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A four-channel triple-probe and magnetic-probe array, a complex probe which consists of 
three types of probes and two eight-channel magnetic-probe (poloidal and toroidal) 
arrays, has been installed in the revised field pinch University of Tokyo experiment (REPUTE- 
1) reversed field pinch (RFP) device. Mean and fluctuation parts of plasma parameters, 
including the three components of magnetic fields, three components of electric fields, electron 
density, electron temperature, and space potential, are measured in 0.5~ 5 r<a region. 
The triple-probe method and the electric field measurement are described in detail, and effects 
due to the fast electrons, etc., are discussed. Some experimental examples obtained in the 
REPUTE-l RFP plasma are given, and the detailed results will be published elsewhere. 

1. INTRODUCTION 

Recently, it has been experimentally clarified that be- 
havior of edge plasma is closely related with global con- 
finement characteristics, especially in some important op- 
erating modes, such as the H-mode in tokamaks. 
Interactions between plasma and wall surface are also de- 
termined by the behavior of the edge plasma.’ For the 
purpose of understanding edge plasma, it is important to 
have experimental information on the basic plasma param- 
eters including electron density n, electron temperature 
T,, etc. Information on fluctuations, such as fluctuation 
levels and correlations between fluctuations, are also im- 
portant as well as the mean values, as anomalous transport 
is generally attributed to the fluctuations.’ Conventionally, 
probe methods3” have been intensively used in edge diag- 
nostics because of their good spatial resolutions and con- 
veniences, although they are limited in use only at the 
relatively cold region. In order to measure the mean and 
fluctuation parts of plasma parameters, various types of 
Langmuir probes and magnetic probes have been designed 
and installed in the reversed field pinch university of Tokyo 
experiment REPUTE-l7 reversed field pinch (RFP). Es- 
pecially, the triple-probe method has been developed to 
meet the request of measuring density and temperature 
fluctuations simultaneously in a turbulent plasma. In this 
paper, we give a description of our measurements via 
Langmuir probes and magnetic probes including their 
measuring principles and hardwares, and detailed experi- 
mental results will appear elsewhere. 

First, measurement principles are described in Sec. II. 
After a brief summary about Langmuir probe measure- 
ments, the triple-probe method and the electric field mea- 
surement are described and discussed in detail. In Sec. III, 
we present the hardware structures of various probes, in- 
cluding a triple-probe and magnetic-probe array, a com- 
plex probe which consists of three different types of probes 
(triple-probe, double-probe, and magnetic-probe), a poloi- 
da1 and a toroidal array of magnetic probes. Also, a probe 
drive circuit and data-acquisition electronics are described 
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in the same section. Some examples of our probe measure- 
ments will be given in the final section (Sec. IV). 

II. MEASUREMENT PRINCIPLES 

A. Characteristic of Langmuir probe without 
magnetic field 

There have been many treatments of the plasma-sheath 
problem published with respect to electric probes inserted 
into the plasma since Tonks and Langmuir.’ Unfortu- 
nately, no complete and rigorous theory exists to cover the 
many regimes in which a Langmuir probe can be used. 
Nevertheless, there are a number of well established ap- 
proximate formulas which are used practically in the ex- 
periments. In the following, we briefly summarize the 
probe characteristics in collisionless plasma without mag- 
netic field firstly. 

When the probe potential is higher than the space po- 
tential, i.e., Y > V,, the probe current is limited by the 
electron saturation current: 

I- =+zA- Jw; (1) 

where T, is electron temperature in eV unit, n is the elec- 
tron density, A _ is the electron collection area. Decreasing 
the probe potential, V < V, the electron current is mod- 
ified by the Boltzmann factor exp[( i/ - V,)/r,l. When 
the electron current is reduced to be equal to the ion cur- 
rent, the total current will become zero, then V = Yj. 
(floating potential). Decreasing the bias potential further, 
only ions are eventually collected, and probe current 
reaches the ion saturation current I,. In order to form a 
stable sheath, Bohm showed that there must exist a pre- 
sheath region between the sheath and plasma.’ In the case 
of ion temperature Ti = 0 in the plasma region, the ions are 
accelerated to the ion acoustic speed C, = dp[ toward 
the probe in order to provide the ion coliection current. 
The ion saturation current I+ is given approximately as 
follows:6 

1, =exp( - 1/2)A+enC, (2) 

