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A new CO, Laser interferometer has been developed to measure electron density
of tokamak plasmas. Two different wavelength oscillators of 106 yum and 9.27 gm
are utilized for simultaneous measurement of the density component and the optical
path length change. A new technique of the common use of a frequency shifter for
two color lasers improves the stability of the system by a complete matching of
voth beat frequencies. The system has advantages on practical problems of window
darkening, large mechanical vibrations of reflection mirrors, monitoring of laser beams
and simplified the optical layout design by using the close wavelength. The electron
density of JT-60U plasma is successfully measured up to a plasma current of 3 MA.
The density behavior of fast major disruptions are also diagnosed without a fringe
loss. The offective density resolution is observed as 2X10° m™, which corresponds
to about a 1,710 fringe. An ulira high resclution (1,710 fringe) phase comparator
has been developed to improve the density resolution of the dual CO; system. Achiev-

ed performance shows the feasibility of the dual CO. laser interferometer for future

large devices such as ITER.
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Tokamak, JT-60U, ITER



JAERI—Research 95—023

AR AT 2D DRTFaTNCO, L—-FFHEHOHR

AR F AP AR ERFL T 5 XA
FIEF BRA - &R OF - BRI - Ba #—-

(19954 2 B10HZH)

KB M2 P ik 5 BAEEFAIZENELIHLOLCO, L-HTEstEMRE LI, -0
Fbatid, RULERE (10.6mEkU9.27um) O2-50C0, THFHILD, BFEERS &
HBEEEESORABUMEETOILOTH S, BAER 7 7OERMEICLD, GBHED
FE— MABREE K& Y EEORTEHMELB T3, BELLTR, HEEOFL®
R4t 35 —IRBOZFOEMRL, HEMBMIEETREROER, Er¥EFfohd, ChET
JT-B60UDERBIIENT, 75 ARBRIMATTOBTEELRET LM TE, &
o TAARS Tz VERCB T ABEERL 7Y Vo2 Licehil 35 2 SiClRIh Ui 3
WIS REREIL 2 X10"°m " (1/107 0 U UICHY) ThoTo, ERFEEFHRELS HIIgE
TAHRBIT, 1/1007) v IaREORR S RREAHEBRIFELMRTTH S, SOERSNIR
B3, TaF7ACO, L—9FEHO [ TERAZ RO KRBEF KT I2ERBER LD
EWZ B,

MEFRF . TI11-01 XBRERBETEAEATKFMLS 01 — 1



JAERI—Research 95—023

H R
. B T R LITETR PP 1
2, ?ﬁﬁ@ﬁﬁﬁﬁﬂ]ﬁ .............................................................................................. 3
2.1 18 B e e 3
2.2 CO, L—V¥ERIRE FABHY TS, REEE s 3
2.3 EERER WMERER HEZ oo e 4
2.4 (EEMHE L UT — FIET -oovroesss oo 5
3. 1RDAOMIZES, EUBHEEDL —FHOEBEEE L T R oo 5
4. %augﬁ%% .................................................................................................... 7
41 =] TV=Fvmy T e F, BEEFETEREORE 7
42 r—22:7V=3vyrL—¥E— ¥ HEXFRERBOEE 8
43 r—R3:RAFEITAARL~FE—F, HELFEREREOEE e g
5. F A RTT Y 3 UBEDRER oo g
6. HARESHIRREATHTHBLES DEATRERE ~-ovorrrroreo oo 10
7. ﬁ %ﬁ .......................................................................................................... 11
8. % %ﬁ .......................................................................................................... 2
% §$ ................................................................................................................ 15
g/&fg—j(ﬁk ............................................................................................................... 13



JAER]I—Research 95—023

Contents

1. TOErOAUGEION  +eesesrreesremmerrmssssoss o sh et et et 1
9 Gohematic Of INPErferamelar «-rressrmmmmrrmen it 3
0.1 Line of Sight seeerersresesmorerer ittt e 3
29 (0, Laser Oscillators, Frequency Shifters, Detectors crermrrrmrrremmemremereeee 3
2.3 Relay Optics, Retardation Optics, Vacuum Window :ressseressrsemmererememmsees 4
24 Signal Detection and Data ACQUISILION  *eorserrssrsrsmmssssennnn s 5

