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ELECTRON DENSITY; MEASUREMENTS IN THE 
TRIAM-1 TOKAMAK 

Osamu MITARAI*, Hisatoshi NAKASHIMA**, 
Kazuo NAKAMURA***, Naoji HIRAKI***, 

Kazuo Tm****, Yoshinobu KAWAI**** 
and Satoshi ITOH***** 

Electron density measurements in. the TRiAM-1 tok~mak are carried 
out by a 140 GHz microwave interfe·rometer. To follow rapid density va­
riations, a high-speed direct-reading type interferometer is constructed. 
The density of (1-20) x toncm-J is measured. 

'\ , Keg words: Density, interferometer, microwave, tokamak 

I. Introduction 

A zebra-stripe interferometer'> has widely been used to measure an 
electron density in a tokamak plasma. In the case of high density, 
however, it may be difficult to measure the density by the Zebra-stripe 
interferometer because of the numerous number of fringes. To over­
come such a difficulty, three kinds of the direct-reading type interfero­
meters; two-level modulation method21

, tri-level modulation method31 and 
method without modulation", have been proposed so far. The two-level 
modulation method has a very simple modulation wave form (square 
wave) in comparison with the tri-level modulation method and does not 
require to reconstruct a referance path, so that we adopted the two-level 
modulation method to measure the TRIAM-1 tokamak51 which has a 
large Bt! R value, providing a high density plasma51 • 
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Since rapid current rise discharges have been carried out in the 
TRIAM-1 tokamak, the density rise rate at the initial phase of the 
discharge is very fast as compared with that of medium size tokamaks. 
Therefore we constructed a high-speed direct-reading type interferome­
ter to measure the density in the TRIAM-1 tokamak plasma. In this 
paper we describe about this interferometer and present the results of 
the measurements. 

In section 2, we review a principle of the density measurment. The 
experimental apparatus are described in section 3. In section 4, the 
experimental results are presented and discussed. 

2. Basic Considerations 

2. 1 Electron density measurement 
The dispersion relation of an ordinary mode propagating through a 

collisional plasma is given as followsu : 

where n, "'p, "' and 11 are refractive index, electron plasma frequency, 
incident wave frequency and collision frequency, respectively. For a 
collisionless plasma, we have the following well-known relation: 

(2) 

where Kp and Ko are the wave number of the ordinary mode, respec· 
tively. 

On the other hand, the number of fringe m is defined as 

m=6r/l/2zr=f (K0-Kp)dx 
-a 

= r [1-vl-n(x)/n,] ~x 
-a 

(3) 

where n(x), n,, ). and a are an electi:on density at x, cut-off density, 
incident wavelength and plasma radius, respectively. Equation (3) de­
monstrates that the number of the fringe m depends on the profile of 
the electron density. Here, we write down th'e relationship between m 
and a line density ii for three types of density distributions: 
(i) n(x) = (3/2)ii(l-xz/a2) [parabolic] 

m='ia/J.-a/(2A) (c- 1-c) [log(l+c)-log(l-c)] 

C= (3n/2n,) 1
1% (4) 

(ii) n(x) =ii [flat] 
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m= (2a/ A)[l- (l-n/n,)112
] (5) 

(iii) n(x) = 3nx2a •2 [hollow] 

m=2a/ A- (a/A) [ (l-3ii/n,)•fl+ (3ii/n,)-112sin-• (3n/n,) 112] (6) 

In Fig. 1 are plotted these results in the case of the microwave 
frequency of 140 GHz. It is found from this figure that the average line 
density depends on the profile and the maximum number of fringe 
increases as the density profile becomes broad. To investigate these 
relations, we assume n(x) =n,(I~(x/a)•) and obtained the following rela· 
tion : I 

2a (1 
m,. .. =--y- {1+2 (7) 

where mm•x is the maximum number of the fringe. This is plotted in 
Fig. 2. 
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Fig. 1 The average line density 
v. s. the number of fringe. 