[Note that exp( - l/2) -0.611. Here A + is the ion collec- 
tion area. If finite ion temperature in the plasma region is 
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considered, the problem is much more complicated and ion 
orbits in specified geometry must be analyzed. Exact nu- 
merical solutions for arbitrary Ti/T, and sheath thickness 
have been calculated by Laframboise,” providing the ion 
and electron currents. His results showed that the depen- 
dence of I + upon ion temperature is weak if Ti < T, when 
the sheath is much thinner than the probe size. For the 
cases of Ti - T, or Tj > T, as in the REPUTE- 1 RFP, un- 
fortunately there is no generally accepted theory to predict 
the ion collection current exactly. However, an approxi- 
mate formula which is used practically in experiments is 
given by C, = J( T, + Ti)/mi in Eq. (2).” We use this 
formula to calculate density n from given values of A + , 
I + , and T, assuming a value of Tb The Langmuir probe 
characteristics in the collisionless plasma without magnetic 
field can be summarized as follows: 

I= 1 -I-w(y) +I+, V< KG 
I --I-, v> v, 

When I=O, the floating potential V, is given by 

U?li 

2rrm,( 1 + T/T,) (4) 

When the mean free path is smaller than the probe 
size, the collisions can reduce the collection current. How- 
ever, since the mean free path (2 a few cm) is much larger 
than the probe size (<I mm) in the REPUTE-l edge 
plasma, we do not need to consider the collisional effects. 

B. Effects of magnetic fields 

The importance of the magnetic field effects is depen- 
dent on the ratio of Larmor radius p to the typical dimen- 
sion ap of the probe. Because the electron Larmor radius 
oe is smaller than the ion radius pi (for the case of compa- 
rable T, and Ti values) by the factor Jz., the elec- 
trons are more strongly affected than the ions. We can 
classify the magnetic fields into three regions: a weak field 
in which pi,c > ap a strong field in which pi > ap ) p@ and a 
very strong field in which ap > Pi,<. Clearly, in the weak 
fields, the probe characteristics described above can be 
used without any modifications. 

In the strong fields, the ion collection is unaffected, 
while the electron saturation current is decreased due to 
the fact that the effective electron collection area A _ is not 
the total probe surface but the projection of the surface in 
the direction of the fields. The electron collection along the 
flux tube is balanced by a cross field diffusion due to both 
classical and anomalous processes.‘* This problem is equiv- 
alent to the anomalous transport problem, therefore, it is 
still unsolved. Fortunately, if the probe is sufficiently neg- 
ative to the space potential so that most of electrons are 
reflected, such as when the probe is operated around the 
floating potential, then electron collection current is still 
governed by the thermal Boltzmann factor as before.6 

In the very strong fields ap > pi,e, the situation becomes 
more complicated, because the ion collection along the flux 
tube is balanced by a cross field diffusion again, like elec- 
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FIG. 1. Electron and ion Larmor radius psi vs temperature for several 
magnetic fields B. 

tron collection. Recently, in connection with analyses of 
the plasma flows in the scrape-off region (between the 
main plasma and wall), several approaches have been per- 
formed using a fluid theory11’13-18 and kinetic 
treatment’9-23 (since the analysis of Harrison and 
Thompson24). Notwithstanding, no simple analytic expres- 
sion for probe characteristics has been obtained, and the 
problem remains an open question. Accordingly, it is better 
to avoid this situation in the practical experiments, i.e., let 
the probe size a, sufficiently smaller than pk 

Figure 1 shows the dependence of Larmor radius oe, 
pi on the temperature T,,, at several strengths of magnetic 
field. In the low current discharge (lp - 100 kA) in RE- 
PUTE-1, the values of B and T,,i are B- 0.1 T and T, 
- Ti ( 20 eV in the edge region, respectively. The value of 
ap is designed to be 0.5 mm, in order to satisfy the condi- 
tion pi g ap > oc Therefore, if we bias the probes around 
VP the probe characteristic Eq. (3) can be used with only 
one modification in electron collection area, i.e., using the 
projection area in the direction of B instead of total probe 
area. 

C. Triple-probe measurement 

The main disadvantage of single or double probe is 
that they require the voltage sweep to obtain the probe 
characteristic curves. This requirement limits the time res- 
olution of measurement and makes them difficult to be 
used in time-varying plasma. A method of using the triple- 
probe has been proposed to overcome this disadvantage.25 
Another similar method has been also used in the Poloidal 
Divertor Experiment (PDX) tokamak.4 An additional 
(fourth) probe tip used to reduce the effect of nonuniform 
space potential is described in the second subsection. The 
effects of fast electrons on the measurements are discussed 
in the third subsection. 