3. Simultaneous Frequency Shift of Different Wavelength Lasers by
Single AQM  srressrssssssrmsesrr st 5
A, Operation ReSulfs «rerrserresraresem sttt e 7
41 Case 1: Free Running Laser Mode without Retardation Optics «reerrererre 7
42 Case 2: Free Running Laser Mode with Retardation Optics -weerereerersemens 8
43 Case 3: Stabilized Laser Mode with Retardation Opticg -rrereesermreemmsrmreeees 9
5. Example of Data for Major Disruption —creersesssssssssssems e g
6. Basic Performance of Ultra High Resolution Phase Comparator cesseesreeerses 10
7 DDISCUSSION  ++resersrsrrersssesnentasrarersas e rna sttt 11
8. SUMMTIATY wrerrersersersrnsresbhsessss s eS8 12
Acknowledgement ............................................................................................. 13
References ......................................................................................................... 13

i



JAERI—Research 95—023

1. Introduction

To measure electron density of plasmas with sufficient reliability is one of the key
issues of tokamak fusion research. The laser interferometry has been playing an important
role in this field and it is further expected to be essential in future large devices such as ITER
(lntemational Ihermonuclear Expen'mental Reactor ). In ITER, a CO, laser interferometer
is proposed for the electron density monitor and for absolute density calibration of LIDAR
[1]. This choice will eliminate the refraction effect by a dense and large plasma, Faraday
rotation due to the large magnetic field especially in the case of a tangential chord. On the
other hand, with a light source of shorter wavelength, optical transmission problem becomes
more serious for mirrors and windows. The CO, laser of 10.6 |tm is a suitable light source
for the interferometer neglecting the problems of these effects and commercial availability.
To complete the density measurement by interferometry requires simultaneous measurement
at a different wavelength along the same optical path in order to compensate optical path
length changes due to mirror vibration and displacement.  For this purpose, combination
with an IR-HeNe laser (3.39 um) was proposed [1].

For the interferometer of JT-60U, we have examined the 10.6 um and 3.39 um
combination system for a toroidally tangent line of sight (2, 3], which is very similar to the
ITER proposal. This configuration was introduced for the central density measurement of
the " high Bp H mode " plasmas in JT-60U, which made the world record of the fusion triple
product of 1.1x10" m™ + s * keV [4-6].

However, we found several problems in the operation of this combination as follows;
(1) there were many missing fringes and jumps on data of the IR-HeNe interferometer with
plasma current exceeding 2 MA or with a rapid change of the plasma position. This is
because of the probing laser beam of the IR-HeNe shifting out of the detector due to a
displacement or a mirror vibration. (2) The darkening of windows and mirrors decreased the
returned IR-HeNe intensity. The signal to noise ratio becomes smaller. (3) The zero level
of a calculated density trace often drifted in a time scale of minutes. This indicates that there
was a slight difference between both beat frequencies and/or an unbalanced changing of path

length in two interferometers.
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These problems must be resolved to obtain data more routinely. The IR-HeNe laser,
however, has relatively small output power ( 8 mW ) and it is difficult to increase the power
with the needed longitudinal mode. This is a crucial disadvantage in beam handling and
detecting in large fusion machines. From this point of view more powerful interferometers
are required for large tokamaks.

To achieve this purpose, we have modified the system to a dual CO, system which
uses close wavelengths of 10.6 um and 9.27 um. The system has advantages on practical
problems such as ; reduction of the beam transparency of vacuum windows by surface
darkening, large mechanical vibration and displacement of reflection mirrors, and laser beam
monitoring. Furthermore, the layout of optical components is simplified by using close
wavelengths of CO, oscillators. A new technique of using a single frequency shifter; AOM
( Acoust Optic Modulator ) common for different wavelength lasers is also developed. This
technique contributes to suppression of the zero level drift by matching both beat frequencies
completely.

We have succeeded in measuring the line electron density reliably up to 3 MA
plasma. It also enabled us to investigate even a fast major disruption, which was almost
impossible with the conventional interferometric system such as with alcohol lasers. The
observed density resolution was relatively poor as expected without data smoothing. To
resolve this problem we have developed an ultra high resolution phase comparator, with
1/10* fringe resolution and a time response of 1 ps.  This resolution is 100 times higher than
our conventional phase comparator, and will resolve the difficulty in recognizing small
density change.