2. 2 Microwave refraction 
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Fig. 2 The maximum number of 
fringe v. s. the profile co· 
efficient p. 

A wave refraction angle for a cylindrical plasma was d.erived by J. 
Shmoys7>. For the case n=no(l-r2/a"), the folloWing·relation is obtained: 

(8) 
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where 0,e, , no, and b are a refraction angle, peak density and impact 
parameter, respectively. Using no/n,= (w~/w)2, we calculated 0,01 (b). In 
Fig. 3 is shown the wave refraction angle for the microwave frequency 
of 140 GHz. When the impact parameter is equal to 0, the refraction 
angle becomes zero. If the plasma position is displaced, the output 
signal will decrease for this effect. 

n.: 2x10 rii3 

o.f 

0 2 3 4 (cm) 

Fig. 3 The microwave refraction angle for a 140 GHz microwave. 

3. Experimental Apparatus 

3. 1 A micro.wave circuit 

Figure 4 shows a microwave circuit diagram used here. A 139 GHz 
microwave emitted from the klystron (VRT-2121 A, Varian) is divided 
into a plasma path and reference one. The plasma path consists of the 

,/ 
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X~band straight 'Waveguides, taper waveguides, H-plane. bends, circular 
horns and E-H tuner. The reference path ·consists of the attenuater, 
phase shifter, T band waveguides and directional coupler. The signals 
of the plasma path and reference one are mixed by the directional 
coupler and divided into the two diode detectors. The outputs of the 
detectors are 1 ·conducted into the direct-reading type interferometer. 
The alignment of the horns and waveguides should be carefuJly per­
formed using the levels. 

X band .. 

E.band 

0 Plasma 

E 

X band 

QC. 

Klystron (VRT2121A) 

Klystron 
Power Supply 

Direct-Reading Type 
lriterferometer. 

Fig. 4 The micr~wave circuit measuring the electron density in 
the TRIAM-1 tokamak. 

~,.2 Direct-reading type interferometer 
3. 2. 1 Principle of the direct-reading type interferometer 

Principle of the direct-reading type interferometer was described in 
detail in the reference 2). Here we review it. We apply the square 
wave modulation to the klystron: 

and 
V(t)= V. 

V(t)=O 

at O~t<T. 
at T~t<2T, 

where 1/2 T is the modulation frequency. 
In the case of VRT-2121 A, a reflector modulation sensitivity is 3 MHz/ 
V. The phase difference between the plasma path and the reference 
one is given by6, 

".i. _ 2 J,-lr (~)i 6/ 
~.,,, - tr A., . A ./ ' (9) 
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where Ip, I,, l.,, l and !'::./·the plasma path length, reference path 
length, wavelength in the waveguide, wavelength in the free:space,and 
modulation frequency, respectively and f=<1'/2n. Here 61/> is adjusted to 
n/2 by changing the applied modulation voltage. For the present case 
where l,-l,=5m, /=139 GHz, W=3Xl08 V,., l=2.158mm, l.,=2.160mm 
(for the X band), we obtain .61/>=n/2, when V.,=5 V are chosen. 

If the density increases linearly, the output signal of the detector 
is expressed by 

(11) 

where 6,P=rr/2 for o:;:;;;t<T, 61/>=0 for T:£.t<2T and y,,(t) is the phase 
change due to plasma. Since the output signal of the diode detector is 
small, we must amplify it. The output of the amplifier as shown .in is 
divided into the summing amplifier and the analog switch connected 
with the differential amplifier. The output of the summing amplifier!and 
differential one can be expressed as 

and 

Voum=V2sin(Y,,(t) +rr/4) 

Vdlf1=il'2sin(,p-,(z)-n/4) . 

(12) 

(13) 

We can know whether the density increases or not by observing the 
phase relation between V.um and Vdm . The comparator-analog switch 
system discriminates the above phase relation. We show the example 
of this relation in Figs. 6 and 7. It is found from Fig. 6 that it is 
necessary to make careful adjustment of the zero crossing not to mis­
count. 

