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Design of Sin-Cos-Probe for ETL-TPE-1

Eiichi Yahagi

Electrotechnical Laboratory

1. Magnetic field in a nested toroid

We suppose a toroidal metal shell with the toroidal radius of
Ry and the poroidal radius of b including a conducting toroid with
the poroidal radius of a in it as shown in Fig.l. The magnetic
field between the two surfaces of the inner conductor and the toroi-
dal metal shell must satisfy the boundary condition on the conductor
surfaces, where the normal component of the magnetic field equals
to zero. The magnetic field, of which lines of force compose Apol-
lonius' circles including the two circular boundary surfaces satisfies
the boundary condition. Suppose there is only tcroidal component
of electric current in the conductors, then the magnetic field has
no toroidal component. We consider a Farady tube with infinitishmal
cross section, then the magnetic field intensity along the Farady
tube is in inverse proportion to the area of the cross section. The
area of the cross section is in proportion to {ac—cos (ec+¢)}x(ué—
cos@c), and the circumferential line integral along a magnetic line
of force is to be the toroidal current included in the contour.
That is

{”H(c,ec)cdecﬂz (1),
where Iz is the toroidal current, C is the radius of the magnetic
line of force across the observationlpoint P(r, 0), ec is a clockwise
angle from the direction of the deflection of the inner conductor
to point P and the origin is the center of the circle made of the

magnetic line of force across the point P.



The magnetic field intensity H(C,Gc) is written
H(C,ec)=g(C)W(C,9c) . : (2)
where

1 1
¥(C,0 )=——r X—— (3)
c’ oo cos(@c+¢) oL cosec

g(C) is independent of ec and is determined by performing the integral
of eqg.(l). The integral was solved by means of integration in com-
plex domain. Thus g(C) is expressed as
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in which § is a distance between the poroidal axis of the inner con-
ductor and the magnetic axis, ds is a distance between the poroidal
axis of the metal shell and the magnetic axis, A is a distance bet-
ween the poroidal axes of the metal shell and the inner conductor,

and - denote normalization by b. If we know aé, as and A will be

determined from equations (11) and (12),

- 7
65=aé-Va'—l (11)

S

A=a'-/agé(1-52) (12).

S

Substituting equations from (5-1) to (7-2) for a equation (2), the
magnetic field intensity at a arbitrary point P(r,8) can be expressed
in (r,6) coordinate. Thus r and © components of the field can be

written down:

Hr(r,e)=—H(r,e)sin(ec—e') (13-1)

Hy(r,0)= H(r,6)cos (6 _-0") (13-2),
where

sin(p_-p')=—~l00) (14-1)

/l+g2(e')

1
cos(f _-0')=—os—— (14-2)
€ J1eg2 (61)
£(0")=—"715 (15).

~-~—==— cosf'
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2. Sin-cos-probe for a toroidal machine
A sin-cos-probe consists of three coils each of which is wound
around a identical toroidal spool. Suppose the number of turns per

unit length of the coils is dgr 9. and d.r here

q,=Cos mo : cos-coil
qsmsin me : sin-coil
qr=constant : reference-coil.

The caluclated values of the outputs of these éoils can be obtained
by performing the integral QlﬂHé(e)q(e) de in complex domaine for
each coil, however there are some complexity in the process to de-
termine A and ¢ from the measured signals. This cdmplexity can be
avoided by making some modifications of the windings, and a simple
treatment becomes possible as well as linear case. It is assumed
here that the coils are set near the inner surface of the metal
shell. We suppose here m=1. The modification factor f(f)=1-0cos ,
where O=rc/RS and r. is the mean radius of the toroidal spool of the
coil. Thus the windings of the coils are as follows:

9,9, £(8) cos8,

qs=qof(8) sing,

qr=qrof(e)’
No Nr
where qo=§Ff; ’ qrozi?EZ ’ Nr is total number of turns of the refer-

ence coil and NO is total number of turns of a equivalent Rogowski

coil.

3. Design of the probe for TPE-1
3.1 Geometorical requirements
The dimension and the settling feature of our sin-cos-probe

are shown in Figs 2 and 3. Fig.3 shows a cross-sectional view on



the equatorial surface of the toroidal metal shell. The probe is

to be set in a circular groove with 22 mm in width and 5 mm in

depth on the inner surface of the shell. Other measures are as
follows: Rs=400, b=63, r,=56.5, r,=58.5, rc=57.5 in millimeter and
0=0.14375.

3.2 Electrical requirements

(1) Withstand voltage is to be greater than 30 KV.

(2) It must be got rid of the effect of strong toroidal magnetic
field which may be about thirty times greater than the poroidal
field. From these requirements, each coil winding has a insu-
lated gap about 5 mm width at 6=0 for a sin and reference-coil
and at 6=n1/2 for a cos-coil. Both ends of the coil winding wire
are brought back through the center of the rectangular cross-
section of the spool to the bottom of the coil and led out of
the metal shell to an external circuit through a port provided
at the bottom of the shell.