In this paper, we describe the new interferometer with dual CO, combination. The
schematic of the system is depic-ted in section 2. The common use of an AOM to different
wavelength lasers is described in section 3. Operation results are presented in section 4.
Example of data for the major disruption is presented in section 5. A basic performance of

the ultra high resolution phase comparator is shown in section 6. Section 7 is devoted to

discussion. A summary is given in section 8.
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2. Schematic of interferometer
The dual CO, laser interferometer consists of seven major parts ; CO, laser oscillators,

frequency shifters, relay optics, retardation optics, vacuum windows, detectors, and data
acquisition. Relay optics, vacuum windows and data acquisition parts are not changed from

the previous system [2, 3].

2.1 Line of sight

Figure 1 shows the laser beam line in the vacuum vessel of JT-60U. Laser beams are
launched into the vacuum vessel tangentially through a ZnSe window at an equatorial port.
A CCR ( Comer Cube Reflector ) is installed outside an another ZnSe window, which
reflects laser beams with a vertical shift of 15 mm. A laser path length in the plasma is
about 6 m ( for one way ) for a relatively large plasma configuration shown in fig. 1 (a). The
tangent radius of the laser path is 3.11 m. With the plasma major radius larger than 3.11 m,
the laser beam crosses the plasma central region twice, enhancing the contribution from the

plasma center. The diameters of the laser beams are in the range from 12 mm to 17 mm in

the vacuum vessel.

2.2 CO, laser oscillators, frequency shifters, detectors

CO, laser oscillators, frequency shifters and detectors are installed on a vibration
isolated bench. Figure 2 shows the arrangement on the bench. CO, laser oscillators are
model GLD2042 from NEC cooperation with an output power of 10 Watt. Each wavelength
is tuned at different branches as 10P(20) with wavelength of 10.6 pm ( 10.588149 um ) and
9R(20) of 9.27 um (9.268831 um ), respectively. The lasing frequency can be stabilized by
active feedback control of a cavity length. A piezo transducer at the output mirror and a
lock-in stabilizer are used for this purpose {7]. When the stabilizer is working, the laser is
called in " the stabilized mode ". Without stabilization, the laser is called in " the free
running mode ". A visible HeNe laser ( 5 mW ) is for the alignment of optical axis. Both
CO, laser beams are divided into two parts. One part is probing beams which travel to the

plasma and another is local beams for the heterodyne signal detection.
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The center beat frequency of 2 MHz must be chosen in order to satisfy the specification
of phase comparators. To produce the 2 MHz beat signal, a couple of AOMs ( model
1206B-7 from ISOMET cooperation } is commonly used as a frequency shifter of both CO,
laser beams. Probing beams of 10.6 pm and 9.27 um are superimposed at DM1 dichromatic

mirror and they receive 40 MHz frequency upshift at AOMI. Local beams are also

superimposed at DM2 dichromatic mirror and receive 42 MHz upshift at AOM2.  After

that, probing beams go into the relay optics and local beams go into the retardation optics. -
The returned beams are re-separated into two wavelengths at DM3 and DM6 and

filters ( FIL1, FIL2 ). Each 2 MHz beat signal is detected by a room temperature HgCdTe (

mercury-cadmium-tellurium ) detector with an active area of 2 x 2 mm’.

2.3 Relay optics, Retardation optics, Vacuum window

The relay optics consists of a flexible light guide, two telescope optics and nine flat
mirrors. The probing beams propagate from the vibration isolated bench to the vacuum
vessel with a total path length of up to about 50 m to the CCR. The common path mode
matching [2] and silver coated mirrors enable this long distance propagation for beams of
three wavelengths; 10.6 um, 9.27 pm and 0.633 um.  Mirror mounts installed at the beam
launching port are made of FRP ( Fiber Reinforced Plastics ) to avbid the electromagnetic
force.