Amp. 

Free-RuMing Klystron 
Multi vi brat or 

T 
Analog 

Comparator Switch Polarity Inverter 

Fig. 5 The block diagram of the dir~ct·reading type interferometer. 
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Fig. 6 Th e r clation of t he summing 
amplidier (2) and differential 
ampl ifi e r (3) output signal to 
th c integrator output signal 
(9) in the case of the linearly 
increa s ing dcnsity. 
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Fig. 7 The r e lation of the s umming 
amplifie r (2) and differe n tial 
a111plifier (3) output s ignal to 
the integrator output signal 
(9) in th e ca se of a fluctun­
ting density. 

3. 2. 2 Construct-ion and operation of the high-speed direct-rea ding type 
interferometer 

To measure the rapid density variation by this inte rferome te r, we 
constructed the circuit which had a higher modulation fr eque ncy, higher 
speed amplifier and the RC filter with a higher cut-off freque ncy. Since 
the frequency characteristic of this system was limited by that of t he 
diode detector, we tested this using a signal generator. T he results 
are s hown in Figs. 8 and 9 (1) . It is found from this figure that the 
maximum modulation frequency is about 700 kHz, as far as this diode 
detector is used. Thus, we selected the modulation frequency of 700kHz. 
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Fig. 8 The frequency characteris tic of t he diode detector. 

2 V/rJol 

1rrNfdN 

sw~~r~u• 

o.s,.sidv 

( 2) 

SV/cfl>I 

SV/di\I 

swe-e-prat• 
O.S)'sldlv 

Fig. 9 (1) The u1>per trace is the mod ula tion voltage applied to 
the klystron a nd the lower trnce the output of the 
diode detector. 

(2) The upper trace is t he input voltage into an ana log 
switch and the lower trace the modulation voltage 
applied to the klystron. 

T he square wave which is shown in F ig. 9 (2) was generated by t he 
high -s peed free-run ning multivibrator ( 11A 773 DC) . We used the hig h­
speed operational amplifier (Teledyne, 1321) . The frequency response 
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Fig. 10(1) The frequency response 
of the am11lificr. 

(2) I\ h ::.l of the direct- read­
ing type interferometer 
by a method vibrating one 
horn. ( A) An output 
signal of the differential 
ampli fier (CJ. ( 13) Au out­
put of the summing am­
pli lier. ( C) An output of 
the differe n tia l a mpli fier 
[F J. ( D) An out put of th e 
i n tcgrn tor . 

lOmV/civ 

{ 2) Shot No. 11787 

{A)O.SVl<iv 

(8) SV/<llv 

(C) 5 Vi<SH 

swttj>ralt 

lOOJls!div 

Fig. 11 Checking the direct-reading 
type interfero me te r by rapid 
dens ity ntria tions . 

( 1) The raw fringe signal. 
(2) ( A) An output of the in­

tegrator. ( R) An output 
of the s umming amplifier. 
(C) An output of t he di f­
f cre n tial ;unplifier . 

of t his ampli fie r is shown in Fig. 10 (1) . The RC fil te r , which is neces­
sary fo r cutting modula tion component, should not deform the e nvelope 
wave form of t he fr inge. Here we chose about 100 kifa as a cut-off 
frequency. 

