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It is both experimentally and theoretically demonstrated that ion flow velocity at an arbitrary
angle with respect to the magnetic field can be measured with a directional Langmuir probe.
Based on the symmetry argument, we show that the effect of magnetic field on directional
probe current is exactly canceled in determining the ion flow velocity, and obtain the generalized
relation between flow velocity and directional probe currents valid for any flowing direction.
The absclute value of the flow velocity is determined by an in sifu calibration method of the
probe. The applicability limit of the present method to a strongly ion-magnetized plasma is

experimentally examined
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E x B drift

§1. Introduction

Measuring plasma flow velocity is of primary impor-
tance to study large-scale and seli-organized structures in
plasmes, and is also necessary to understand the dynam-
ical behavior of surface plasma in confinement systems.
So far, many works have been done on the flow velocity
measurement using directional Langmuir probes (DLP)
or Mach probes. Many of them are concerned with the
parallel flow velocity measurements along the maguetic
field,'® and only a few works have been done on the
perpendicular velocity measurement.*®) This is proba-
bly attributable to the fact that for the perpendicular
velocity measurements, one have to anticipate the effect
of magnetic field on the probe currents, which gener-
ally depends on the field intensity and/or direction in
a complicated manner. Consequently, directional Lang-
muir probes have been considered to be unsuitable for
the determination of perpendicular flow velocity.

Among many theoretical studies of DLP, Hudis and
Lidsky extended the conventional probe theory to plas-
mas with a finite flow velocity and obtained that the
Bohm criterion remains unchanged {free fall model).”
Stangeby developed a fluid theory" for plasmas flowing
along the magnetic field under strongly ion-magnetized
conditions (p;/ry < 1}, where p; is ion Larmor ra-
dius, r, probe radius. Hutchinson modified the fluid
model.>®) and the results were confirmed by kinetic cal-
culations.® %19 Although these theories deal with par-
allel flow cases or unmagnetized cases, the results are
merely adopted for the determination of perpendicu-
lar flow velocity without carefully examining the effect
of magnetic feld on the directional probe current.}:12
Thus, the application of the conventional theory to per-
pendicular flow measurement has not been justified yet.

Moreover, DLP can not determine the ahsolute value

of flow velocity, unless the calibration or crosscheck with
a different method is made. For parallel flow case, A
agishi and Miyazaki showed that the difference of disper-
sion characteristic between a parallel propagating Alfven
wave (k {| B) and an anti-parallel one (k || —B) can be
used for the calibration of & directional probe.*®) For per-
pendicular flow measurements, however, the situation is
much more complicated than for the parallel case, and a
different calibration method is required to determine the
absolute flow velocity.

In this paper, we both experimentally and theoreti-
cally demonstrate that ion flow velocity at an arbitrary
angle with respect to the magnetic field can be mea-
sured with a directional Langmuir probe. It is shown
that the effect of plasma flow on the DLP current has
odd property under the change of sign of flow velocity,
while the effect of magnetic field has even property under
the change of sign of magnetic field. Using the difference
of symmetry property between flow and magnetic field
effects, we can exactly cancel the effect of magnetic field,
and derive the generalized formula between flow veloc-
ity and probe currents, valid for all flow directions. The
experiments have been carried out te measure the per-
pendicular ion flow velocity, and the absolute value is
determined by an in situ calibration method, in which
the E x B drift velocities measured with a DLP are com-
pared with that determined from the potential measure-
ments with an emissive probe to specify the calibration
constant. The experiments have also been domne in a
strongly ion-magnetized condition to examine the appli-
cation limit of the present methed. It is found that the
limit is given by pi/rp ~ 1, which is understood as the
onset of low disturbance induced by the probe.
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§2. Generalized relation between flow velocity
and DLP currents

We consider 2 DLP in a magnetized plasma with the
ion collecting surface whose normal of surface n is di-
rected to a certain angle 8 with respect to the reference
frame (see Fig. 2(b) in §3). When there present no ion
flow and no magnetic field, the ion saturation current,
which is denoted here by IS(O), is given by the well-known
formula. For a plesma with a finite ion flow velocity V'
and a magnetic field B, the ion saturation current of
DLP is modified from IéO). However, when the changes
in fon current are small enough compared with o , the
ion saturation current of DLP may be written as

I(n) =01+ Fy(V,n)) (1 + Fs(B,n)), (21)

where Fy» and Fg are the correction term due to the ef-
fects of ion flow and magnetic field, respectively. In the
above equation, we make the hypothesis that the each
effect is independent, and therefore the each contribu-
tion can be factorized as in eq.(2.1). This hypothesis is
justified by the experimental result, which is given in §4.