7. Description of the method 
Let us consider that three probes P,, P2, and P3 are 

inserted into the plasma, as shown in Fig. 2 (a). A constant 
voltage Vd3 is applied between P, and P3, and the probe 
current is II. Let V, denote the potential difference be- 
tween P, and floating P2. If we assume that the space po- 
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FIG. 2. (a) Triple-probe circuit, and (b) potential of each probe. 

tential V, is uniform in the region of the probes and let 
V1, V,( = V, - Vf), and V3 express the potential difference 
of probes from V, as shown in Fig. 2(b), then we have 

If&= v* - Vl, (5) 

v,,= v, - v,. (6) 
Next, with the use of Eq. (3), the currents flowing into 

the three probes may be written as 

---I,= ---I- exp --: 
( ) 

+I+, e 

0= --I- exp 
i 1 

-; +I+, 
e 

(8) 

(9) 

FIG. 3, Dependences of the electron temperature r, (a) and ion satura- 
tion current I + (b) upon the measured voltage Y, for various applied 
voltage V,,. 

Combined with Eqs. (5) and (6), Eqs. (7)-(9) are solved We conclude that the accurate measurement of T, requires 
with respect to T, and I + : the applied voltage of Vds > 2T,. 

1 1 - exp( - V&/T& 

T= 1 - exp( - Vd3/Te) ’ 

exp( - V&/T,) 
I + =I1 1 - exp( - V&T,) ' 

(10) 

(11) 

If the probe currents and voltages are monitored, the elec- 
tron temperature T, can be reduced by Eq. (lo), and the 
approximate value of electron density n can be obtained 
with the use of Eqs. ( 11) and E!q. (2) assuming a value of 
Ti. The time resolutions of T,: and n measurements are 
only limited by the data sampling. 

Figure 3(a) shows the relations between the electron 
temperature T, and the measured voltage V, for various 
applied voltage Vds from 15 to 40 V. The dependences of 
ion saturation current I + (or equivalently n) upon V, are 
also shown in Fig. 3(b). It can be seen that curves have a 
good linearity in the region I:, < V&2, and divergent 
when T, > Vd3/2. In the limit of T, < Vd3, Eq. (10) be- 
comes 

(12) 

2328 Rev. Sci. Instrum., Vol. 62, No. 10, October 1991 

0: 
0 5 10 15 

‘lfd2(v) 

2. Effect of nonuniform space potential 
In the above arguments, it is assumed that the space 

potential V, or 4 is uniform between the probes. If there 
exist differences of V, between probes, i.e., there exists an 
electric field parallel to the probe tips, it is necessary to 
correct this effect. The Vs fluctuation power spectra as a 
function of wavenumber in REPUTE-1 have been mea- 
sured by two Langmuir probes fixed in space.26 It has been 
found that the typical wavenumber of the potential fluctu- 
ations is 60.5 cm-‘, i.e., the wavelength is 2 12 cm, 
which is much larger than probe separation 0.3 cm in our 
measurements. Therefore, the correction of V, can be 
measured using P1 and an additional probe P4 lying in the 
same direction of P1 and P2. Figure 4 shows the triple- 
probe circuit with the additional probe P4. The influence of 
parallel electric field can be ruled out simply by 

v&=(vfn+ V&)/2, (13) 

as can be tested as following. 
We assume that the electrostatic potential fluctuation 

has a form of 
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FIG. 4. Triple-probe circuit with an additional probe. 

44x> =40 Sin(L + a), (14) 

where &, is the amplitude of the potential fluctuation, z is 
a typical (or the averaged) wavelength, and a is a random 
phase. Let xl, x2, and x3 be the locations of P2, P,, and 
P,.,, respectively; the probe separation Ax is Ax = x2 
- xl =x3 - xa.We have 

&= vd2 + &x2) - ca(x*), (15) 
vL= v, + &x2) - 44x3), (16) 

therefore, 

v, - (V)J + V&)/2 

=fC[B(x2) - Q(Xl)l + [&x2) - &x3)11 

=2& sin(Kx2 + a)sin2(Qx) 2 * (17) 

The relative difference becomes 

I~4,5&-t @ ‘2~<22!&Ax)2, (18) 

where 

40 fw4 SC2 o 
-=~ 

V, T, Vd2 * * (19) 

WTe - 1 (Ref. 27)]. From (1/2)xAx-0.08, the right- 
hand side of Eq. ( 18) becomes 2.5%. Effect of the nonuni- 
form space potential on Vd3 is smaller because of the larger 

value of Vd3. As a result, with the use of the additional 
probe tip, nonuniform space potential between the probe 
tips introduces ambiguities of only -2.5% and -6% in 
T, and n measurements. 