The retardation optics is installed near the optical bench on the B1 floor to match the
path length of local beams with that of probing beams. The retarded path difference 15 39.61
m, which corresponds to the path length from the MB2 ( mirror box no. 2) to the CCR. It
consists of 13 flat mirrors and a telescope optics which works as the second telescope of the
relay optics. The local beams are propagated parallel to the probing beams from the bench
to MB2 and are drawn into the retardation optics. After the travel for 39.61 m, local beams
are reflected by a CCR installed at the end of the retardation path.

Vacuum windows are made of ZnSe plates ( dia 110.mm x thick 10 mm ). Two
plates are used at both vacuum ports for safety against a radioactive leak. Initial transparencies

of the plate are optimized for the previous laser combination such as; 92 % for 10.6 pm, 95
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% for 3.39 um and 80 % for 0.633 um, respectively. It was not necessary to modify the

specification of these ZnSe plates for a new wavelength of 9.27 um.

2.4 Signal detection and data acquisition

Figure 3 shows the schematic of signal detection and data acquisition. A probing
beam and a local beam are superimposed on the detector surface to produce a 2 MHz
interference beat signal. The beat signal is fed through electrical filters and pre-amplifiers
and is converted to an optical signal. It is transmitted to the phase comparator through an
optical fiber cable. A reference signal is generated from AOM driver signalé by a frequency
mixer. This signal is also rransmitted to the phase comparator and is commonly used as a 2
MHz reference signal for both 10.6 im and 9.27 um interferometers. The phase comparator
can measure the phase shift with 1/100 fringe resolution by a 200 MHz scale clock. Both
phase shift data are stored in a data storage system and the main frame computer ( ISP )

calculates the line electron density (#.L,) by using eq. (5) in ref. [2] as,
nL =- 9.01356 x 10® ( F o - F,,, /~ 1.14234) (1)

where the i, is the line averaged electron density, the Lp is the laser path length in the
plasma, F,, and F,,, denote measured phase shifts of 10.6 um and 9.27 um interferometers
in unit of fringe, respectively. The maximum sampling rate is Spsec, which is determined

by the capacity of data storage system.

3. Simultaneous frequency shift of different wavelength lasers
by single AOM |

The phase shift of a probing signal from a reference signal is generally originated by
a change of the laser path length ( path component ) and a change of refractive index related
to the electron density ( density component ). Since both wavelengths of CO, lasers are.
close, it is essential to eliminate phase shifts caused by an unbalanced change of path length

and frequency fluctuation of lasers. A minimization of the un-coaxial path part between

_5_
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by the capacity of data storage system.

3. Simultaneous frequency shift of different wavelength lasers
by single AOM | |

The phase shift of a probing signal from a reference signal is generally originated by
a change of the laser path length ( path component ) and a change of refractive index related
to the electron density ( density component ).  Since both wavelengths of CQ, lasers are
close, it is essential to eliminate phase shifts caused by an unbalanced change of path length

and frequency fluctuation of lasers. A minimization of the un-coaxial path part between
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interferometers is effective against the unbalanced change in each path. The phase shift due
to the frequency fluctuation of lasers can be suppressed by the retardation optics. However,
it is also a key issue to match beat frequencies of interferometers as much as possible. It is
because a slight beat frequency difference can result in base line drifts on the calculated
density trace. To match two beat frequencies, we developed a new technique of a simultaneous
frequency shift for different wavelength lasers by a single AOM. Figure 4 shows the
alignment of two laser beams for 40 MHz frequency upshift. A medium of the AOM is
made of single crystal germanium with a sound speed of 5500 m/s. From a lattice constant
( Ax ) of 137.5 um, Bragg angles of the 10.6 um and the 9.27 um are determined as 38.55
mrad and 33.72 mrad, respectively. An incident angle of the 10.6 lm beam is set at its
Bragg angle. Therefore the output angle is also the Bragg angle. This is the best condition
for an optical diffraction by an AOM. On the other hand, the incident angle of the 9.27 um
beam is adjusted at 28.89 mrad ( = 38.55 mrad x 2 - 33.72 mrad ) so that the output angle
would be the same as the output angle of the 10.6 pm beam. Though the incident angle of
9.27 pum is not optimum for its diffraction condition, reducing the output beam power somewhat,
two laser beams can be made coaxial after the AOM and the shift frequencies are identical.
Figure 5 shows frequency spectra of beat signals ; (a) the reference signal, (b), (c) probing
signals of 10.6 pm and 9.27 um interferometers. These signals were obtained at monitor-out
terminals in Fig. 3 without a plasma discharge. Our measurement indicated that all signals
have the same center frequency of 2 MHz ( 1.99614 MHz is a more exact value ).  The
difference is observed only in the shape of the spectrum. The reference signal has a
relatively narrow spectrum with FWHM of 0.02 MHz. On the other hand, the probing signal
shows a broader spectrum with FWHM of 0.11 MHz. This difference in spectrum width is