(3) Cos-coil signal Vc is to be greater than 0.5 mV after integ-
ration under the conditions7of I,=25 Ka, Z=0.05 (A=3.15 mm) and
¢=0. Where Vc:géﬁégg Z 10 volts (M.K.S), in which CR is a time
constant of the intggrator and A=wh. This requirement leads to
N,21.953 CRXqu.

(4) Frequency characteristics wider than from 1KHz to 15 MHz is
desired. The load impedance R of the probe is 100 ohm. From
this requirement inductance of a coil is to be less than 0.159
RL Tmin(:l.luH), in which Tmin is the reciprocal of the maximum

frequency in the frequency band. Inductance of Rogowski coil

2 r -7
with rectangular cross-section is Lr=2No w lnf%xlo =
7 6
2 - - -1
2N, §CX1O . In our case A=6x10 and Lr:2.09N; 10 Henrry.

5
This leads to Nr22.19/f¥10 £230.



(5) The signal is to be observable within a erxor of 1% up to a

time corresponding to the time constant of crowbar, which is

150 usec. This requiremeﬁt leads to CR215 msec and No>293.

These requirement_contend with each other.
4. Determination of the windings

We reduced inevitably the upper 1imit -of frequency band down
to 10 MH and decided N of 272 turns in the first place. However
the final value of N will be decided after measurlng the inductances
of the cos and sin-coil to make all of uniform inductance. The
roughly estimated inductance L, of a cos-coil is that Lc=1.234 L.+
vhere Lr is inductance of a Rééowski—coil with the same total num-
ber of turns as that of a cos-coil. The.;otal number of turns N,
of a cos-coil is NC=% N, - Thus we settiéd on 428 for Nj in expecta-
tion of some reduction of inductance by the effect of reversal of
the winding sense. However it was found after measurement that this
expectation was too optimistic and above rough estimation was rather
near the measured value within 10 per cent. The positions of the
winding wire at the edges of the spool were given in angle ¢ to
determine the winding of each coil aided by a computer.
5. Acknowledgement

The author wishes to thank Prof. A. Miyahara for offering the
valuable informations. Acknowledgement is made to Prof. S. Nagao
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LOW FREQUENCY OSCILLATION IN A HIGH DENSITY PLASMA
Yasushi Nishida
Electronic Engineering, Tohoku University, Sendai, Jdapan
| and |
Kazushige Ishii
Institute of Plasma Physics, Nagoya University, Nagoya, Japan

Introduction

In a qteady state high density plasma with 1 B)xm@
where B8 is the ratio of material pressure to magnetic pres-
sure, and m and M are the electron and ion mass, respectively,
a few investigations have been reported on the Alfvén wave
instability in an arc- —-discharge which have a parallel current
along the magnetic field. When the plasma density becomes
high, the collisions between the charged particles are strong
and the collisional effects must be taken into account.r: Here,
we report the experimental results and its interpretation in a
diffused high density plasma without the parallel current. It
will be shown that the coupled mode of the collisional Alfvén
wave and the collisional drift wavgacan exist.

Experiments

Experiments were performed. on TPD machine of Nagoya Univ.
The helium plasma produced by an arc-discharge of the current
max. 100 A is diffused through the anode orifice, and has a

1411%)g1013 cm“3 in the experimental region with

density 2x10
the background neutral pressure of about 6—v7x10-4 Torr. The
steady state values and the ion-density fluctuations are meas—
ured by the optical probe which is constructed with an optical
guide and a photo-multiplier. The optical signal detected is
only He-II line intensity. The fluctuating signals are analy-

sed by a real tlme auto- and cross-correlation method and a



spectrum analyser. Plasma rotation velosity and the plasma
density are measured by the Doppler shift of He-II line3 and CN-
laser,4 respectively.

Magnetic fluctuations are detected by the magnetic probe
which, unfortunately, cannot be inserted into the plasma column

center as the probe is melted.

Experimental Results

Figure 1 shows the typical examples of the oscillation
spectrum. In the region of the maximum density gradient, there
exists an about 60 kHz oscillation, which is interested here,
while in the column center there exists an about 10 kHz crcilla-
tion. In the same figure, the density profile measured by Hell
line is also shown, where we assumed that the ion density is
proportional to the squre root of the observed relative integ-
rated intensity of Hell 1ine§

The frequency variation on the magnetic field strength 1s
shown in Fig. 2. The frequency changes almost linearly with
the magnetic field strength, while the relative amplitude has
a peak value near at about 1.5 kG, and decreases gradually with
the magnetic field strength. The dispersion relations are
shown in Fig.3, which is obtained by the change of the plasma
column length. This oscillation disappearsat k,20.065. In
this exneriment, it is found that the half wave length can be

determined by the length between anode and target.

