polychromators permits detection of both Rayleigh and Raman scattering light in three 

separate spectral channels. An alignment of the laser beams with the collecting optics 

normally precedes the laser scattering calibration. A primary alignment is done using a 

reference helium-neon laser and fiber bundle back illumination; this work is usually done 

one or two months prior to start of plasma operation, when access to the vacuum vessel is 

possible. When the vessel is under vacuum, the collection optics and the Nd:YAG laser 

beams are moved in small steps in order to ascertain the stray laser light. About three 

weeks prior to plasma operation a final alignment is performed by sending the two laser 

beams into the vessel, which has been filled with 50 Torr of nitrogen previously left 

overnight in order to let the dust settle. This alignment is based on Raman scattering 

because of its immunity to stray laser light. A Raman scattering calibration is 
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immediately performed once the alignment is optimized. The vessel is then pumped 

down to 1.5 Torr and a Rayleigh scattering calibration is done. The pumping to reduce 

pressure from 50 Torr to 1.5 Torr has been found usually not to stir up dust. Sometimes 

argon is also used for Rayleigh scattering calibration at a pressure of 1.5 Torr. A recent 

modification has been the installation of a polarizer on the viewing optics. The proper 

orientation has been verified using Raman scattering. The ratio of with-, without-

polarizer signals matches the expected 4/7, when the insertion loss is included in the 

calculation.   

We can see in Fig. 1 part of the spectral calibration data for a polychromator that can 

detect both Rayleigh and Raman scattering light.  The smooth curves correspond to the 

avalanche photodiode, APD, quantum efficiency multiplied by the polychromator/filter 

transmission, QTP, and were obtained through a spectral scan of a wide-band light source.  

A calculation for anti-Stokes rotational Raman scattering cross section in units of 10-31 

cm-2/sr for nitrogen is overlaid2,3. Rayleigh scattering is indicated but goes off scale. In 

what follows we will assume that solely Rayleigh scattering contributes light to the 1064-

nm channel since the Raman contribution is of the order of 0.5%.  On the other hand 

Raman signal is easily detected in the 1058-nm and 1048-nm channels. Stokes rotational 

Raman scattering, which occurs at wavelengths longer than 1064 nm, is not shown on the 

figure. 

Global geometric factor 

If one writes down the equations needed to calculate the signal resulting from Rayleigh, 

Raman or Thomson scattering, one finds a common factor of the form G=ΔL ΔΩ TC. 

This global geometry factor parameter, which is needed for the evaluation of the local 
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electron density measured by Thomson scattering, folds in the details of the alignment of 

a laser beam with the viewing optics: ΔL is the beam path observed, ΔΩ is the solid angle 

of light collection and TC is the transmission coefficient of the collecting optics. The G 

profile is a function of major radius R and is different for each laser.  Based on Rayleigh 

scattering one finds 
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Here λRy is the scattering wavelength, which for Rayleigh scattering is the laser 

wavelength λ1064 of 1064 nm, (QTP)Ry corresponds to QTP evaluated at λRy, vRy is the fast 

electronic signal, CFB is the effective feedback capacitance of the transimpedance 

amplifier, (dσ/dΩ)Ry is the differential cross section, nRy is the gas density, El is the laser 

pulse energy, M is the APD gain, g is the fast electronics gain, e is the electron charge, h 

is Planck’s constant and c is the speed of light in vacuum. More information about the 

MPTS detection electronics can be found elsewhere.4 Similarly one finds the following 

expression for the evaluation of G from Raman scattering measurement. 
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Here λRmj is the wavelength of anti-Stokes Raman lines, (QTP)Rmj corresponds to QTP 

evaluated at λRmj, (dσ/dΩ)Rmj are the corresponding cross sections,  nRm is the gas density 

and vRm is the fast electronic signal. Fj is the fraction of the molecule density3 that is in 

the upper state responsible for rotational line j.  Raman scattering measurements of G can 

be made with the 1058-nm and the 1048-nm spectral channels. 
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Rayleigh scattering 

Since, somewhat surprisingly, the author was not able to find a published measurement of 

the Rayleigh cross section for nitrogen or argon at 1064 nm, estimates were made based 

on published data at lower wavelengths, by extrapolating to 1064 nm using the familiar 

1/λ4 scaling. Figure 2a shows such scalings based on measurements for nitrogen and 

argon done by Sneep et al.5 at 532 nm – frequency doubled Nd:YAG laser – and by 

Rudder et al.6 done at 694.3 nm – ruby laser. The data published by Sneep et al. is the 

total Rayleigh cross section, which was converted to differential cross section using7 
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where ρ0 is the induced depolarization fraction for natural incident light. The latter was 

calculated based on the expression7 ( ) ( ) ( )00 7636 ρρλ −+=kF , where Fk  is the King’s 

correction factor8 and making use of a functional for Fk(λ)  derived by Bates9 for 

nitrogen. One finds ρ0 = 0.02 for nitrogen. The depolarization fraction for argon is zero. 

