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Fizeau interferometer for measurement of plasma electron current
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A high-resolution, vertically viewing far-infrared polarimeter-interferometer system is currently
used on the Madison symmetric torddST) reversed-field pinciRFP) to measure the plasma
electron density andoroidal current density via Faraday rotation. In this article, we propose a
scheme to measure the well-known Fizeau effect, whereby through modest modification of the
existing apparatus, the line-integratedloidal current density can also be directly measured. This
parameter is important, since the RFP toroidal magnetic field is largely determined by currents
flowing within the plasma. The Fizeau effect is a phase shift of an electromagnetic wave associated
with movement of a dielectric medium. This motion can be related directly to the plasma electron
current. Determining the Fizeau effect involves measurement of the phase shift between two
collinear, orthogonally polarized, counterpropagating laser beams. Estimates indicate a phase shift
of ~2° is expected for typical MST parameters, well within the existing system resoluti@0®
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I. INTRODUCTION third approach involves measurement of the well known
. ) i Fizeau effecf. For a vertically viewing system, this effect
~ On the Madison symmetric torudiST) reversed-field o e ysed to measure the line-integratetbidal electron
pinch (RFP), a multichannel, vertically viewing, far-infrared ¢, rrent density from which the toroidal field can be derived
(FIR) laser system has been used as a Faraday rotation pyough Ampere’s law. Experimental determination of the

larimeter to measure poloidal magnetic field, and as an intetsg|giqa| electron current density is extremely important for
ferometer to measure electron density. Recent advances |pq RFP, as the toroidal field is largely determined by cur-

Faraday rotation diagnostics have provided the first measurez .o flowing within the plasménot external coils In this
ment of toroidal current-density profile dynamics in the coregticle we will describe the Fizeau effect and a means
of a high-temperature RFP plasrhéihis technique involves whereby it can be directly measured in MST.

measuring the difference in the refractive index between the

right-hand(R-) and left-handL-) circularly polarized waves.

For the RFP, as well as some tokamakgy., spherical toka-

mak9, the toroidal magnetic field is also a relative unknown!- FIZEAU EFFECT

and must be measured. For instance, on the NSTX spherical |t has heen known for over a century that the velocity of
tokamak, a tangentially viewing Faraday system is being deiight in a moving medium differs from its value in a station-
veloped to measure the toroidal magnetic felon MST,  ary mediunt The Fizeau effect is the relativistic phase shift
this could be accomplished by simply rotating the existingof an electromagnetic wave associated with movement of a
geometry and constructing a tangentially viewing Faradayjielectric medium. Consider a laser beam propagating in a
system. However, such an approach requires significant aghoying plasma with refractivity index’, length L', and
ditional machine access, as well as a separate laser-receig@|ocity v, as shown in Fig. 1. The phase shift is relativisti-

system. This naturally leads to substantial costs as well. Anggly invariant and to the lowest order B=v/c, the single

vertically viewing system and machine access to measure the ) ,

- i 1 I n- w w
Cotton-Mouton effect. Thl_s results from the_ linear b|_refr|n Ap=Ad = At' —K'AX = - B—L' - 2L'N', (D)
gence of the plasma and is related to the difference in index c c

of refracgorlhbebwveegl th? Qrd\'/rlllagg) atmljl exttrao;crill_narYX) where primed and unprimed variables refer to the moving
waves. ©n the vvendiestein Vil-As stellarator, thiS measurey, , gy, ang laboratory frames, respectively. In the above re-

mentl was accomplished and used 'to dgtermine the electr Btion (o’ k') are the frequency and wave vector of the prob-
density in a plasma where the toroidal field was kndw. ing lightwave in the plasma. By using the Lorentz transfor-

mation and considering a small Doppler sHift' = w— Bw),
¥Electronic mail: brower@mail.utexas.edu the phase shift in the laboratory fraris given by
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FIG. 1. Schematic diagram of the Fizeau effect.
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3 FIG. 3. Schematic of the Fizeau measurement technique.
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w
] i ) . leading to a Fizeau interferometer phase shift-&°. Phase
The first term on the right-hand sidRHS) of Eq. (2) is the  ghifts due to plasma density are far larger than shifts due to
phase shiftAd,, which is normally measured by an interfer- pjasma motion. While the phase is small compared to the
ometer for a stationary plasma. The second term on the RH§quiIibrium phase shift for stationary mediuim 3609, it is

of Eq. (2) is the additional phase change caused by plasmgomparable to angles resolved by the equilibrium Faraday
motion. The phase difference measured by a Fizeau interfefyiation measurement.

ometer(i.e., interferometer with counterpropagating beams

g _ X i Due to the small phase angle compared to that induced
following the same optical pathin a plasma using an