3. Effect of fast electrons 
Recent experiments showed that fast electrons exist in 

the ZT-40M RFP edge (r-a) region.** These fast elec- 
trons also have an effect on the interpretation of probe 
data, as will be discussed below. 

We denote the density and temperature of fast elec- 
trons by nF and T:, respectively, and assume nF/n 
= a ( 1 and TF/T, = p > 1. Secondary electrons due to 
the fast electrons will also affect the measurements. Usu- 
ally, emission coefficient of the secondary electrons is a 
function of incident energy. For simplicity, we introduce 
the energy averaged coefficient y as in the Ref. 28. Then 
Eqs. (7)-(9) are modified to 

--II= -I- exp -: 
i ) e 

- a Sp( 1 - y)l- exp 
( ) 

-g +I+, 
e 

(20) 

0=--I- exp -: 
( ) e 

---a: P(l-y)I-exp d- 
i ) 

_- p’;: +I+, (21) 
e 

II= -I- exp -g 
( 1 e 

- a d&l - y)lLexp ( 1 
-3 +I+, 

PT, (22) 

where Z + is assumed not to be strongly affected by the fast 
electrons. We define 

I- A- emi 
“c=A, 2rm,( 1 + T/7’,) ’ (23) 

and 7 = 8.3 assuming Ti/T, II 2 in our case. Therefore, Eq. 
(2 1) becomes 

$ZB + a @( 1 - y)vZ= 1, (24) 

where Z = exp( - V,/flT,>. Since V2= V, - Vf, if a, /3, 
and y are given, Z then ( V, - V,)/T, can be determined 
by solving Eq. (24). Instead of Eqs. ( 10) and ( 1 l), we 
have 

1 1 -exP( - V&T,) +a@(1 -y)[l -exp( - VJL?T,)]exp[ - (p- 1)/p(vd2/Te)]/Zp-1 

T=l - exP( - VdTJ + a &‘(l - y) [ 1 - exp( - V,,/f?T,)]exp[ - (p- l)/p( V,,/T,)]&- * ’ 

exp( - V&/Tel 
‘+ =‘I 1 - exP( - V&T,) -a #(I - y)vZ( 1 - exp[ - (p- l)/fi( v&/T~)] ] ' 

(25) 

(26) 
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FIG. 5. amnF/n dependence of T:/l;, n’/n, and ( Vf - V,)/T,. Here, FIG. 7. Secondary electron emission coefficient y dependence of T:/T, 
T: and n’ are electron temperature and density determined by ignoring n’/n, and ( V, - V,)/T, Here, T: and tr’ are electron temperature and 
the effects of fast electrons (let a = 0). density determined by ignoring the effects of fast electrons (let a = 0). 

In Figs. 5-7, the dependences of Ti/T,, n’/n, and 
(VI - V,)/T, on the parameters a, 8, and y are shown. 
Here, Ti and n’ are electron temperature and density de- 
termined by ignoring the effects of fast electrons (let 
a = 0). It can be seen that the fast electrons do not affect 
the measurements via triple-probe seriously, if a is suffi- 
ciently smaller than unit. For example, in the case of 
a = 5%, /3 = 5, and y = 1.2 as in the ZT-40M edge,28 T, is 
underestimated by -3% while n is overestimated by 
-8%. Including the effect from nonuniform space poten- 
tial discussed previously, we conclude that T, and n are 
determined using our triple probes with accuracies of 
65% and 5 15%, respectively. 

D. Measurement of electric field fhctuation 

1. Description of the method 

Let us consider measurement of the electric field fluc- 
tuation using a floating double probe. If the wavelength of 
electrostatic potential fluctuation is much longer than the 
probe separation and a difference of the electron tempera- 
ture between the probes is negligible, the electrostatic field 
can be approximately obtained by dividing difference in the 
floating potential by the probe separation. This can be sim- 
ply tested in the model of Eq. ( 14) again. The electrostatic 
field fluctuation E, ‘becomes 

. ii h 
-3 I‘- 

-5. 
-‘F: 

21 ,b ,11 -T-G- 
.- --/----_.. 