supposed to originate from the diffraction characteristics on the AOM modulator for actual

laser beams.
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4. Operation Results

In this section three operation results are presented. They were obtained under
operational conditions such as ; " free running laser mode without the retardation .optics
" free running laser mode with the retardation optics " and " stabilized laser mode with the
retardation optics ". From the experience of the previous system ( see fig. 5(a) in ref. [2] ),
the mode of " stabilized laser mode without the retardation optics " was not operated. It is
because of the feedback action of the piezo transducer used to cause a serious frequency shift
with a time scale of a second. This frequency shift results in phase shifts which canhot be
eliminated.

Comparison of results in three operating conditions elucidates the performance of the

interferometer.

4.1 Case 1 :free running laser mode without retardation optics

Figure 6 shows typical waveforms obtained for the L mode experiment under " the
free running laser mode without retardation optics ". Plasma parameters are as follows; the
plasma current ; I, =3 MA at the flat top, the torcidal magnetic field ; B, = 4 T, the plasma
major radius; RP = 3.36 m, and the minor radius; a, = 0.9 m, respectively. The neutral beam
heating power ; Pg and the ion cyclotron range heating power ; Py are shown in Fig. 6 (a).
An ohmic coil current; I; and the vertical field coil current; I, are shown in Fig. 6 (b). Line
electron densities at different radii measured by two channel alcohol laser interferometers are
shown in Fig. 6 (c). The channel 2 looks along a chord closer to the plasma center than the
channel 1. The peak line density observed at 6.4 sec is 1.0 x 10° m™ along the path of 2.74
m in the plasma. The line averaged electron density is 3.65 x 10°m™. Figures 6 (d) and (¢)
show the phase shift signals of the CO, interferometers. Both have traces similar to each
other strongly depending on I, rather than I, Vertical field coils are closest to the reflection
mirrof at the vacuum window. This means that the phase shift mainly comes from the
mechanical displacement of the diagnostic stage where the mirror mount rod is installed. A
characteristic oscillation of the mirror mount rod is also observed on traces with a frequency

of about 12 Hz. Figure 6 (f) indicates the line electron density of the dual CO, system
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calculated by eq.(1) from the phase shifts of Fig. 6 (d) and (¢). The line density data is
averaged over 5 msec. In this plasma the time trace of the line density of the dual CO,
systemn is similar to that of the channel 2 of the alcohol interferometer shown in Fig. 6 (c).
The peak value of the CO2 interferometer is 2.3 x 10°m™.  As the path length of the
tangential chord in the plasma is 5.82 m, the line-averaged density measured by the CO,
system is about 3.95 x 10" m®.  This value is a little bit higher than the density of the
alcohol interferometer. This is explained by the enhancement of the central density for the
tangential chord. In this case, a density profile evaluated by a parabolic function fitting for
the three line density data shows a flat shape with a parabolic power of 0.24.

The line density of 2.3 x 10 m™ corresponds to 0.26 fringes of the phase difference
between the 10.6 um and 9.27 pum interferometers.  These small phase shifts are well
extracted from total phase shift of a hundred fringes. It is concluded that the dual CO, laser
interferometer is capable of the path length compensation.

Concerning the phase shift due to fluctuation of the lasing frequency, the large path
difference of about 100 m is disadvantageous. Figure 7 shows the same data of Fig. 6 (f)

without data averaging. In fig. 7 (a), the trace looks thick with periodic spikes with a
frequency of about 200 Hz and an amplitude of around 5 x 10" m™( see Fig. 7 (b) ). Use of
retardation optics eliminates this oscillation ( the result will be explained in the coming
subsection ), suggesting that the oscillation comes from the fluctuation of the lasing frequency.
Substituting 1, = 100 m, L, =2 m, I, = I,= 0 m, Aw,; = 0 into the equation (8) in ref.7, we
- obtain the fluctuation amplitude of the frequency ; Aw, is estimated as order of 10° rad/sec,

which corresponds to about 160 kHz.

