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The electron density in JFT-2 tokamak has been measured by two
methods, i.e. Thomson scattering of ruby-laser light and interferometry
of millimeter wave. Two-dimensional distribution of the scattered
1ight intensities were obtained by scattering measurement ; absolute
calibration was made by nommalizing the scattered intensities with the
averaged density determined from interferometric measurement. The
horizontal density distributioms in laser scattering were compared with
those in from the averaged densities measured with a 4-mm interferometer

through inverse-transformation. Agreement is good between the two

measurements, except where they give erroneous data because of irreproduci-

bility of the discharge.
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1, INTRODUCTION

In researches on high-temperature tokamak plasmas, it is of basic
interest to have accurate knowledges of electron density distributions and
the time evolutions. Two methods to measure the electron density in
tokamaks have been mainly utilized. One is the scattering measurement
of a ruby-laser light.l) This method depends on the fact that the total
intensities of electro-magnetic waves scattered from plasmas are propor-
tional to the electron density at a local point, which is determined from
an incident laser light and an observing direction on a scattered light.
The other is the interferometry of electromagnetic waves which are
ranging from milli-meter2) to far-infrared3) regions. The interferometric
measurements, in principle, can determine the electron density averaged
along a path of an electromagnetic wave transmitting through plasmas.

Although the laser scattering technique has a superior advantage
which can permit one to measure the localized value of electron tempera-
ture and density, it is necessary to calibrate the scattered intensities
to determine the absolute value of electron density. On the contrary the
latter, interferometric measurements do not provide data with good
spatial-resolutions but can rather easily present the absolute value of
electron density. In many works on tokamak-researches, the scattered
intensities are calibrated by cross-sections of Rayleigh scattering for
molecular gases or by normalizing a spatial distribution of relative
density along one direction by the fringe-shifts determined from inter-
ferometric measurements along the direction.

Present experiments provide recent experimental results of ruby-laser
scattering measurements, in particular, on the distributions of electron
density in JFT-2 tokamak-plasmas. Two-dimensional measurements on
scattered intensities are performed with a ruby-laser scattering apparatusﬁ)
The electron density measured along a central, vertical path with a 4-mm
wave interferometer is here used to caliﬁrate the light intensities
scattered from JFT-2 plasmas. In the interferometric measurements,
horizontal distributions of electron density are determined from the
averaged densities along different, eight vertical paths in the minor
cross-section by using an inverse-transformation method. The purposes of
the present report are to compare the horizontal distributions of electron
density determined from scattering measurements with those from inter-

ferometric measurements and to present the jusiness of ruby-laser scattering
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measurements on JFT-2 plasmas.

Figure 1 shows the plan view of JFT-2 tokamak-device5) with various
diagnostic apparatus. A ruby-laser scattering apparatus and 4-mm and Z-mm
wave interferometers and used for the experiments described in the present
report, and are positiohed in the toroidal direction, as shown in the

figure.

2. RUBY-LASER SCATTERING APFPARATUS AND ITS MEASUREMENT

Figure 2 shows the séhematic diagram of a ruby-laser scattering
apparatus“).for JAERI tokamak-devices. A ruby light is emitted from a
Q-switched laser oscillator which has an energy of 5 -- 10 joules and a
duration time of about 20 nanoseconds (i.e., output power 250 —— 500 MW).
The ruby-laser light is irradiated vertically through a'quartz window
into JFT-2 device from down to top in the minor cross-section of the
torus, and is focussed to 3 mm at the plasma center by a long-focal lens.
The scattered light at 90 degrees to the irrédiating beam is observed
with a light collecting lens. The aperture ratio of the collecting lens
is F 6.5. The observed point can be scanned horizontally and verticaliy
with a.periSCOPe, in order to obtain spacial distributions in the minor
cross—-section. The scattered lights are analyzed in a 100 cm Czermey-
Turner monochrometer (NIKON G-1000) and pass to twelve photomultipliers
througﬁ an optical-transmitting system consisting of prisms and
collimating lenses. Each photomultiplier detects the scattered light
over the wavelength range of 70 R, and is magnetically shielded with
parmaloy co-axial tubes. The photomultiplier is RCA C31026, and has an
ERMA III photocathode with rather flat spectral response in the wavelength
range from 5000 R to 7000 R. The signals from photomultipliers ére led
to pre-amplifiers (40 db), delay-and-composite circuits and a high-speed
oscilloscope. All measurements of the Broadened profile in the scattered
spectrum are performed at wavelength shorter than the ruby-laser wave-
length (6943 A). -