In order to check this circuit, we carried out t he experimen t, in 
which t he fr inge was produced by vibrating t he one horn . F igure 10 (2) 
s hows this results. Adjus ti ng the gain of the polarity inverter a nd 
integrator in t his c ircuit we obtained t he following relation: 

m = v.10. 16 (14) 

whe re V0 is t he output voltage of the integrator. 
Fur thermore, to check whether this system can measure the rapid 

density variation correctly, we carried out t he following experiment by 
transmitting the microwave through the plasma. Figure 11 (1) shows 
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the de tected raw fringe signal at the ini tial phase of discharge in the 
case of the steady filli ng pressure. Figure 11 (2) shows the output sig­
nal of the direct-reading type interferometer und er the same condition . 
Comparing the raw fr inge signal with the summing and diffe rential 
s ig nals in Fig. 11 (2), it is found that the latter s ignals arc fed into the 
comparators without deformations by the RC filt er. According to th e 
Fig. 6, t he relation of th e integrator output s ignal to the summing and 
diffe r ential s ig nals is considered correct. Thus, it turns out that this 
direct-reading type interferometer can correctly measure t he rapid 
de ns ity variation. 

4. Ex1>crimental Results a nd Discussion 

Figures 12 (1) a nd (2) are the example of t he dens ity va riation in 
t he case of t he steady filling pressure Pf = 7.1 x 10- • T orr. The average 
li ne dens ity reached 5. 2 x 1013cm-s at 200 µs and t he n decreased, which 
may be due to a low recycling ratio by the discharge cleani ng. As 

(l)Shcl No.11371 

(A) Q2 V/div 

(8) 2Vk!,, 

(C) 2Vldiv 

sw~~r.itt 

lmsldiv 

(2) 9'ot No. 120()5 

(A) Q2V/div 

(B) 2 V/div 

(C) 2Vld-,, 

Fig. 12 F:xamples of t he density 
variations in the s teady filling 
pressure e xpe riments (7. 1 x 
10- • T orr). 

( 1)-(2) (A) An output of the inte­
grator. ( B) An output of 
the s umming amplifier. ( C) 
An output of the differen­
tial amplifie r . 

(I) Shot No.12283 

(A) QSV/drv 

(Bl S V/dw 

(CJ S V/dN 

SW~~ l'at~ 

1ms1d,v 

(2) Shot No.9875 

(t>:} 2V/dN 

(8)2V/dN 

(C)O.SV/dv 

hnlldiv 

Fig. 13 Examples or t he density 
varia ti ons in th e gas puffing 
expe rim e nts . 

(l)- (2) ( A) An output of the inte­
gra tor. (B) An output of the 
sum ming amplifie r. (C) An 
output of the differential 
amplifier. 
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shown in Fig. 12 once a current disruption occurs at about 5 ms, the 
density increases rapidly. This may be due to the impurity in flux by 
the plasma wall interaction. 

F igure 13 (1) shows the density variation obtained in the gas puffi ng 
experiment. We obtai ned the maximum average line density of about 
1. 2 x l Oucm-', where the discharge was ve ry stable. Figure 14 (2) a lso 
shows a n example of the gas puffing experimen ts. Al though t he dis­
charge was unstable, the maximum fringe number reached 21. 8 which 
corresponded to 2 x l014cm- 3

, where 4cm plasma ra dius a nd Aat distribu­
tion wer e assumed. 

Wh enever the curre nt disruption occured a t the e nd of the dis ­
charge, the density increased rapidly and the n decreased . In t his case, 
however, the integra tor output did not recover the zero-level. T his 
miscounting may come from the fact t ha t the density variation is too 
rapid for this direct- reading type inter fe rometer to follow or that the 
output fr inge signal becomes small due to the plasma displaceme nt 
which leads to a microwave refract ion. 

We were able to measure the initial density rise in the case of the 
filli ng pr essure P, = 7. l x IO-' T orr. However, it was difficult to measure 
in the case of P1 = l. Ox 10- 3 Torr. T his may be due to the fact that the 
high frequency characteristic of this direct-reading type interferometer 
is not enough. To use the mixer diode instead of the diode detector 
a nd construct the circuit with the higher frequency cha racteristic might 
provide a better result. 

In conclusion, we constructed the high-speed direct-reading type 
interferometer and succeeded in measuring the rapid density variation 
of the T RIAM-1 tokamak plasma . T he average line density of (1-20) 
IO"cm- 3 was obtained. 
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