T:,‘z, = o - IO 
-t 

c 

= 1.2 
r;, = -iO\~ -- d/l, 
\il = i.i\’ 

1 
____ ___.__.. _..__- -- -\----- --. 

--~.- _ ___~ I - --- 
/’ 

i ---T’d 

i will, fd.51 v -- 

01 _____.__ __-- L - -- 
_.._-.------ i-2 

____~~ ______ 

i 

----7-----. - 

\V,'O f&4 *~ - i 

i ___A ~~~ ._j _..._... j ._ 
0 5 

.-.- ., .i$3 

T&% 

aa; Zx(X)’ - y= - i;& cos( Ex + a). (27) 

On the other hand, from the potential measurements at the 
two points xl and x2, we have 

& 
2 

& Rx21 -&xl) 
x - . v. x2 --XI 

1 
.c-. 

= -@ocos 
Xl +x2 

i;7+a > (28) 

where Ax = x2 - x1. In the limit of $xAx ( 1, & becomes 

&&(x+)[ I -; ($Ax)~+...]. (29) 

FIG. 6. fir TL/T, dependence of T:/T,,, n’/n, and ( V,, - V,)/T,,. Here, Inourcaseofx-0.5cm-’ (Ref.26) andAx=0.3cm,the 
T; and n’ are electron temperature and density determined by ignoring value of f PAX becomes -0.08& 1. Therefore, $ gives a 
the effects of fast electrons (let a = 0). good approximation of E, within an error of 0.1%. 
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2. Effect of electron temperature fluctuation 

If_the_re exists the large electron temperature fluctua- 
tion T, E( 3 - V_Vr) measured by the double probe is 
then different from E*( = - VI’,) in the relation of 

E=E* + CVT, (30) 

where c is a constant defined by the right-hand side of Eq. 
(4) (~~2.1 in our case>, In this case E does not give the 
direct measurement of E*, instead, some information on 
the correlations and amplitude can be obtained under cer- 
tain conditions. 

The measured fluctuations usually have linear disper- 
sion relations29-3’ so that they can be expressed as a sum of 
plane waves with a constant phase velocity. In this case, a 
correlation between 5 and p defined by 

(tip) = Jii? ; j-7 ax,~)P(w)~~l,,, (31) 
l-/2 

can be rewritten to the form of 

(tip) =I!‘-“, f Jx/ a&m&~)~xl,,, (32) 
x/2 

in the steady state, where x is the toroidal/poloidal-coor- 
dinate and t is the time. We multiply Eq. (30) by T, and 
take its correlation with the use of Eq. (32). Since the last 
term 

(c/2) l im 4 [ ?z]cf?i,2 
X+m 

is zero, we obtain 

<F@E)=(T@F). (33) 

Next we multiply Eq. (30) by K and take its correla- 
tion: 

<Cl?> = <GE*) + 1 k?,(k)6(k) sin 6n,re(k), (34) k 
where F,(k) [K(k)] is the Fourier amplitude of T,(X) 
[i?(x)] for wavenumber k, and 8, r (k) is the phase differ- 
ence. If sin 8, r , .(k) E 0, i.e., 5 is’in phase or antiphase 
with T, the last term in Eq. (34) becomes negligible then 
(EJ!? ) gives the measurement of _ (Ki*). If 
sin 0, r,(k) #O, the wavenumber spectra of T, and K must 
be measured simultaneously. 

We multiply Eq. (30) by E and E*, and obtain the 
following equations in the same way: 

l ,?12= (ii*) + c k?,(k)$k) sin OTp(k), (35) 
k 

(ii*) = @*I2 + 1 kE*(k)E(k) sin O,,,(k). (36) 
k 

If sin OrflE = 0, then w,e have siceg,, -,O due to Eq. (33), 
hence the relation of ] El2 N (EE*) z 1 E* I 2 can be derived 
from Eqs. (35) and (36). 
. _ As a summary, even in the case of the large ?, (i.e., 
cITeI - IV,]), with the use of E measured by a floating 
double probe, L?$+) ca_n be always obtained. On the 
other hand, (GE*) and ]E*] can be also obtained if the 

fluctuations K, Fe, and E are in phase or antiphase with 
each other. etherwise, the wavenumber spectra of the fluc- 
tuations or Er must be directly measured. 