Figure 3 presents details of the obsefvation port {observation box)
for ruby-laser scattering measurements. A laser beam can be éhosen to
pass along one of seven vertical light paths with a spacing of 6 cm. . The
90-degrees, scattered lights are observed through a 1érge rectangﬁlar

gquartz window, which is very convenient to obtain vertical distributions
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measurements on JFT-2 plasmas.

Figure 1 shows the plan view of JFT-2 tokamak-device5) with various
diagnostic apparatus. A ruby-laser scattering apparatus and 4-mm and 2-mm
wave interferometers and used for the experiments described iﬁ the present
report, and are positioned in the toroidal direction, as shown in the

figure.

2. RUBY-LASER SCATTERING APFARATUS AND ITS MEASUREMENT

Figure 2 shows the schematic diagram of a ruby—laser scattering
apparatus”) for JAERI tokamak-devices. A ruby light is emitted from a
Q-switched laser oscillator which has an energy of 5 —— 10 joules and a
duration time of about 20 nanoseconds {(i.e., output power 250 -- 500 MW).
The ruby-laser light is irradiéted vertically through a'quartz window
into JFT-2 device from down fo‘top in the minor cross-section of the
torug, and is focussed to 3 mm at the plasma center by a long-focal lens.
The scattered light at 90 degrees to the irradiating beam is observed
with a light collecting lens. The aperture ratio of the ceollecting lens
is F 6.5. The observed point can be scanned horizontally and vertically
with a.periscope, in order to obtain spacial distributions im the minor
cross-section. The scattered lights are analyzed in a 100 cm Czerney-
Turner monochrometer (NIKON G-1000) and pass to twelve ﬁhotomultipliers
through an optical-transmitting system consisting of prisms and
collimating lenses. Each photomultiplier detects the scattered light
over the wavelength range of 70 R, and is magnetically shielded with
parmaloy co-axial tubes. The photomultiplier is RCA 31026, and has an
ERMA III photocathode with rather flat spectral response in the wavelength
range from 5000 R to 7000 R. The signals from photomultipliers are led
to pre-amplifiers (40 db), delay-and-composite circuits and a high-speed
oscilloscope. All measurements of the Broadened profile in the scattered
spectrum are performed at wavelength shorter than the ruby-laser wave-
length (6943 A). -

Figure 3 presents details of the observation port {observation box)
for ruby-laser scattering measurements. A laser beam can be chosen to
rass along one of seven vertical light pafhs with a spacing of 6 cm. The
90-degrees, scattered lights are observed through a large rectangﬁlar

quartz window, which is very convenient to obtain vertical distributions
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in the whole minor cross-section. The laser beam dump and viewing dump
are furnished to decrease stray lights. These dumps permit the stray
lights to decrease down the levels, at the wavelength of 6943 A, which are
equivalent to the scattering from cold electrons at a density of 3 x 1014
cem—3. By considering a reduction of the stray lights in the monochrometer
by the order of 10‘”, the stray levels correspond an electron density of
1011 -~ 1012 em 3 over the wavelength range observed in scattering
measurements. In practical measurements, however, dominant noises are

not due to the stray lights but originating from shot noises of photo-
multipliers. The levels of the shot noises do not permit one to determine
the electron density less than 1012 em™3? for measurements on JFT-2 plasmas.
Except when measurements are performed, these dumps and quartz windows are
protected from metallisation due to plasma discharges with a shutter, as
shown in the figure. Figure 4 summarizes main characteristics of the
ruby-laser scattering apparatus for diagnoses of JAERI tokamaks.

The scattering apparatus has been in operation since fall 1973.
Hitherto, many improvements were performed, for example, the intensifica-
tion of magnetic shield to photomultipliers, utilization of gated integra-
ters to increase ratio of signal to noise, usage of a helical flash lamp
for an oscillator head to obtain good oscillated-patterns in incident |
lights, and addition of a subsidary shutter to the large observing
window (for scattered lights) to reduce the metallisétion.