Discussion

Interpretation of this instability is tried as the coupled
mode of collisional Alfvén instability and the collisional drift
mode. By starting with the ion and electron fluids equations
with ion viscosity across, and electron collision along the
magnetic field, we finally obtained the next dispersion relation.

2b 3 . . rr+2b 2 l
@ (b)Y [”’* cl=" t;)t..(v,q‘kn‘b)

wJ 2 | +2b 2 {
- |l w [
* to W'’ ] —[( Tu MY )+ Ttn Lela'kn’b)

- 10 -



. I /
- (o {br B} @

! ! 2¢
* (_'C—u-—%—[_)w*‘ tale T 0, (1)

Here, we assumed E = -9 - (1/c)aA/at'2, and B« 1, where b:J;ZX
k:%/2, 1/tu= kTk,2/m Voir 1/ta= b20 /4, V, the Alfvén veloeity
and W, is the drift angular frequency caused by density gradi-
ent. Other notations are étandard.

Examples of numerical values are shown in Fig.3, which are
obtained by the use of experimental values. Examples of more
wide variations of numeriecal values are shown in Fig. 4. We can
see in Fig.4 that the collisional mode is different from the
collisionless mode obtained earier?

In Fig. 3, the ion rotaion around the atxisvb is not correct-
ed. If it is done, thé@xperimental values will be changed a
little. The observed mode is rather collisional drift wave
branch than the collisional Alfvén wave as seen in Fig, 3. The
precise investigation is now undertaken.

Authors are gratefull to Mr. A. Ogata for his measurement
of cross- and auto-correlation.
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Distribution Measurement in k-Space of Ion

Acoustic Wave by Microwave Scattering

Atsushi Mase, Takumi Yamamoto

and Takashige Tsukishima

Faculty of Engineering, Nagoya University, Nagoya

The importance of using incoherent scattering of electro-
magnetic waves from plasmas as a diagnostic tool has been widely
recognized. Microwave scattering from a variety of laboratry
plasmas have been observed.

We report here on the experimental results of microwave
scattering from ion acoustic wave excited externally in a mercury
positive column, with emphasis on the measurement of the intensity
distribution of the ion acoustic wave in the wave vector (k) space.

A schematic of the experimental setup is shown in Fig. 1.

The plasma is produced in a glass tube with 5 cm i.d. and 40 cnm
long. The ion acoustic wave is excited via the asterisk grid, to
which an AC signal of frequency a)lfrom an oscillator is applied.
The grid is located 16 cm distant from the cathode. A microwave
of the frequency 603/27E= 35 GHz is launched through the trans-
mitter horn and focused on the discharge tube, using a dielectric
lens. The transverse width of the incident beam is about 2 cm on
the tube axis, while the intensity is nearly constant aloné the

beam direction over the tube diameter. The electric field vector



IE 5

is perpendicular to the tube axis. Both the discharge tube

and the receiver horn are made rotatable around an axis paralell

to
in
by

to

Ei, located at the center of the tube. The plasma column is
the far field of the horns. The scattered signal picked up
the receiver horn is detected by a homodyne system. In order

obtain a good signal to noise ratio at the receiver output, a

frequency based correlatorz) with 3 kHz i.f. band width is used.

For the present experimental condition, w;>Ww the scat-

tered waves with frequencies (,()S= a)i+a) and (,();= a)i'-a) , the

incident wave and the local oscillator wave enter into the cry-

stal detector together. Their electric field amplitudes are

described as ES, E;, Ei and E, respectively. Then the outputs

of

1

the two crystals in Fig.l are given by,

ey = A [ Eg cos (gt vt E; cos((,()s’t +<f; )
2

+

E; cos(w;t +@ ) + E; cos(w;t +?i ) ]
, -(1)
eg = B [ E, cos(wgt rP )+ E; cos(wet + P )

Ey cos(W;t P ) E‘i cos(w;t +¢; ) ]2 ,

when the square characteristic is assumed for the crystals.

In

eq. (1), A and B are the conversion gain factor of the

crystals, and 305, {,0;, {fl and g’i are the phase components

of

the each electric field. The i.f. outputs of frequency w

are given by,

- 14 -
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’ , _ ’ _ ¢’
A= AL EE] cos(wt * P $1) + EJE; cos(wt +P-P)

+ EsEi cos(wt +3°S— 501) + ES’Ei cos(Wwt +9>i— ffs’) ]

0]
[

g = B'[ E_E{ cos(wt rP - P+ E;E; cos(wt + P1- P

- EsEi cos(wt +505- goi) - ES’Ei cos(Wt +5Pi—5p;) ]

where A’ and B’ are the constants. When the condition El>:>Ei

1s satisfied, we obtain the following correlator output Pr’