4.2 Case 2 : free running laser mode with retardation optics

This operational mode is expected to be the most reliable. Figure § shows a result
for a radio frequency wave { LHRF and ICRF ) injection experiment. Plasma parameters are
as follows; Ip =2MA,B =4T, RP =345 m, and a,= 1.01 m, respectively. The line density
shown in Fig. 8 (f) ( averaged over 5 msec ) looks smoother than the trace of Fig. 7 (f).

Actually, the trace shown in Fig. 9 (a) is very quiescent without averaging and the fluctuation
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amplitude is about 2 x 10” m?.  The 200 Hz oscillation is significantly reduced as shown in
Fig. 9 (b). It almost disappeared from the trace. The dominant component of the fluctuation
is the bit noise of the phase comparator. The retardation optics works effectively to extract
the best performance of the interferometer. In this discharge a Thomson scattering
measurement is available and three electron density profiles arc obtained. Line densities
calculated by re-integration along the CO, path from Thomson profiles are plotted in Fig. 8

(f) with closed circles, showing good agreement.

4.3 Case 3 : stabilized laser mode with retardation optics

In the case of continuous free running, a good longitudinal mode of the oscillator is
terminated after several hours operation due to the thermal change of the cavity length. It is
enough life time to measure a fifteen second pulse of the JT-60U operation, however, long
discharge durations of future machines requires more stability. The stabilized laser mode is
one of the attractive candidates when the retardation optics is available. Figure 10 shows the
data obtained under this condition. At t =7 second the plasma current ; I, = 1.2 MA, B, =
1.6 T at the center, Rp =351 m, and a, = 0.87 m, respectively. No additional heating is
applied to the plasma. It is clearly indicated that the frequency stabilization influences litile
on the density trace in Fig. 11. The density resolution is not degraded in comparison with
data of free running mode shown in Fig. 9. By this result the stabilized laser mode is

demonstrated to be suitable for long duration operations in future machines.

5. Example of data for major disruption

At the major disruption, it is often difficult to measure the electron density by
conventional far infrared alcohol laser interferometers. A rapid change of the electron
density or the large density gradient prevents reliable phase detection. The previous 10.6
ym and 3.39 pm combination system is also used to suffer from the fringe loss of the 3.39
um signal due to a large mechanical vibration and displacement of mirrors at the disruption.

These problems become more serious with an increase in the disruption speed. Incontrastto
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the systems mentioned above, the dual CO, combination is more reliable and it succeeded in
measuring the density of fast disruptions. Figure 12 shows an electron density behavior
obtained at a high L. disruption with a characteristic decay time of plasma current defined by
Ip/(dIp/dt) [8] of 11 ms.  The sampling rate of the density is 10 pus. The data is not
smoothed. The electron density is 0.32 x 10°° m*? before the energy quench. Itrises to 3.4
times larger value as 1.1 x 10°° m™ just before the start of current decay. Finally, it reaches
the highest value of 9.6 x 10° m™ after multiple density spikes. It takes 5 ms after the first

spike. An initial increase rate of the density is as fast as about 150 s in this case.

6. Basic performance of ultra high resolution phase comparator

The phase resolution of the present comparator is 1/100 fringe, which corresponds to
a line electron density of about 2 x 10" m?,  The effective density resolution, however, is
reduced significantly in the dual CO, combination due to the very close wavelengths. The
- reduction factor for a two color scheme is ( 1 - 1/x ) [2], here x is the ratio of two
wavelengths. Therefore the reduction factor becomes (.125 for dual CO2 system ( x =
10.6/9.27 ), which means that the effective phase resolution for the density measurement is
1/12.5 fringe. This corresponds to a relatively poor resolution of a line density of about 1.6
x 10" m?, which agrees with the observed resolution shown in se‘ction 4.2.