Figures 5(5) and (b) show typical spectra of scattered signals
observed in the center of plasma (X = 0, Z = 0). The operating conditions
are also given in the figures. The obscissa is the channel number of
photomultipliers, which is scaled proportionally to the square of the
wavelength displacement from the central wavelength, (A\)2. The ordinate
in a logarithmic scale provides the scattered intensity calibrated
absolutely according to the procedure which will be described in Section
4. The open circles in these figures represent the experimental data
obtained from one shot of plasma discharge.

The scattering parameter o is much smaller than unity, and no co—
operative features are to be expected for plasma parameters under the
present experimental conditioms. Therefore, a straight line in Fig. 5
indicates good evidence for the Maxwellian distribution of velocities
transverse to the direction of toroidal magnetic field. The scattered
profiles in a linear plot become a Gaussian shape, whose full half-width

Adyfo is expressed by the following numerical equation;

- 3 -
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By B) = 32.2[T (eV)]}/2 (D

with the electron temperature T, for 90 degrees, ruby-laser scattering
measurements. The lines of a least-mean-square fit in scattered spectra
give the electron temperatures of 667 * 64 eV in Fig. 5(a) and 1170 + 120
eV in Fig. 5(b) respectively.(*) The error widths of about 10 percents
in temperature measurements are originating from shot noises of photo-

multiplers.7)

3. MEASUREMENTS OF MILLI-METER WAVE INTERFEROMETRY

A 4-mm wave interferometer is mainly used in the present experiments.
The interferometer is a zebra-striped one, which is capable of producing
five fringe-stripes and detecting down to one-tenth of one fringe-shift.
It consists of a klystron (OKI-KA701, output 400 mW), microwave circuits,
delay lines (total length 15 m), collecting lenses for 4-mm waves, and
electronic circuits for producing zebra-stripes.

There are eight vertical paths for the interferometric measurements
on JFT-2 plasmas, as shown in Fig. 6. The wave is transmitted into the
plasmas through an aperture (3 c¢m in diameter) from top to down. An
electric field of the wave is chosen to be parallel to the toroidal
magnetic field. Quartz lenses for collecting 4-mm waves are attached to
the apertures and simultaneously used to keep them vacuum—-tight. Shutters
are placed between the lenses and the plasmas to prevent the lenses from
being opague through metallisation due to plasma discharges.

Figure 7 presents a typical oscilloscopic traces of zebra-striped
fringes measured along the central, vertical path X = 0 with a 4-mm
interferometer. The relation between the electron density n, and observed

fringe-shifts m is given by

2.24 x10%3.m

A (cm) (2)

fne(z)dz(cm‘z)

(*) In determining these values of electron temperature, a correction due
to the relativistic effect of electrons®) is neglected. According to
ref. 6c,lthe correction is negligibly small for temperatures less than
1000eV, about 5 percents for T. = 1200 eV, and 10 and 15 percents for

Te = 1500 eV and 2000 eV respectively.

-4 -
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A 4—mm wave interferometer is mainly used in the present experiments.
The interferometer is a zebra-striped one, which is capable of producing
five fringe-stripes and detecting down to one-tenth of one fringe-shift.
It consists of a klystron (OKI-KA70l, output 400 mW), microwave circuits,
delay lines (total length 15 m), collecting lenses for 4-mm waves, and
electronic circuits for producing zebra-stripes.

There are eight vertical paths for the interferometric measurements
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electric field of the wave is chosen to be parallel to the toroidal
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fringe-shifts m is given by

2.24x1013em
A(em) (2)

Ing(2)dz(cm2)
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ref, 6c,lthe correction is negligibly small for temperatures less than
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Te = 1500 &V and 2000 eV respectively.

-4 -
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with the line element dz along the wave path and the wavelength X of
electromagnetic wave. One fringe-shift in the figure is corresponding
to the average electron density of 0.88x1012 cm~3. The maximum number
of fringe shift is observed to be 14.3 at about 130 msec in the figure.
The horizontal distribution of electron density is deduced from the
averaged densities measured along the eight vertical-paths with a 4-mm
wave interferometer, by assuming the shot-to-shot reproducibility of
palsma discharge, and scanning the positions of a transmitting and a
receiving horns horizontally.