_ __A_’_B_’Z C a2 »2 ’ e
Pr - ]eAx:eB’ T2 El ( Es ¥ Es ¥ 2EsEs cos ¢ ) (3)

where upper bar denotes the time average, and ¢>= g@ + gg
- 2501. The value of ¢ can be controlled by a phase shifter
inserted next to the receiver horn. Note that Pr becomes
independent of ¢ when only either of the two satellites are
to be received. The corresponding matching conditions for
the wave vectors are given by Ks= Ki+ k and K;= Ki- k
respectively, where Ks= a%/c and K;= ag’/c, Cc is the light
velocity. When KingzK;, the matching conditions can be
expressed as k = ZKisin( 05/2), where 95 is the scattering
angle, i.e., cos 95= KK /KK

Figure 2 shows the observed Pr versus 95, for the normal
incidence to the tube axis. The vertical bars indicate the
variations of P. when <¢ is varied from 0 to 27 rad. at each

95. The similar measurements were repeated for varying @

- 15 -~



from 20 kHz to 60 kHz. The k values calculated from the 95
corresponding to the peaks satisfy the dispersion relation,

w = kCS, where C_ is found to be independent of the wave
amplitude, and has a value of the ion acoustic velocity, thus
the effect of the ballistic mode may be small. The broadening
of the each peaks in Fig.2 1s identified as due to the finite
beam width. Refering to Eq.(3), it may be then concluded'that
the peaks for 95>0 and es<0 are due to E_ and E; respecti-
vely, and that they are scattered by the ion waves propagating
at the angle 95/2 with respect to the tube axis.

Then, to see the intensity distribution of the ion acoustic
wave as a function of the zenithal angle X as measured from the
tube axis, the discharge tube 1is rotated while the receiver horn
is located at the fixed 85 giving the peak Pr for the normal
incidence. The results are shown in Fig.3 (a), (b)y. It 1is
seen that the wave intensity shows the maximum at o = 0, as 1is
expected. The observed angular spread for f = 30 kHz is wider
than that for f = 40 kHz, and both exceed the instrumental
broadening.

In Fig.4 is plotted the scattered power by the wave with

X = 0 as a function of the jlluminating position as measured
from the exciting grid toward the anode. It is seen that the
wave attenuates as it propagates toward the anode. The atte-
nuation is heavy and exponential for f = 30 kHz. With inc-

reasing frequency the attenuation constant decreases. For

- 16 -



f 2 50 kHz an amplitude oscillation-like phenomenon is observed
instead of the simple exponential attenuation. This might be
due to some nonliﬁear effects. It is interesting to note that
the heavier attenuation is accompanied with the wider aﬁgular
spread in k-space.

This work is supported in part by the collaborating research
program at Institute of Plasma Physics, Nagoya University, and
also by the Grant-in-Aid for Scientific Researches of the Ministry

of Education.
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Fig.1l.
Fig.2.

Fig.3.

Fig.4.

Figure Captions

Schematic diagram of the experimental setup.
Received power Versus scattering angle.

Intensity of ion acoustic wave Vversus zenithal angle

ol from the tube axis. (a) £ = 30 kHz, (b) f = 40 kHz
The incident beam illuminates the region 3.5 cm distant
from the exciting grid. The directional vector with

ok =0 points to the anode.

Scatterd pﬁwers by the wave with of =0 Veréus the
illuminating position as measured from the exciting

grid toward the anode.
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Review of Particle Diagnostics
N. Inoue
Department of Nuclear Engineering,

Fadulty of Engineering, University of Tokyo

A variety of corpuscular measurements have been developed
1)=3)

for the diagnostics of hot plasmas. The particle measurements

can be divided into two categories: mass and energy analysis of

particles emitted from plasmas and methods of beam probing, 1In
the latter case one injects particle beams into the plasma and
observe the interaction between the beam particles and the plasma
particles, In this review we treat the particle measurements

which are applicable to the closed magnetic confinement system.

A) Measurement of particles emitted from the plasma
1. neutral particle

Fast neutral particles produced by the charge exchange
reactions between the plasma ions and the residual gas come out
of the system across the confining field, Mass and energy
analysis of such neutrals offer the informations about the
energy distribution (in the most cases, about the temperature)
and the ion species of the plasma. The particle loss rate by
charge-exchange is estimated from the absolute intensity of the
emitted neutrals. Figure 1 shows the apparatus ofameasurement
which has been applied to a toroidal pinch devices. For the
Maxwellian plasma the detector current resulting from the ions
Wwith the energy of from W to W+aW is given by

8I(W) = AG{(W)Og (W)W”* exp(-W/kT;), (1)

where A 1is constant, O;(W) is the ionization cross section of
neutrals in the stripping cell, O W) 1s the charge exchange
cross section in the plasma, and.«ﬁjzis the ion temperature.