The ion current of DLP should have the maximum for
the case i [} — V" (the ion collection surface is faced to the
upstream region) and have the minimum for the case n ||
V (the ion collection surface is faced to the downstream
region). In other words, the function Fy/(V,n) has odd
property under the change of sign of flow velocity V' (or
equivalently the change of sign of the normal vector n).
Then the scalar function - should be expanded in series
of only odd powers of V - nn,

Fy= —al(V-n)—a;;(V-n)?’—---, (2.2)

where o, (R = 1,3,-..} are positive expansion coeffi-
cients.

While the magnetic field effect does not distinguish the
parallel (B || n) and the anti-parallel (B || —n) cases .
The ion current of DLP is the same for the parallel and
the anti-parallel cases, and should be minimum for the
perpendicular cases (B L m), becanse the ion mobility
is minimum in the perpendicular direction. This means
that the scalar function Fg has even property under the
change of sign of magnetic field B (or equivalently the
change of sign of the normal n). Then the function Fg
should be expanded in series of only even powers of (B -
n),

Fg=(B -n?—F(B -n)*+-.-, (2.3)

where 3, (n=2,4,-.) are expansion coefficients.
Collecting the leading order terms and rewriting
€q.(2.1) in non-dimensional form, we have

I R (1)) a4 ! Pi2 2
s(n) = I (1—0516‘”)(1 +5, T—2(b-n) ), (24)
s P

where C; (ion sound velocity), g (ion Larmor radius),
and 7, (DLP radins) are introduced to normalize the
correction factors in non-dimensional forms. The vector
b is the unit vector along the magnetic field. With the
help of the even property of Fg (Fg(n)= Fg(—n)), we
can eliminate the effect of magnetic field by making the

quantity I{n)/I(—mn):
Lin)  IL(® l-egrn

_ - Y
m L+ et O

where £ is the angle of normal of ion collection surface
with respect to the reference frame.

The fow velocity is then obtained by solving this equa-
tion,

V-on _ Veos(0 —fa) 1 I(0+7)— I(0)

c. . “a Le=n+L@; 29

where 84 is the angle of the flow velocity with respect to
the reference frame, and the prime and subscript on o
are omitted here.

It should be noted that eq.(2.6) is identical to the
Stangeby’s result with & = 0.5 and 8 = 0 (parallel
flow case). It is worth adding that our result is derived
from the symmetry arganment only, and is independent
of the models under consideration (fluid model or free
fall model). Equation (2.6} gives the generalized rela-
tion between the flow velocity and the DLP currents,
and is valid for an arbitrary angle with respect to the
magnetic field. Since the coefficient o may depend on
the geometrical structure of DLP such as an aspect ratio
of ion collection surface (see Fig. 2), the coeficient & has
to be determined by calibration.

§3.

The experiments have been performed in the High
Density Plasma Experiment Device I (Hyper-I) at the
National Institute for Fusion Science (NIFS), and the
schematic of the Hyper-I device is shown in Fig. 1. The
Hyper-I device consists of a cylindrical vacuum chamber
(30cm in diameter and 200cm in axial length) and 10
magnetic coils to produce magnetic fields of 1k along
the chamber axis. A microwave of frequency 2.45GHz
generated by a magpetron oscillator is converted to a
circular TE;; mode and is introduced from an open
end of the chamber through a tapered waveguide and a
quartz window. The field coils are arranged to produce
a weakly divergent magnetic field configuration, and the
microwave launched from the strong field side excites
an electron cyclotron wave, which produces and sustains
the plasma by electron cyclotron resonance (ECR) heat-
ing. The ECR point (875G) locates near the central
region of the chamber. At another end of the chamber,
a three-dimensional (3D} probe drive system is installed
to introduce an axial DLP. A radially movable DLP is
introduced from the side port.