A 2-mm wave interferometer is also used to measure the electron
density averaged along the central, vertical path in the different toroidal

position, as.previously. shown in Fig. 1.

4, CALIBRATION OF SCATTERED LIGHT INTENSITY
A power of the scattered light WS(O) which is observed with a
collecting lens is expressed by

w.(0) = 4 . doe n.P:dzd® (3)
s (o) aQ el

with
Pi = n(i) . PO (4)

where n(,) 1s the transmission efficlency of the scattered light which ~
transmits from an observed point to the collecting lens through an observ-
7%? the differential cross—-section of Thomson scattering per
electron, ng the electron density at the observed point, P{ the incident

ing window,

power at the observed point, dz and dfi the irrdadiated length and the solid
angle observed with the collecting lens. N(1) the trgnsmission efficiency
of an incident laser light, and P, the output power emitted from a ruby-
laser oscillator. The value of WS(O) is absolutely measured by calibrat-
ing the sensitivities of photomultipliers with a standard tangsten lamp.
The laser power P, can be also determined from calorimetric measurements
on the output energy. However, it is very difficult to evaluate the
electron density from Eq. (3) and calibrated values of WS(O) and P,
because of some ambiguities in (o) and Pi {or ”(i))' Such an evaluation

seems to provide erroneous densities, in particular, in measurements on
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with the line element dz along the wave path and the wavelength X of
electromagnetic wave. One fringe-shift in the figure is corresponding
to the average electron density of 0.88x10!2 em~3. The maximum number
of fringe shift is observed to be 14.3 at about 130 msec in the figure.
The horizontal distribution of electron density is deduced from the
averaged densities measured along the eight vertical-paths with a 4-mm
wave Interferometer, by assuming the shot-to-shot reproducibility of
palsma discharge, and scanning the positions of a transmitting and a
receiving horns horizontally.

A 2-mm wave interferometer is also used to measure the electron
density averaged along the central, vertical path in the different toroidal

position, as previously shown in Fig. 1.

4. CALIBRATION OF SCATTERED LIGHT INTENSITY
A power of the scattered light Ws(o) which is observed with a
collecting lens is expressed by

dog.
WS (o) = n(o) . ﬁ . nePidZdQ (3)

with
Pi =ng) B (4)

where n(,) 1s the transmission efficiency of the scattered light which
transmits from an observed point teo the collecting lens through an observ-
ing window, 7%%— the differential cross-section of Thomson scattering per
electron, np the electron density at the observed point, P the incident
power at the observed point, dz and df the irradiated length and the solid
angle observed with the collecting lens. n(1) the transmission efficiency
of an incident laser light, and P, the output power emitted from a ruby-
laser oscillator. The value of WS(O) is absolutely measured by calibrat-
ing the sensitivities of photomultipliers with a standard tangsten lamp.
The laser power P, can be also determined from calorimetric measurements
on the output energy. However, it is very difficult to evaluate the
electron density from E¢. (3) and calibrated values of Ws(o) and Pg
because of some ambiguities in N(o) and Py (or‘n(i)). Such an evaluation

seems to provide erroneous densities, in particular, in measurements on
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tokamak devices where there are some possibilities for the windows to be
metallized.

Figure 8 illustrates the principle of density determination in Thomson
scattering measurements. One method is to normalize the spatial distribu-
tion of apparent dengity n L(X Z) determined from the cal1brated values
of Wg (o) and Py under the assumption of M) =1 and n¢4) = 1 by the
average electron density ne from interferometric measurements, i.e.,

R : R R :

I ne(X,2)dz = vo /' n(X,2)dz = 0 (X) f dz (5)