3. Effect of fast electrons 

If there exist the fast electrons, some modifications 
must be applied in Eq. (30). In the limit of n%n ( 1, from 
Eq. (21) we have 

-~+/-~dfT, (37) 

By introducing the fluctuating parts into Eq. (37) (e.g., 
replacing nF by nF + ZF) and taking its first order, we 
derive 

v, - Ff& + a @ ( 1 - y)ql - “LJ iiF i 
z-n 

+ (f+$) ;]Te. (38) 

In the case of nF/n = 5%, Tr/T, = 5 and y = 1.2, the 
above equation becomes 

v,- v/-CT,+ c’ [ (s-z) +c$]Te, (39) 

where c-2.1, c’~ - 0.12, and c” N - 0.11. The last term 
in Eq. (39) is estimated to be 620% of CT, assuming 
n- /n = KF/nF 5 0.4 and T,/T, = ?F/Tc S 0.3. Therefore, 
the effect of the fast electrons is considerably smaller than 
that due to T, in the usual electric field measurements. 

III. HARDWARE 

A. Triple-probe and magnetic-probe array 

The structure of the probe array is shown in Fig. 8. It 
has four channels, each of them consists of five electric tips 
and a three-component magnetic probe. The separation be- 
tween the neighboring channels is 15 mm. 

In one channel, four tips are used as a triple-probe (the 
reason for the use of fourth tip has been explained in Sec. 
I C) measuring the plasma density n and temperature 
T,, and one remaining tip is used as a single-probe mea- 
suring floating potential VP The distances between tips are 
3 or 5 mm. Each electric tip has a diameter of 0.5 m m  with 
an exposed length of 0.5 mm. The feedthrough wire is 
connected to the electric probe by a fix screw having a 
diameter of 1.2 mm. 

The electric tips are made of Molybdenum which has a 
high melting point and large specific heat so it can with- 
stand high heat fluxes. The probe array house is made of 
glass ceramic which can withstand the high heat fluxes and 
have a flexibility allowing complex processes. The Molyb- 
denum tips are fixed between two ceramic plates of 3 m m  
in thickness. The leads from the Langmuir probes are 
transmitted to a probe driver in a shielded box including 
the power supplies and isolation amplifies. 

A three-components magnetic-probe array is also in- 
stalled inside the probe array house, in order to measure 
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FIG. 8. Structure of a triple-probe and magnetic-probe array. 

the magnetic fields at the same positions corresponding to 
the triple probes, simultaneously. This probe bobbin, as 
shown in Fig. 8, is made of polyimide which has a lower 
outgas level in the vacuum, and was designed as to avoid 
the crosstalk between the three components as possible. 
The calibrations of the magnetic probes are performed us- 
ing a Helmholtz coil driven by a power amplifier of 1 kW 

Steel 

or using the vacuum toroidal fields. Absolute accuracies of 
the calibrations agree with each other by these two meth- 
ods within 2%. The relative accuracies between the differ- 
ent channels are carefully calibrated within 0.5%. The 
leads from the magnetic probes are brought out as a tightly 
twisted pair in a 25-pair shielded cable, and transmitted to 
the active integrators to reduce a common mode noise, 
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FIG. 9. Schematic view of the complex probe. 

B. Complex probe 

A complex probe was designed for measuring the mean 
and fluctuation parts of various plasma parameters, includ- 
ing density n, electron temperature T, three components 
of magnetic field B, BP, and B, three components of elec- 
tric field E, Ep and En at the almost same point in space 
(within 10 mm X 10 mm X 15 mm). The schematic view of 
the complex probe is shown in Fig. 9. If only the fluctua- 
tions of n, T, E, and Ep are concerned, the spread in space 
then becomes smaller, within 10 mm X 4 mm X 1 mm. The 
correlations between fluctuations of these parameters can 
be determined in one shot. 

The complex probe consists of a triple-probe, three- 
components magnetic probe, and three pairs of double 
probes. The triple probe consists of four Molybdenum tips, 
having the same structure composition as described in the 
previous section. The magnetic probe is the same one as 
that used in the poloidal magnetic probe array (see Fig. 
10). The electric fields are measured by three pairs of dou- 
ble probes. The leads from the double probe are carefully 
brought out as a tightly twisted pair in a four-pair shielded 
cable, and are transmitted to the isolation amplifier (Fig. 
13) to reduce a common mode noise. 