-23-



The ion temperature is deduced from the inclination of plot of
Log (4T N0z e W) } vs W.
2. charged particles

Since tﬁe trajectories of charged particles emanating from
the plasma across the confining field is much complicated, 1t 1is
usually different to relate the experimental results to the plasma
parameters. The measurement may be fruitful 1if the observed
results are interpretable by the recently developed diffusion
theory of toroidal plasmg. In that case»it is necessary to
analyze and detect the charged particles at the plasma surface.
Several types of the analyzer and the detectors have been develop-
ed for such applicationgz-g)

3., nuclear reactlion products

Nuclear reaction rate in a hot plasma is given by

R = n,nzﬂ(ﬁ)f(z}:)/v_},~27’1/0“(/?}:”17:/)0(771”‘51. (2)
For the Maxwellian deuterium plasma, this comes to}o)
ok 16 34 1 976 (3)
Ry, = 52 260x/0 " (#7;) enp [ 7[7—7/3]

where R, n, and 47; are in units of m'js'l, m'3, and keV,
respectively. We can estimate the ion temperature from the
observed total neutron yield,if the plasma density is known.,
It should be noticed that the reaction rate 1is much sensitive
to the high energy part of the energy distribution and the
deviation of the distribution from the Maxwellian leads to a
large error. When the neutron production is not due to the
thermonuclear origin but due to anomalously accelerated 1lons,

the emission of neutron occurs anisotropilcally.

B) Beam probe
1, neutral particle beam

When the neutral particle beam traverses across the plasma,

- 24~



it is predominantly attenuated by charge exchange reactions
and electron-impact ionizations. Beamn intensity after trans-
mission of the plasma with the thickness of L and the density

7 1is given by

<b?:77 )} , (4)

where I, is the initial intensity of the beam, Vg 1s beam

I = Io exp {-nL (0zx +

velocity, Ox 1s the charge exchange cross section and <6 V>
1s the product of the electron impact ionization cross section
and the relative velocity between the beam and the plasma
electrons averaged over the electron velocity distribution.
By selecting the beam species and energy, one can measure the
several kinds of plasma parameters and cover wide ranéé{-%%gure 2
shows a beam probe system‘used for the measurement of ion density,
2. heavy-ion beam-probe

Heavy-ion beam-probe technic has been developed for the
measurement of ST TOKAMAK plasm;?) The apparatus of the measure-
ment system 1s shown in Fig.3. Singly ionized thalium beam is
injected into the plasma region where they are ionized by electron
impact ionization. The intensity and the energy of doubly ionized
lons gives the electron density and the plasma space potential,
respectively., The toroidal current distribution can also be
obtained by measuring the deviation of the thalium beam from its
original path. The measurement of current distributions by a
high energy alpha particle beam is now under investigation in
JFT=-2 TOKAMAK.6

3. electron beam probe

Electron beam has been used for the measurement of space

potential and the trace of magnetic field. For the latter usé7)

a pulsed electron beam is injected along the magnetic lines of

force by an electron gun with 2 mm outer diameter, and detected



with a small sized probe (0.5 mm in diameter). The magnetic

surface and the rotational transform angle of a stellarator

field is directly obtained by this method.
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FIG.1. Diagram of apparatus for investigating neutral particles emitted
from the plasma of the C.C, T. device.
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Calibration of Electron Bombardment Detector

for Fast Neutral Particles

Hajime ISHIMARU and Kohtaro SATOH

Department of Physics, Faculty of Science,

University of Tokyo, Tokyo,

Abstract
An electron bombardment detector for fast neutral

particles has been accomplished and calibrated for time-
of-flight energy analyzer of plasma diagnostics. The ion
output is proportional to the incident number of neutral
particles at the range of 107 v 1010 particles/sec. Over-
all detection efficiency of the system for thermal hydro-
6

gen is n ~ 0.5. Response time of the detector is 5 x 10~

sec.,



SPECTRAL LINE PROFILFE AND ITS APPLICATION
TO PLASMA DIACGCNOSTICS
Toshiatsu Oda

Department of Physics, Hiroshima University, Hiroshima

The profile of a spectral line from plasma leads us to
know the important properties of the plasma. In the most
laboratory plasma, Doppler and Stark effect are the dominant
broadening mechanisms of the spectral line.

In this short article, emphasis is put on some examples
of the recent results of the research for the shape of the
spectral line due to Doppler and / or Stark effect. The
latest review of the spectral line profile is given by

1)

Mori who also discusses many topics in the plasma spectro-

scopy.

DOPPLER EFFECT

Doppler broadening directly comes from the motion of
the radiating atoms (ions) in plasma, so that the ion
temperature or the velocity distribution of the ion may be
obtained by measuring the line profile although other
broadening mechanisms, e.g. Stark broadening, should be taken
into account. This method, however, is not applicable to a
sufficiently high temperature plasma because it almostly
consists of bare nuclei and electrons. Even in this case,
the Doppler broadening measurement is still possible if

one put small amount of the neutral atoms into the plasma



and make a hot ion exchange its charge with the injected
atom in the plasma. An example of such measurement is shown
in Fig.l.