-R -R -R
where a compensation factor Ye 1s the correction due to the ambiguities
in n(y) and Py and R is a radius of plasma boundary (i.e., the liner
radius). The other method is an utilization of Rayleigh scattering, where
the effective (laser) power Pgoff = N(o)*P1 is calibrated by comparing the
value of Wy (0) with the light intemnsity of Rayleigh scattering from
molecular gas fed in a vacuum chamber of plasma device. In this calibra-

tion, a compensation factor vy, is introduced by the relation
R a4 Dy

Peff = n(o) *P1i = n(d) *ngo) *P5 = YR " Py (6)

If these two calibrations are performed with sufficient accuracy, it should
be, of course, valid that yg = YR-

The present work adopts the former method. Figure 9 shows the
horizontal distribution of electron density ne(X) averaged along different
vertical paths with a 4-mm wave interferometer (upper graph) and the
vertical distribution of local apparent (uncompensated) density neL(O,Z)
determined in a central vertical ﬁlane (x = 0) from scattering intensities
(lower graph). 1In the figure X and Z refer to a horizontal and a vertical
positions in the minor cross-section, the point of X = 0 and Z = 0 is the
center of vacuum chamber (i.e., liner), the plus sign indicates the outer
position or the upper position in the minor cross-section, R is the liner
radius, and £ is the length of the microwave vertical path in the minor

cross—section. From the figures, the compensation factor Ye

_ R
ng(0) +/ dz
Ye = _Ei__d__;ifi__, . (5)

S neL(O,Z)dz
-R

is determined to be yg = 4.1.
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5. COMPARISON OF ELECTRON DENSITY DISTRIBUTION

The lower graph of Fig. 10(a) provides the comparisons between the
horizontal distributions of electron density determined from measurements
on ruby-laser scattering (open circles with error bars) and 4-mm wave
interferometry (solid curve). The values of electron density from
scattering measurements are obtained by multiplying the apparent value
neL(X, 0) measured in the equatorial plame (Z = 0) by the compensation
factor v, of 4.1. The horizontal distribution indicated by a solid curve
is determined from the averaged densitieslgé(x) by using an improved
inverse-transformation method.a) This result shows that satisfactory
agreement between the horizontal distributions from these two methods is
obtained. Another example is presented in Fig. 10(b), where the electron
densities from scattering measurements are less than those from inter-
ferometric measurements by 15 —- 25 percents near the plasma center.

Figure 11 shows the examples of time-variations of plasma current
and loop voltage. The operating condition is the toroidal magnetic field
B+ = 14 kG and peak plasma current Ip(p) = 100 kA. Figure 12 provides
the time-variations of central electron temperature Tef, determined from
ruby-laser scattering measurements (upper graph) and of central demsity
ng(0) from scattering measurements and average density Eé with 4-mm and
2-mm interferometers (lower graph). In Fig. 13 the central electron
densities from scattering measurements (open circles with error bars) are
compared with those from 4-mm wave interferometry (cross points) through
an inverse-transformation. The different time-behaviours ocbserved during
10 —— 25 msec may be originating from the irreproducibilities of plasma
discharges. The observed discrepancy seems to be improved by multi-
channel interferometric measurements. The pulse-to-pulse variation of
discharges during the interval was considerably larger than that after

25 msec, for example as shown in the lower graph of Fig. 12,
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6. SUMMARY

In concluding the present report, we are going to summarize the

results as follows;

(1) The distributions of electron density have been measured in JFT-2
tokamak by two methods, Thomson scattering of ruby—laser lights and

interferometry of milli-meter waves.

(2) Two dimensional distributions of scattered intensities have been
obtained in scattering measurements. In interferometric measurements
the horizontal distributions of electron density have been determined
through an inverse-transformation from eight vertically-averaged

densities with a 4-mm wave interferometer.

(3) The scattered intensities observed in the central, vertical plane
have been normalized by the averaged density determined from inter-
ferometric measurements along the plane. This calibration has shown

that the compensation factor Ye defined by Eq. (5) equals to 4.1.

(4) Comparisons of horizontal density distributions between these two

methods have been performed under various operating conditions.

(53) Fundamentally, good agreement between the two measurements has been
found. However, some discrepancies have been observed, which may
not be too large to be explained by scatters in the data of Thomson
scattering of milli-meter wave measurements due to the irreproduci-

bilities of plasma discharges.