The microwave input power and plasma duration time
are 4 ~ 15kW and Imin., respectively. Three gas species,
argon, helium and hydrogen, are used in the experiments,
and the maximum density is 1 x10'3cm 2 for argon. The
electron and ion temperatures are 5 ~ 30eV and ~ leV,
respectively, with the operation pressure (.1 ~ ZmTorr.

The schematics of the directional Langmuir probe used
in this experiment and the coordinate system are shown
in Fig. 2. The DLP consists of a tungsten electrode and
an alumina (AlpOs) insulating tube of 3mm in diameter.
The insulator has a small hole (1mm in diameter) on the

Experimental Apparatus
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Fig. 2. (a): Schematic of directional Langmuir probe (DLP); (b):
cut view of DLP and coordinate system. The r-axis is in the
opposite direction to the magnetic field, and & is the angle of
normal of probe surface. and 64 the angie of ion flow velocity
with respect to the z-axis, respectively.

side surface to collect the directed ion flux. The reference
frame, in which the z-axis coincides with the opposite di-
rection of the magnetic field vector, is introduced, which
is shown in Fig. 2(b). The angle of the normal of collec-
tor surface (n) with respect to the z-axis is denoted by
4, and the angle of ion flow velocity by 64.

§84. Experimental Results

4.1 Effect of magnetic field on ion current of DLP
The ion saturation current of DLP as a function of
probe angle € is shown in Fig. 3, in which Fig. 3(a)~(c)

Magnetic Coil

Cooling Water  Quartz Window

Schematic of Hyper-1 device.

are obtained for an argon plasma, and Fig. 3(d)~(f} for
a helinm plasma. In this figure, # is the angle of the nor-
mal of collector surface with respect to the r-axis; § =0
corresponds to the antiparallel case (—B || 1), 8 = 7 the
parallel case (B || n), and 6 = 7/2 and 37/2 the per-
pendicular case (B L n), with respect to the magnetic
field. The ratio of ion Larmor radius to the probe radius
is (pi/rp) ~ 4 for the argon plasma, and ~ 1.3 for the
helium plasma. Thus the ions are considered to be un-
magnetized for the argon case, and weakly magnetized
for the helium case.

As seen in Fig. 3(a), there is a minimum at fgn ~ 2.4
radian and maximum at fg. ~ Omin +— 7. This result
is understood as the effect of ion flow; when the DLP
surface is parallel to the ion flow (n [| V'), the ion current
decreases, and when the DLP surface is anti-paralle]l to
the ion flow {(~m || V'} the ion current increases because
the DLP surface faces to the ion flow. Since the quantity
I{8) is a periodic function with period 27, we can resolve
it into the Fourier components €™ (m = 0,1,2,---),
which are shown in Fig. 3(b). The average value of I(#)
{m = 0) is not shown in the figure. As is mentioned
above, the m = 1 component is attributable to the ion
flow effect.

The magnetic field effect on the DLP appearsinm = 2
amplitude; since the ion mobility takes the maxima in
the parallel cases (# = 0,7} and the minima in the per-
pendicular cases (# = 7/2,37/2), the ion current I{f) of
DLP exhibits peaks and bottoms with every /2 interval,
which corresponds te m = 2 Fourier mode.

The presence of m = 2 component is more remark-
able for the helium case. It is clearly seen in Fig. 3(d)
that two peaks appear at # = 0 and « (parallel case),
and two bottoms at # = 7/2 and 37/2 (perpendicu-
lar case). Correspondingly, the m = 2 amplitude be-
comes as high as the m = 1 amplitude. However, with
the help of the 7 periodicity of m = 2 mode, we can
eliminate the magnetic field effect by taking the ratio
(I(0+m)—1I(9))/(T(0 ~7)+I(#)), and extract the flow
effect only, which is shown in Fig. 3(c) and (f). As is pre-
dicted in §2. the quantity (I{§+m)—1(8))/{1(8+m)+1(9))
is completely fitted by a trigonometric function with a
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Fig. 3. Ion saturation current of DLP as a function of probe angle for an argon plasma (a)~(c), and for a helium plasma {d)~(f). Top:
jon saturation current I(f); middle: Fourier amplitude of I(#); bottom: §I/ < I >= 2(I{8 + w)} — I{6))/(J{# + =} + I{#)). The best
fit trigonometric functions are indicated in the bottom figures. Note that the amplitudes in (c) and (f) are propartional to the Mach
number, and the phase shifts indicate the flow direction (see eq.(2.6)).

constant phase indicating the angle of flow direction. We
emphasize that the 7n = 2 amplitude is the same order
of magnitude as the m = 1 amplitude in the helium case.
Thus we can conclude that the magnetic field effect can
be removed even if it does exist in the same order of
magnitude as the flow effect.