- et by the equilibrium density, measurement of the Fizeau effect
O-mode wave(N“=1-wj/w?) is is impractical for standard interferometers. However, this dif-
1 ficulty can be overcome by measuring the phase shift be-
6= v f vwhe dx=1.875X 102\ f N(Xv,(x)dx, (3)  tween two collinear, orthogonally polarized, counterpropa-
gating laser beams. This arrangement is shown schematically
where wpds the electron plasma frequency,is the laser n Fig. 3, where the counterpropagating probe beams are the
wavelength, andn, is the electron density. The product ordinary and extraordinary waves. These waves have slightly
Ne(X)v,(X) in the integral is just the electron currelt Fora  different frequencies withAw/2w~1 MHz. The nominal
vertically viewing system, such as that on MST, this corre-wavelength of the FIR laser is 432m (694 GH3. The

sponds to the poloidal electron current denslty. phase difference between these two waves can be writt-
en according to EQ.(3), with the simplification that
lIl. EXPERIMENTAL SETUP kX—kO:nelezO. For MST parameters, the actual value has

a maximum oflky —ko|uax =0.1° and can be directly attrib-
An estimate of the Fizeau effect for typical MST plas- yted to the Cotton-Mouton effect mentioned earlier. In this
mas with toroidal current,=400 kA and electron density arrangement, zero-order terms cancel out and the contribu-
n.=1.5x 10" m=is shown in Fig. 2. MST equilibrium re- tion due to motion of the mediurtFizeau effectis doubled.
construction indicates that a maximum poloidal current densijnce the phase resolution of the polarimeter is
sity of ~1.5 MA/m? will occur at approximately midradius, 1 mrad(0.069 with up to ~1 us time response, it is fea-

sible for this system to also resolve the Fizeau eftéct.

Experimentally, the Fizeau measurement can be accom-
1.2 plished by employing the experimental setup shown in Fig.
.,E o a-: 4. In this arrangement, one of th(_e laser beams goes through a
;‘ e N\/2 plate to rotate the polarization 90°. A small portion of
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FIG. 2. (a) Poloidal electron current density determined from equiliorium ~ FIR LASER
reconstruction.(b) Estimate of the Fizeau phase shift for typical MST
plasma. FIG. 4. (Color) Experimental arrangement for measuring the Fizeau effect.
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M2 Plate Refereice Mixes terpropating. In this i_nstance, the Fizeau effect will capcel
g out and we are left with a measurement of the phase differ-
b Lens ence between the O and X waves, or the Cotton-Mouton
effect. Since, as mentioned earlier, the Cotton-Mouton effect
is expected to be an order of magnitude smaller than the
Polarizer i Fizeau effect, it is not clear that we can resolve this phase
. Signal Mixer . . .
< shift. However, it is clear that by having the beams copropa-
9 & gate, the Fizeau effect should cancel out. We plan to use this
et - Lens as a cross-check against the actual Fizean measurement. In
Lo. addition, we will be able to perform these measurements for
A »~ Beam |. various chords looking in different regions of the plasma. A
C'; ] chord through the midradius should see a maximum Fizeau
Beam Splitter . L ..
FIR LASER effect, while a chord through the magnetic axis is expected to
have no Fizeau effect. All these tests, and others, can be
FIG. 5. Experimental arrangement for measuring the Cotton-Mouton effectP€rformed to cross-check the measurement.
In summary, by reconfiguring the existing, vertically
) ) ) viewing Faraday rotation diagnostic on MST, we plan to
each beam is then taken and mixed in the reference detect@heasure the Fizeau, as well as the Cotton-Mouton effects.

The beam with polarization perpendicular to the page thefach of these measurements will give us information on the
passes through a polarizing beamsplitter aligned for 100%groidal magnetic field in the RFP. By using the Fizeau ef-
transmission. This beam proceeds through the plasma, expgsct, we will have a direct measure of the poloidal electron
riences a phase shift due to the equilibrium density and moveyrrent density. Since the time response and phase resolution
ing medium, and is reflected by a polarizing beamsplittelof the existing Faraday rotation diagnostic is sufficient to
aligned to reflect 100%. The beam with polarization in themeasure  both  magnetic-field and  current-density
page passes through this beamsplittB00% transmission  fjyctuations® it is anticipated that the Fizeau interferometer
and the plasma, whereupon it is reflected from the polarizingnay be able to directly measure fluctuations in the electron
beamsplitter in its path. This beam also sees the equilibriungyrrent density. If successful, this information in combina-
density, but the sign of the moving medium contribution istjon with polarimetry can be used to measure the magnetic
reversed. The two beams that passed though the plasma gfgctuation-induced particle flux for the electrons,
now combined and sent to the signal mixer. Since bothre:G” eBr>- In addition, ifje is known from the Eizean mea-

beams see.the same equilibrium plasma with the same thé'urement andh, from interferometry, it also becomes fea-
cal path, this effect cancels out. We are then left with twice

. . sible to directly determine electron velocity fluctuations,
the phase shift caused by the Flzeay efféct. (3)]. We then Finally, application of the Fizeau interferometer mea-
only need to measure the phase difference between the regar

. : . . ; ement on a tangentially viewing systdeng., such as
erence and signal mixers to obtain the Fizeau phase shift. .
i . . those on, or proposed for, tokamakuld be exploited to
It is worth noting that the Fizeau effect has not been brop % P

. . ovide a direct measure of the toroidal current density. This
measured in any plasma. We plan to measure this phase srﬁ

. 4 . . . ay be particularly relevant to future devices, such as ITER,

?ﬁ/ far-||ntf_rareg.F|Ee?u mterf(;romet(ri]f]!tFl) '3 ordler.tto V?;'tfy where access is limited and determination of the toroidal
€ relationship between phase Shilt and veltocity fist, current density is a critical measurement need.
Eq. (3)]. It is possible, by operating with low discharge cur-
rent plasmas, to measure the poloidal electron current bpACKNOWLEDGMENT
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