There is one more problem for the Doppler broadening
measurement, that is, additional Doppler effect due to the
plasma mass motions which generally exist in plasmas. For
an extensive discussion of this problem, the reader is
refered to a recent review article by Kaufman3). Here we
only present a result of the Doppler broadening measurement

4),5) which

for the plasma of turbulent heating experiment
was carried out on the BSG II device under the collaborating
research program at the Institute of Plasma Physics, Nagoya
University. In Fig.2 is shown the typical development and
decay of the profile of the helium ion line (He II 4686 R)
during the heating processS). It appears that the line
profile at the early stage of the heating process is fairly
well shaped like the Gaussian, but it becomes complicated
shape (consists of more than two components) with develop-
ment of the process. This may suggest that mass motions

6

exist locally in the plasma (v v~ 10" cm/s).

STARK EFFECT

Stark broadening of the spectral line from plasma is
usually dominated by the charged particle-produced field and
also by the oscillating field originating from various waves
in plasmas. The latter field in the turbulent plasmas has

been recently investigated along the line of Stark effect



and it has been shown that this method leads one to powerfull
information for the transport phenomena and heating in the
turbulent plasmas.

As is well known, Stark-broadened spectral lines by the
charged particle field\have been widely used as a convienent
contactless probe for the plasma density. Balmer series lines

of hydrogen6), helium lines7) 8)

» and ionized helium lines
have been investigated in detail and so these lines are very
convienent for the density measurement.

High frequency strong electric fields influence the
radiating lines for producing the satellite lines through
more than one quantum process. It was on He T lines that

9)

the first experiment of the satellite lines was performed.

For not so strong field of high frequency, the second order

perturbation theorylo)

for a two gquantum process is valid
(see Fig.3). 1In this case, the ratio of the intensity of
the satellite line to that of the allowed line gives one the
oscillating field strength and the separation of the satel-
lite from the forebidden line the frequency, w, of the

field. For strong field where the perturbation is not valid,

it has been pointed outll)

that pattern of the satellite
becomes very complicated as shown in Fig.4. Simillar satel-
lites have been found on the Balmer lines of hydrogenlz).
The low frequency fields due to ion-acoustic turbulence
also make a spectral line broad and shiftedl3). For hydro-

gen lines, the average intensity of the field is approximately

given by



81 cAX
2

2,172 1/2 5

12
3(n” - n )eao)\O

where Akl/z is the measured half width, AO the wavelength of
the line center, a, the Bohr's radius, and n and n' are the
quantum number of upper and lower levels, respectively.

The above described diagnostic methods have a disad-
vantage that light is collected only along the line of sight
through the plasma, i.e. spatial resolution of the measure-
ments are not well available. Recently, it has been shown
that the light scattering techniques by using tunable dye
laser can be applied to this problem which make the local

4)

. l
measurement possible .
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FIGURE CAPTIONS

Fig. 1. Spectral line profiles of H  and D, lines from the

Fig.

Fig.

Fig.

2.

3.

4.

deutérium plasma in Tokamak T - 32) where cold hy-
drogen gas is injected into the plasma about 10

msec. after the discharge.

[}
‘Temporal variation of He II 4686 A line profile.

The initial plasma temperature and density are T ~
2 eVandnn~ 5 x 1053 cm”3, respectively.

Partial energy level diagram and the spectrum in
the vicinity of the allowed line (A). Transition
from level j to k is allowed, but one from i to k
is forbidden. Levels v, and v_ indicate virtual
levels. S and F indicate satellite lines and for-
bidden line, respectively.

Calculated Stark profiles of He I 4922 5 line for
the case of a linearly polarized electric field.
Each profile is the result of folding the theoret-
ical line profile with an instrument function of

FWHM of 0.2 A. A double arrow in the figure shows

a single decade in logarithmical scale.
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An Attempt to Determine Electron Temperature by the

Measurement of Lymah Step of Helium Ion Continuum
S. Ohsumi and T. Ishimura
Faculty of Engineering, Osaka University, Osaka

In order to determine the electron temperature of high tem-
perature plasmas, various methods are proposed and some of them
are developed and put into practical use. In this paper, an
experimental study to examine a method to determine the electron
temperature is reported.

The principle of this method is summarized as fo}lows.