4.2 Absolute flow velocity

To determine the absolute vaiue of ion flow velocity, we
here present a simple calibration method of DLP. From
the practical interest, it is preferable to specify the co-
efficient & in eq.(2.6) by an in situ calibration method.
In this calibration procedure, the £ x B drift velocity
measured with a DLP is compared with that determined
from the potential measurement using an emissive probe.
The coefficient o is determined such that the value of

DLP result equalizes to that obtained by the potential
measurement.

Tigure 4(a) shows the radial profile of ion currents
measured at angles § = 7/2 and 37/2, and the poten-
tial profile is given in Fig. 4(b). As seen in Fig. 4(a),
the plasma rotates around the central axis (z = 0}. The
rotation velocity at each radial position is obtained by
eq.(2.6}). The E x B drift velocity is determined by nu-
merically differentiating the potential profile and using
the formula

—Vox B
—gr {41)
which is indicated by closed circles in Fig. 5. The solid
line indicates the velocity obtained by eq.(2.6) with the
coefficient o = 0.45. There is a quite good agreement
between the two results, showing that the calibration of

Vexe=
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Fig. 5. Radial profile of E x B drift velocity. The closed circles
indicate the results obtain from the potential measurement, and
the solid line from eq.(2.6} with a coefficient a = (.45.

DLP is successfully done. It is worth pointing out that
the coefficient « is independent on radial positions al-
though the electron temperature changes radially from
4eV to 23eV in this case. This suggests that the coeffi-
clent @ is mainly determined by the geometrical factor.

§5. Discussion

We have demonstrated that the effect of magnetic field
on DLP can be exactly eliminated, and the ion flow veloc-
ity at an arbitrary angle # with respect to the magnetic
field can be determined. The essential point which ensure
the elimination of magnetic field effect is the factorized

n's T T T T T il ¥ T T

05+ k
a ]
£ 04
<
§ 0.3 B
k. ]
=
o 02 i
m k|

01 B

0.0 .

1 2 3 4 5 B 7
m

Fig. 6. Fourier amplitude of the quantity I(6 + 7}/I(f)
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Fig. 7. (a): Fourier amplitude of DLP current I(#) for a hydrogen
plasma; (b): Fourier amplitude of the quantity I(6 + m)/1(#).
The ratio of ion Larmor radius to DLP radius is pi/rp ~ 0.7.

form of eq.(2.1), which we assumed without verification
so far. Here we show the experimental verification for
this hypothesis.

When those two effects are independent and therefore
factorized, the ratio I(8 + 7}/I(0) cancels the magnetic
field effect because of even property of Fg. Then this
quantity shonld have no even mode of Fourier amplitude
{m = 2,4.6,--+). Figure 6 shows the Fourier amplitude
of the quantity I(# + m)/I{#) made by the data given in
Fig. 3(d). It is clearly seen in the figure that the even
mode amplitudes (m = 2,4, 6, - +) are so small compared
with Fig. 3(e}, showing our hypothesis is actually valid.
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To examine the applicability limit of our method to
strongly lon-magnetized cases, we carried out the exper-
iments using a hydrogen plasma (p;/rp, < 1). Figure
7(a) shows the Fourier amplitude of the ion saturation
current I{f). As is expected, there present many higher
Fourier amplitudes (m = 3,4,5,---), however, the even
modes {(m = 2,4,6,- - -} are canceled out in the quantity
I(¢ +)/I(0). This suggests that the magnetic field ef-
fect still remain factorized and can be removed even in
strongly lon-magnetized cases,

The appearance of higher Fourier components (m =
3,4.5,---) is attributable to the disturbed flow induced
by the DLP; since the ion Larmor radius p; is smaller
than the DLP radius rp, the ion coming to the probe
from the upstream region can not go into the downstream
region, forming a shadow behind the probe, which gen-
erates a local electric field around the DLP and there-
fore modifies the original flow pattern by the disturbed
E x B drift. It should be pointed out that the amplitude
of m = 1 component is proportional to the flow velocity
and can be extracted by Fourier analysis of I(#} even
in strongly ion-magnetized cases. However, the velocity
measured in these circumstances may be a disturbed flow
velocity, and much differ from the original one. From the
practical viewpoint, the limit of applicability of DLP is
considered to be g ~ rp.