C. Poloidal and toroidal magnetic-probe arrays 

In order to observe the high-frequency components of 
the magnetic fluctuations, a poloidal array of magnetic 
field pick-up coils with protective covers of 0.7-mm-thick 
stainless steel is installed at P-3 port segment inside the 
vacuum vessel (Fig. 14). Two pipes with a square cross 
section leads the coil signal wires to the feedthrough flange 
and protects them from the plasma, as shown in Fig. 10. 
The array covers all poloidal angle equally at eight poloidal 
positions with a 45” separation. At each position three 
components of fields B, BP, and B, can be measured by the 
specially designed probe bobbin (Fig. 10) simultaneously, 
with a frequency response up to 40 kHz. With the use of 
this poloidal array, the time-varying equilibrium quantities 
(such as the plasma position and Shafranov’s parameter 
A) can be determined based on a simple fitting method.32 

b4 

/ 
.l%edtlllo~l~ll 

Tl,,cc Com,mw~~r 
hlng1rct1c Pmhc 

(Polymde) 

bobbin 

FIG. 10. Poloidal array of magnetic probes, consisting of two square 
cross-section pipes and eight three-components magnetic probes wound 
on the specially designed bobbins. 

A toroidal array of magnetic field pick-up coils with 
protective pipe’s of l.O-mm-thick stainless steel is installed 
between the bottom of P-l and P-3 port segment inside the 
vacuum vessel (Fig. 14). Two pipes of 1-cm-diam leads the 
coil signal wires to the feedthrough parts at the P-l, P-2, 
and P-3 bottom ports. The array covers 40” of the toroidal 
angle with eight equally spaced positions, as shown in Fig. 
11. At each position three components of fields B,, BP, and 
B, can be measured simultaneously, with a frequency re- 
sponse up to -30 kHz. 

Top View 

Three Components 
Magnetic Probe 

Side View ‘\ 

FIG. 11. Toroidal magnetic probe array which covers 40” of toroidal 
angle with eight equally spaced positions. 
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FIG. 12. A triple-probe drive circuit. Here, Probe No. 1-4 correspond 
PI -4 in Fig. 4. 

D. Probe drive circuit and data-acquisition electronics 

The probe driver consists of five triple-probe drive cir- 
cuits, five single-probe drive circuits, and three double- 
probe drive circuits. A triple-probe drive circuit is shown 
in Fig. 12, where a dc power :supply is isolated from the 
earth. The voltages between the probes or liner are divided 
into l/10 or l/100 in order to match the input levels of the 

v,, WV) 
/ “bolo~~ 

v,, (12V) 

Vacuum 
Vessel 

FIG. 14. Top view of arrangement of probe measurements in REPUTE-l. 

isolation amplifiers. The probe currents are monitored by 
series resistors of 1 - 10 fl. 

The 36 isolation amplifiers in total were made, with a 
special design considering the response frequency. The de- 
tailed electronic circuit is shown in Fig. 13. Photocouplers 
(TLP5510, TOSHIBA) used for electric isolation have a 
response frequency up to 2 MHz. When driver circuits for 
photocoupler and an operational amplifier LF357N are 
combined, the total circuit still has a response frequency up 
to 250 kHz. 

Each triple probe and single probe use five and two 
isolation amplifiers, respectively. The remaining eight iso- 
lation amplitiers are used for measuring the fluctuations of 
electric fields and for another triple probe in the complex 
probe. 

47p 1K 
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FIG. 13. Circuit of an isolation amplitier with a response frequency up to 250 kHz. 
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FIG. 15. An example of I-Y curve fitting for the single-probe measure- 
ments at r= 19 cm. The time-averaged results from the simultaneous 
triple-probe measurement are also shown for the comparison. 