High temperature plasmas emit continuous spectrum which consists
of free-free radiation ( bremsstrahlung radiation ) and free-
bound radiation ( recombination radiation ). The spectral emis-
sivity of the free-free radiation is a smooth function of wave-
length X, however, that of the free-bound one shows the discon-
tinuous decrease at the wavelength Ap of the n-th series limit.
Therefore, the resultant spectral emissivity which is observed
by experiment also shows the discontinuous decrease at the wave-
length Ap. The ratio Rp of the emissivity of the shorter wave-
length side to that of the longer one is the known function of
Te/Z2, where Te is the electron temperature and Z is the atomic
number of the 1ion. So, the electron temperature is determined
by the measurement of the spectral emissivity of the both sides
of the series limit,

Although the principle described above is well known, the

actual application to the high temperature plasmas is not yet



done because of the technical difficulties. As is seen from
Fig. 11), we are obliged to measure the ratio Ry at Lyman series
limit ( n = 1 ) in order to determine the electron temperature
of the high teﬁperature plasmas. The wavelength of Lyman series
limit is 912 A for hydrogen and 228 A for ionized helium so that
the spectroscopic measurement in the vacuum ultraviolet region
is necessary.

In this experiment, a grazing incidence monochromator cquip-
ped with a concave grating of 1 m radius of curvature is used
to measure the intensity of continuum of the both sides of Lvman
series limit of ionized helium. In front of the incident <1it
of the monochromator, an aluminum foil of 0.1 M thick is set to
filter the light of which wavelength is shorter than about 150 A
so that the spectrum of higher order reflection does not overlap
that of the first order one. This foil is alsc useful to re-
duce the noise originating in the stray light and to protect the
grating and the detector against contamination by particles re-

leased from the plasma machine. 0f course, a trap for the zero

order reflection and baffles are equipped so as to eliminate the
stray light, The detector is an open-window type photomultip-
lier with tungsten photocathode. Calibration of the relative

spectral sensitivity of the whole measuring system is made by

the branching ratio method?) where a hollow cathode discharge
tube is used as the light source. The results are shown in
Fig. 2.

As the preliminary experiment, a helium plasma produced by
a@ theta pinch gun is chosen as the subject of the spectroscopic
measurement. The typical oscilloscope traces are reproduced
in Fig. 3. From the ratio of the peak intensities, the electron

temperature of the plasma is estimated to be (23 +5) eV in
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this case.

Further, an theta pinéh machine is constructed for the pur-

pose to pursue this plan. The quartz discharge tube is 144 mm
inner diameter and 500 mm long. The coil is 200 mm inner dia-
meter and 310 mm long. The coil is excited by the discharge

current of a condenser bank of 8 uF of which maximum charging
voltage is 50 kV. The discharge current is crowbarred at the
time of the current maximum. Besides, a preionization bank and
a preheating bank are also provided.

Experiments are now going on and a few of the results are
reported in this paper; In Fig. 4, the typical time sequences
of the intensity of continuum of the both sides of Lyman series
1imit are shown in the case where the charging voltage of the
main bank is 35 kV and the pressure of the helium gas is 50 mtorr.
Observation is done through a port installed on the side of the
discharge tube. The time origin is chosen to be the time of
fire of the main bank. These figures are obtained by taking
averages over the several oscilloscope traces so as to eliminate
shot-to-shot fluctuations. In this case, the pinch time is about
1 pus, the diameter of the pinched plasma is about 5 cm and the

time of the current maximum is 2 Bs after the fire of the main

bank, The time-resolved electron temperature is obtained from
the ratio of the continuum intensity of the shorter wavelengthv
side to that of the longer one and it is shown in Fig. 5.
Conclusively, it is proved experimentally that the time-
resolved electron temperature is determined by the measurement

of the continuum intensity of the both sides of Lyman series limit

of ionized helium. In addition, it is shown that the theta pinch
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machine is a useful light source for continuous spectrum in the

vacuum ultraviolet region.
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Figure Captions

Fig. 1. Ratio R, as the function of Te/ZZ.

Fig. 2. Relative spectral sensitivity of the measuring sys-
tem.

Fig. 3. Typical oscilloscope traces of continuum intensity

[o]
from the helium plasma produced by the theta pinch gun, a) at 225 A
( shorter wavelength side ), and b) at 2590 K ( longer wavelength

side ).

Fig. 4. Typical time sequences ( averages over several oscil-
loscope traces ) of the continuum intensity from the helium plasma

[o]
produced by the theta pinch machine, a) at 225 A ( shorter wave-

o
length side ), and b) at 239 A ( longer wavelength side ).

Fig. 5. Temporal variation of the electron temperature of

the plasma produced by the theta pinch machine.
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Measurement of the Absolute Intensity of Radiation in
the Soft X-Ray and Extreme Ultraviolet Region
Lx * %
H. Sugawara, T. Sasaki and T. Oda

Institute of Plasma Physics, Nagoya University, Nagoya

Establishing effective techniques for determination of
the absolute intensity of radiation in the soft X-ray and
extreme ultraviolet region of the spectrum (XUV) is required
for plasma diagnostics, space research by means of rocket-
or satellite-borne instruments, as well as solid state
physics. The problem consists of two parts, one of which
is to obtain the standard source of radiation and/or the
standard detector, while the other is to establish the
secondary standard which can bé used conveniently in the
practical application. Characteristics of various mono-
chromators, gratings, detectors, and light sources will be

in turn determined by using the secondary standard.