According to the discussion presented above, it is eas-
ily to know whether or not the flow velocity measurement
with a DLP is possible. The validity of DLP method is
justified by the condition that the DLP does not dis-
turb the original flow, in other words, the higher Fourier
components {m > 3) in DLP current is negligibly small.
Therefore, we conclude that the DLP is valid as far as the
higher mode Fourier amplitudes (m > 3) are negligible
in the experiment.

The free fall model™ and the fluid model? give a log-
arithmic form for the parallel fiow velocity:

Vi

w_ 1
o =gk

where R is the ratio of two ion saturation currents
(I(x}/I(0)) and K is a constant of the order of unity.
The difference between egs.(2.6) and (5.1) is small and
less than 10% for 1 < R < 3 with K = 2a = 1 (see
Fig. 8). In particular, when R is close to unity, In R is ap-
proximated to 2(I{m) — I(0))/(I(z) — I{0}), and eq.(5.1)
is identical with eq.(2.6).

In the calibration method presented in §4.2, we have
assumed that the perpendicular flow is entirely due to
FE x B drift, and neglected the diamagnetic and centrifu-
gal effects. Here, we estimate the flow velocity including
these effects. From the radial component of the equation
of moticn in cylindrical coordinates, the azimuthal drift
velocity is given by

TWei 4 8¢’ ]
vng[—-l—l-\/ e (Csz&' Tvthc'?rlnn)J

(5.2)
where wei (= eB/my) is the ion cyclotron frequency, ¢'(=
ep/T,) the electric potential normalized to the electron

(5.1)

16 —— . . T
14+ .
1.2} . e
. Supersonic .-
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0.6 B
04l E
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Fig. 8. Comparison between AI/ < I > (solid line) and In R
(dashed line), where R is I(x)/I(0). The coeffidents are taken
tobe2aa =K =1.

temperature, and vy (= 73/my) the ion thermal velocity,
respectively. Since the angular frequencies of E x B drift
and of diamagnetic drift are much smaller than w;, we
can expand the square root of eq.{5.2} to have

_C20¢ vk B 1 /208 8 2
= 2 O g or n”__(cs Br T”*harln”)
(5.3)

The first and second terms are the E x B drift veloc-
ity (Vexn) and the diamagnetic drift velocity (Vp), re-
spectively, and the third term is the centrifugal correc-
tion term (V). The quantities ¢’ /8r and Binn/dr are
of the same order, and thus Vp/Vexp ~ T}/T. < L
The centrifugal correction, Vo ~ (wexp/wa)Vexs, is
also negligible compared with the E x B drift velocity,
where wgy g is the angular frequency of F x B rotation
(VExB/r). For the present experimental conditions, the
perpendicular motion of ions is entirely due to the E x B
drift.

§6. Conclusion

It is both experimentally and theoretically shown that
the effect of magnetic field on a directional Langmuir
probe can be completely eliminated, and the flow velocity
directed to an arbitrary angle with respect to magnetic
field can be measured. An in situ calibration method
is proposed to determine the absolute flow velocity, and
successfully demonstrated to measure the perpendicu-
far flow velocity. The applicability limit of the present
method to strongly ion-magneiized cases is experimen-
tally examined, and found to be pi/rp, ~ 1, which is
understood as the onset of flow disturbance induced by
the probe. In the present work, we a priori assumed
subsonic cases (V/C; < 1) although there is no explicit
limit on the magnitude of flow velocity in the theory. It
is very interesting and also important to know whether
or not the proportionality relation between flow velocity
and quantity (I{0+=)—I(8)}/(I{0+7)+I(8)) still holds
in supersonic regimes, which is left for future study.
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