The differential cross section at 1064 nm was computed using  

( ) ( ) ( 4
1064expexp1064 λλσσ λΩ=Ω dddd ) . (4)  

The differential cross sections mentioned above at λexp of 532 nm and 694.3 nm for 

nitrogen and argon are shown in Fig. 2a. Four curves based on Eq. 4 are overlaid and the 

extrapolated values at 1064 nm are also shown.  Figure 2b shows an expanded view in 

the vicinity of 1064 nm. The current values used by the MPTS system are indicated by 

asterisks. The two top curves correspond to nitrogen and are marked Nd:YAG/2 or Ruby 

to indicate the measurement used for the extrapolation. Similar labeling is used for the 

two bottom curves, which correspond to argon. The errors at 1064 nm are scaled 

5 



according to the experimental data. One can see that the differential cross sections in use 

for nitrogen and argon are within the error bars of the extrapolated data. 

Figure 3 shows results from density calibrations based on Rayleigh scattering in nitrogen 

and argon; Eq. 1 was used to compute the G(R) factor profile against the major radius R 

for each laser. The top panel displays results obtained with laser 1 and the bottom panel 

shows the results for laser 2. One sees that the G(R) profiles obtained with nitrogen and 

argon agree within the error bar for each laser. Details of the laser beam profiles and the 

relative precision of the alignment explain the differences between the G(R) profiles 

obtained with each laser. On the other hand many of the G(R) features are common to 

both lasers, indicating that their origin lies within the collection optics and the detection 

hardware. 

Raman scattering 

It is of interest to ascertain whether the same level of confidence can be obtained with G 

profile calculation based on Raman scattering using Eq. 2. The relative intensity of the 

anti-Stokes Raman lines is proportional2 to ( )Rmjj ddF Ωσ , where 
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 Here J is the angular momentum quantum number and is the square of the nitrogen 

molecule polarizability anisotropy. The value for nitrogen has been measured at 

wavelengths lower than 1064 nm and a theoretical estimate has been made at 632.8 nm. 

Based on this information, McCool extrapolated

2γ

2γ

3  to 0.45x10-48cm6 at the ruby laser 

wavelength 694.3 nm. In this work, an experimental estimate of  at 1064 nm is done 

2
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by solving ( ) ( )1064,,1048, 2 RGRG =γ , where the angle brackets indicate average over 

the major radius. This task is done by inserting Eq. 5 into Eq. 2 and varying in order to 

minimize ,  where the summation is done 

over the major radial positions.  One can see in Fig. 4a a plot of S against  , where a 

well localized minimum occurs at the same  for both lasers. A value of = 

(0.51±0.025)x10-48cm6 is obtained. Figure 4b shows a plot of  against λ, where 

published values are shown for different wavelengths: entries a, c, d from ref. 
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from Buldakov et al.10, and e the extrapolation from ref. 3. The data point f corresponds 

to the  experimental estimate described above for λ = 1064 nm.   Figure 5 shows 

three G profile measurements for each laser: (1) the profile marked 1064 was obtained 

with Rayleigh scattering; (2) the profile marked 1058 was obtained with Raman 

scattering and corresponds to data obtained through the 1058-nm filter (see. Fig. 1); (3) 

the profile marked 1048 was also obtained with Raman scattering and corresponds to data 

obtained from the 1048-nm filter. One can see that there is a good match between the 

1064-nm and the 1048-nm G(R) profiles throughout the major radius span. The 1058-nm 

G(R) profile does not match as well, particularly in the high major radius region. This can 

be explained by the fact that the 1064-nm and 1048-nm filter are located on the same side 

of the polychromator and their associated APD “sees” an unfocussed image of the fiber 

bundle end, while the APD associated with the 1058-nm filter sees a real image of the 

output end of the fiber bundle. Hence the 1064-nm and 1048-nm data constitute a better 

pair to match for the calculation of . The cause of the discrepancy between G(R,1058) 

and the matching G(R,1064) and G(R,1048) may be related to the radially varying 

2
1064γ
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etendue of MPTS’s backscattering geometry,11 and could come from  the QTP calibration 

procedure, which at the moment does not involve the collection optics. While it is 

important that the latter concern be resolved, the good match between G(R,1064) and 

G(R,1048) opens up the  possibility of using Raman instead of Rayleigh scattering to 

determine G. Since the signal at 1064 nm is routinely ignored during Thomson scattering 

data analysis, because of the presence of stray laser light and Mye scattering, one might 

consider reallocating this particular detection hardware for the instrumentation of unused 

fiber bundles and hence increase the spatial resolution of the full system.  
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Figure Captions 

Fig. 1: Overlay against wavelength of QTP spectral calibration, cross section of anti-

Stokes rotational Raman (ASRR) scattering lines and Rayleigh scattering line. 

Fig. 2: (a) Published measurements of Rayleigh scattering cross section for N2 and Ar at 

frequency doubled Nd:YAG laser and ruby laser wavelength.  Extrapolation to Nd:YAG 

fundamental 1064 nm; (b) expanded view in the vicinity of 1064 nm. 

Fig. 3: Overlay of G(R) measured by Rayleigh scattering in N2 and Ar: laser 1 in top 

panel, laser 2 in bottom panel. Measurements made at 1064 nm. 

Fig. 4: (a) Evaluation of square of nitrogen polarizability anisotropy  at 1064 nm using 

data from laser 1 and laser 2; (b). Published and measured values of against 

2γ
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wavelength: a, c, d from ref. 2, b from ref. 10, e from ref. 3; f, present estimate at 1064 

nm. 

Fig. 5: Overlay of G(R) measured by Raman and Rayleigh scattering in N2: laser 1 in top 

panel, laser 2 in bottom panel. Measurements made with the 1048-nm, 1058-nm and 

1064-nm spectral channels. 
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