To improve the density resolution, a ultra high resolution phase comparator has been

developed. The phase resolution is originally designed as 1/10° fringe for the 2 MHz signal,

which corresponds to a time resolution of 50 ps [2]. This specification depends on the
discrimination accuracy of the high speed phase measuring module in the comparator.  Figure
13 shows an examination set up of the module. A test signal generated by a synthesized
oscillator is divided into two signals. One signal is for direct input as a reference signal and
another is an input as a probing signal via a variable electrical delay line. When the delay
line lengths is changed by a step, the measured time difference change between both signals
indicates the accuracy of the time discrimination. Measured time differences are plotted

against the delay line length in Figure 14. The test frequency is 1 MHz and the number of



JAERI—Research. 95—023

the systems mentioned above, the dual CO, combination is more reliable and it succeeded in
measuring the density of fast disruptions. Figure 12 shows an electron density behavior
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the highest value of 9.6 x 10*° m™ after multiple density spikes. It takes 5 ms after the first

spike. An initial increase rate of the density ts as fast as about 150 ps in this case.

6. Basic performance of ultra high resolution phase comparator

The phase resolution of the present comparator is 1/100 fringe, which corresponds to
a line electron density of about 2 x 10 m™.  The effective density resolution, however, is
reduced significantly in the dual CO, combination due to the very close wavelengths. The
- reduction factor for a two color scheme is ( 1 - 1/x ) [2], here x is the ratio of two
wavelengths. Therefore the reduction factor becomes 0.125 for dual CO2 system ( x =
10.6/9.27 ), which means that the effective phase resolution for the density measurement is
1/12.5 fringe. This corresponds to a relatively poor resolution of a line density of about 1.6
x 10" m?, which agrees with the observed resolution shown in seﬁtion 4.2.

To improve the density resolution, a ultra high resolution phase comparator has been

developed. The phase resolution is originally designed as 1/10° fringe for the 2 MHz signal,

which corresponds to a time resolution of 50 ps [2]. This specification depends on the
discrimination accuracy of the high speed phase measuring module in the comparator.  Figure
13 shows an examination set up of the module. A test signal generated by a synthesized
oscillator is divided into two signals. One signal is for direct input as a reference signal and
another is an input as a probing signal via a variable electrical delay line. When the delay
line lengths is changed b.y a step, the measured time difference change between both signals
indicates the accuracy of the time discrimination. Measured time differences are plotted

against the delay line length in Figure 14. The test frequency is 1 MHz and the number of
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sampling is 1000, respectively. One stép of the delay line length is 0.5 cm which corresponds
to 20 ps. It is found that the time difference is well discriminated for each case. The
_ jitters of measured times are also an important index. Figure 15 shows a histogram of
independent measurements for 10,000 sampling. An another fixed length delay line is used
for this test. The standard deviation is obtained as 30 ps. Standard deviations for data
shown in fig. 14 are also the same as 30 ps. From these results, it is concluded that the
accuracy of the high speed phase measuring module is determined by the jitters with the
standard deviation of 30 ps, which satisfies the designed value.

The new phase comparator has been assembled and an initial measurement for an
actual plasma is planned early 1995. This new comparator will enable more precise analysis

of the fast density change.

7. Discussion

As described in section 2, two AOMs provide a 2 MHz beat signal.  The ultra high
resolution phase comparator can measure input signals with a frequency range from 10 kHz
to 50 MHz. Therefore a 40 MHz beat signals is directly acceptable and only one commercial
AOM is sufficient for the heterodyne detection. An electrical frequency converter from 40
MHz to 2 MHz can also reduce the number of AOM. It is expected that the interferometer
will become more stable by this kind of simplification of the AOM system.

A design of a multi-chordal interferometer for future large devices must face a port
limitation issue. Vertical or tangential ports which have a pair of windows at each side of a
vacuum vessel are suitable to minimize the influence from the darkening and the vibration of
reflection mirrors. If reflection mirrors must be installed inside of the vacuum vessel to
provide sufficient number of diagnostic chords, the dual CO, combination is one of the
possible candidates. Its unique ability of the vibration compensation at the infrared radiation
range is an advantage point. The relatively high lasing power, the simple configuration and

easiness of obtaining required hardwares are also attractive.
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8. Summary

The dual CO, laser interferometer has been developed for large tokamaks. The
combination of different wavelength oscillators of 10.6 pm and 9.27 pum are utilized to
simultaneous measurement of the electron density and the optical path components. A
single AOM is commonly uséd for different wavelength lasers as the key technique to
stabilize the system.