IV. SOME EXAMPLES OF MEASUREMENT 

In this section, we present some experimental examples 
obtained in the REPUTE-l RFP plasma using probes de- 
scribed above. Figure 14 shows a top view of arrangement 
of probe measurements in REPUTE-l which has a major 
radius of 82 cm and a minor radius of 22 cm. Two insert- 

o.o5;(j"""- """""""'I 15 20 

r(cm) 

able probe systems33 are located on the side ports of P-3 
and P-2. A differential pumping system is used for easy 
change of probes. The triple-probe and magnetic-probe ar- 
ray was installed in the insertable probe system on the P-3 
port, and the tip of probe array can be inserted radially into 
r=6 cm from the plasma edge. The complex probe was 
installed in the insertable probe system on the P-2 port 
which has 20” apart in the toroidal angle from the P-3 port. 
The probe can be inserted into the plasma from the edge to 
r= 10 cm. The poloidal and toroidal magnetic-probe arrays 
were installed at the P-3 port and the bottom between the 
P-l and P-3 port, respectively. 

Usually, the probe measurements are performed in the 
low current discharges in which the plasma current rp is 
less than 120 kA, in order to avoid high heat load to the 
probe. At the current flat-top phase of a typical discharge, 
the plasma current, loop voltage, the reversal ratio F, the 
pinch parameter 0, and the chord-averaged density are 

IP - 110 kA, V, - 220 V, F- - 0.4, O-2.0, and tYe 
- 0.44 X 1020 m - 3, respectively. Central ion temperature 
Ti(O) - 100 eV measured from the Doppler width of OV 
line, is about twice of T,(O) - 50 eV, measured by a 
Thomson scattering system. Hereafter, in order to obtain 
the density n in Eq. (2)) the ion temperature Ti is assumed 
to be twice of T, although there is no information on Ti 
except at the center. 

As a cross check for the triple-probe measurements, 
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the single-probe in the same channel in the triple-probe and 
magnetic-probe array (Sec. III .A) was drived by a 5 kHz 
ac amplifier with a range of A60 V to obtain a current- 
voltage characteristic(I-V curve) of the Langmuir probe. 
After removing the fast fluctuations, the I-V curves were 
well fitted to those predicted by Eq. (3)) regurding T,, n, 
and V, as the fitting parameters. An example measured at 
r= 19 cm is shown in Fig. 15. The fitting results agree well 
with the time averaged those obtained from the simulta- 
neous triple-probe measurement. In order to examine the 
effects due to the fast electrons experimentally, we inserted 
a triple-probe with an obstacle nearby into the plasma. 
Comparing the results obtained in the three cases, i.e., 
with/without the obstacle upstream/downstream the field 
line, we found no more observable differences between 
them than the shot-by-shot variation, therefore, we do not 
expect a significant perturbation to our triple-probe mea- 
surements. 

(ai 
1.01 

tb) 

Figure 16 shows edge profiles of the toroidal field B, 
poloidal field BP, electron density n, electron temperature 
T, and space potential $,( 3 V,) in 0.5~ dr(a region, ob- 
tained by the triple-probe and magnetic-probe array. The 
error bars indicate the shot-by-shot variation. The poloidal 
field BP decreases slightly with r, and toroidal field B, re- 
verses its direction at r- 17 cm. As the radius decreases, n, 
T, and 4x increase to -6.0~ 1019 m- 3, -22 eV, and 
- + 25 V at r-a/2, respectively. 
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As another example, spectra of the magnetic fiuctua- 
tions measured by the poloidal and toroidal magnetic ar- 
rays are presented. By performing Fourier decomposition 
both in time and space (e.g., the poloidal angle 6) on the 
two-dimensional signals x(e,tj) where O<iQ and Oy<J: 
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FIG. 17. Normalized power spectrum of poloidal mode number m  (a) 
and toroidal mode number n (b) for radial field fluctuations. 

X(m,ti) =A C x(eiJj)exp[i(mei- @tj) I, 
‘?J 

(4.0) 
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where P(m,o) =X*(m,w)X(m,w). Similar procedure can 
be done with signals from the toroidal array. The toroidal 
mode number n in the range from - 31 to 3 1 with a 
resolution of An =9 can be determined. Figure 17 shows 
the measured spectra of the poloidal (toroidalJ mode num- 
ber m(n) for the radial field fluctuations B, where the 
spectra are normalized by the total fluctuation power. The 
error bars indicate the variation due to shot by shot. It can 
be seen that the most fluctuation power concentrates in the 
modes of - l<m<l and - 13(n<13, especially m=O 
and - 402~ 13. 

The further detailed results, e.g., the edge profiles of 
fluctuation levels, discussions on relations between 
electrostatic/magnetic guctuations and the energy trans- 
port, etc., will be published elsewhere.27 
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