{(6) The central values of electron density have been accurately determined
to be (1.5 -- 2.5) x 1013 em™3 from these two measurements in the

present experiments.
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Fig. 2 Schematic diagram of ruby-laser scattering apparatus.
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Fig. 3 Details of the observation port for ruby-laser scattering
measurements.
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|l ASER SCATTERING

(i) Q-switched ruby laser

laser power --- 500 MW
pulse duration --- MAX 20nsec
beam divergence --- MAX 5mrad

(ii) Optical system
monochrometer —--Czerny —Turner mount,
Fe.5, f=100 cm,
grating 1200 lines/mm

focal spot size ~-- 3 mm at the center

horizontal scanning of laser light
—--360 mm

vertical scanning of scattered light
---4735 mm

(i) Observation port

laser dump and viewing dump
-~--glass filter

(iv) Photodetector system

channel --- 12
photomultiplier --- RCA C31026
wavelength range per channel - —-70 A

(v) Sequenced pulse delay system

delay time between channels ---50 nsec
gate width
slow gate --- 3usec (PM)
fast gate --- 50nsec (PM circuit)

Fig. 4 Main characteristics of ruby-laser scattering apparatus.
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Fig. 5 Observed spectra of scattered lights from central plasmas.
(a) the toroidal magnetic field By = 14 kG, peak plasma
current I,(P) = 100 kA and t = 18 msec after a breakdown
(b) Bp = 18 kG, Ip(P) = 135 kA and t = 60 msec.

- 14 -




JAERI-M 6685

E
e—r/l—- 300 R . /-LENS
oo
TOROIDAL \ / HORN
BX1S ' '

Fig. 6 Vertical paths for 4~mm wave interferometric measurements.

Fig. 7 Typical oscilloscopic trace of zebra~striped fringes observed
with a 4-mm interferometer (time sweep 20 msec/div and
0.88 x 1012 cm™? per fringe).
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(1) p-Wave (2) Thomson
Interferometry Scattering

Ne (X)
Calibration

Absglufe Cali. RaJleigh

PM Sensitivit '
(Laser F’owery ) SCGTTemg

:

Ne (X.Z)
| |

_ +R J +R V
Ne (XZ[dZ: yefnlé (X.Z)dZ Effective
-R J,-R

Laser Power
Peff =IJR R

de  ¥g: Compensation Factor ==

Fig. 8 1Illustration of absclute calibrations in scattering
measurements.
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Fig. 9 Horizontal distribution of averaged electron density from
4-mm wave measurements (upper graph) and vertical distribution
of apparent {uncompensated) electron density in a central,
vertical plane from scattering measurements (lower graph).
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Fig.10(a) Comparison of horizontal density distribution between the

two methods (lower graph) under By = 14 kG, IP(P) = 100 kA,
and t = 80 msec. In the lower graph, the solid curve is
determined through an inverse~transformation from the averaged

density multipled by a compensation factor Ye = 4.1 in ruby-
laser scattering measurements.

- 18 -



JAERI-M 6685

JFT—Z(P) 760225

x10"3 B;=18KG, Ip=100KA, Z=0, t=90 m sec

' ,_,2'0 ~  R=30cm
E before inversion —, e L-WAVE
ST T /7
>l
QL °

10F / \\

/ LINER |
LIMITER ®,
0 iﬁ" r | | LY %,L_

-30 -20 -10 0O +10 +20 +30 X{cm)

x 10"
20k
o after inversion %LASER S_CfﬁRlNG
= / (%74
o |
=
@
~ 10
) LIMITER Y.,
0 i}" ] | ] | L %3E

-30 -20 -10 O +i0 +20 +30 X(cm)

Fig.10(b) Comparison of horizontal density distribution between
the two methods (lower graph) under By = 18 kG,
1,(P) = 100 kA, and t = 90 msec.
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Fig. 11 Typical time-variations of the plasma current I, and loop

voltage Vigop under By = 14 kG and Ip(P) = 100 kA.
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13 Time-variations of central electron densities determined from
ruby-laser scattering and 4-mm wave interferometric measurements.
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Fig. 12 Time-variations of central electron temperature Tel
and density ne(0) and average electron density ne
under By = 14 kG and I,(P) = 100 ka.
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