Several data show the basic performance of the dual CO, interferometer under the
different operational modes. The dual CO, system can measure the electron density of 3
MA plasmas in the case of JT-60U. The observed effective density resolution is 2 x 10%
m?, which is determined by the phase resolution of the present phase comparator. It is
presented that the stabilized laser mode with retardation optics is suitable for long duration
discharges. The electron density behavior of fast major distuptions is successfully
measured without a fringe [oss.

The ultra high resolution phase comparator has been developed to improve the density
resolution of the dual CQ, interferometer. The phase resolution is designed as 1/10° fringe
for the 2 MHz signal or the accuracy of 50 ps, which is 100 times better than that of the
present one. The achieved accuracy is 30 ps. The study of a fast density change is
significantly improvc.d by use of the dual CO, system.

Through this work, the feasibility of the dual CO, interferometer is well demonstrated

for future large machines such as ITER.
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Fig.1
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Laser beam line in the vacuum vessel. (a) top view of the JT-60U vacuum
vessel with the laser path in the case of a large plasma configuration,
(b) cross sectional view in the case of a relatively large plasma
configuration, (c) cross sectional view in the case of the high Sp
configuration, respectively. Vertical chords of ch. 1 and ch. 2 are
used for the aleohol laser interferometer.
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Fig.3

Schematic of the signal detection and the data acquisition. Signal
detection part consists of two same probing branch and a reference branch.
Each interference light is detected by a HgCdTe detector. High pass
filter, low pass filter and pre-amplifiers are used to produce a probing
Reference beat signal is generated from AOM driver signals

This signal is commonly used for both

beat signal.
by an electrical frequency mixing.
of 10.6 gm and 9.27 ym interferometers.
of phase comparators with 1/100 fringe resclution, the data storage system
and the main frame computer(ISP computer). The maximum sampling rate is
determined by the data storage system as Spus.

Data acquisition part consists
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Fig.it Alignment of the common use of an AOM for different wavelength C0, beams.
Incident angles are adjusted so that output beams of 10.6 gm and 9.27um

are coaxially propagated.
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Fig.5 Frequency spectrum of 2 MH, beat signals. (a) reference beat signal,
(b) beat signal of 10.6 gm, and{c)beat signal of 9.27 y#m, respectively.
Measured center frequencies are same as 1.99614 MH , for three signals.
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Typical waveforms obtatined under "free running laser mode without
retardation opties ". (a) plasma current and additional heating power,
(b) chmic coil current and vertical field coil current, (c) line electron
density measured by the two channel aleohol laser interferometer, (d)
phase signal of 10.6 ym interferometer, (e) phase signal of 9.27um
interferometer, and (f) line electron density measured by the dual CO,
laser interfercmeter with every 5 msec averaging, respectively.



[MA]

[10%%m2)

110702

Fig.7T Line electron density without averaging.

(£).

JAERI—Rescarch 95023

SN19745 50
4'_(0){_1P 1 =
2 | e P 1 2

] o fﬁ%iuﬂ F%C . i =
O | | 1 4 IR e | | ] { O
SE T ko T
"(b) fnedt .
2
{F
E | ! \ : ! | [ | ! ' | L [ Juu?
0 2 4] 6 8 {0 12 14 16
-(c) fnedd ™ | 1
) \ VA b AR
| \/ mn ‘\ v \\/ //L
. | | ‘\z
L | ' : [ | i | !
45 4 55 4.6
time [sec]

The data is identical to Fig.6
Density resolution is determined by the periodic noise component

with the frequency of 200H; and the amplitude of 5x10'%m~2.
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Typical waveforms obtained under "free running laser mode with retardaticn
optics". Closed circles in fig.8(f) are re-integrated line densities
along the CO, laser chord from density profiles measured by Thomson
scattering system.
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Fig.11 Line electron density without averaging. The data is indentical to
Fig.10(f). Influence of frequency stabilization is not recognized and
the density resclution is not degraded in comparison with the trace of

fig.9.
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