* Guest staff, present address: College of General Educa-
tion, University of Tokyo, Komaba, Tokyo.
** Guest staff, present address: Department of Physics,

Hiroshima Univeristy, Hiroshima.



The use of ionization chambers with rare gases has
been proved appropriate as a primary standard detector in
the region from 12 to 40 ev%) On the other hand the use
of the synchrotron radiation as a standard source in XUV
has been proposed?)

A heterochromatic calibration technique§) in which the
both are combined, is described in this report. Then, a
new method of the measurement of absolute intensity in XUV

by means of energy analysis of photoelectrons is proposed.

Fig.l shows the schematic drawing of the experimental
arrangement for the heterochromatic calibration. The
synchrotron radiation emitted by a 1.3 GeV electron syncro-
tron of the Institute for Nuclear Study, Tokyo, is intro-
duced to the 0.5 m Seya type monochromator followed by a
double ionization chamber. The end of the chamber may be
terminated by a detector B or other devices which are to be
calibrated. A part of the beam is interrupted by a mirror
M in front of the entrance slit and led to a detector A
which is not necessarily sensitive to XUV but may be of
any conventional type, for instance, an ordinary photomulti-
plier for the use in visible or ultraviolet region of the
spectrum. Two ion currents il and iz of the ionization
chamber are measured for determination of the photon flux

IO coming out of the monochromator by the following equation

I () = - o (1)



where ¢ is the electronic charge, Yy is the efficiency of
photoionization, i.e., the number of emitted electrons per
absorbed photon, Ll’ L2, and d are the geometrical constants
of the apparatus, and u is the absorption coefficient of

the gas measured at a pressure P, and is given by the fol-
lowing equation

Zn(il/iz)

WOy = 22 (2)
Ly =14

If the rare gases are used, it is possible to select the

1)

region where Yy equals unity~ The signalvia from the
monitoring detector A is recorded simultaneously with ion
currents so that the effect of intensity fluctuation of
the source is eliminated.

The more important advantage of this scheme is that
the detector current ia is heterochromatically "calibrated"
at each A by the simultaneous determination of IO(A). As
time dependence of ia is the same as that of Io’ the fluc-
tuation of the intensity is effectively cancelled out.
Whereas the detector A accepts entirely different spectral
range from the ion chamber and ia is independent of the
wavelength A in which the photon flux is being measured,
it keeps the memory of IO(X) after the calibration. It is
only possible for the light source like the synchrotron
radiation in which the spectral distribution is fixed and
independent of the intensity as far as the maximum energy

of electrons and the mode of operation remain unchanged.

Some examples of application are shown in Fig.2, 3 and
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4. Figure 2 shows the spectrum of the absolute intensity
of the radiation obtained through a system of an aluminum
coated concave prereflector at 75° incidence and a 50 cm
Seya-type monochromator equipped with a gold coated Bausch
and Lomb grating of 1200 lines per mm?) The operational
energy of the synchrotron is 700 MeV. The ordinate is the
ratio of the absolute intensity to the simultaneous signal
of the secondary standard. Rare gases used in the ioniza-
tion chamber were He in the wavelength region 300 to 504 A
Ar 300 to 786 A (dotted curve up to 450 A), and Xe 500 to
1000 A (dotted curve up to 700 A). The deviation of the
dotted curve from the full curve shows the existence of
secondary process, namely the ionization of neutral atoms
due to energetic photoelectrons in the ionization chamber.
The application of the ionization chamber to higher photon
energy region is limited by the existence of the secondary
process. Figure 3 shows the spectral efficiency of the
system of the prereflector and the monochromator?) Since
determination of the number of electrons circulating in the
synchrotron orbit was made only approximately, the values
indicated are not claimed very exact. Figure 4 shows the
relative spectral sensitivities of two EMI open photomulti-
pliers 9603-1 with AgMg dynodes and 9603-2 with BeCu dynodess)
There are some problems in this techniques to be men-
tioned. Since the synchrotron radiation is the perfect
continuum without any overlapped line spectra, the higher
order diffraction of the grating and the stray light should

be treated more carefully than usual. Determination of
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IO(A) with more than two .kinds of gases of different ioniza-
tion potentials in a same region of wavelength is often
helpful in estimating these spurious components. In the
present measurements the results above 30 eV are less

reliable than the other part.

A new methods) for the measurement of absolute intensity
in XUV by means of energy analysis of photoelectrons emitted
from rare gas atoms is proposed, which is also applicable
to higher photon energy region. If a gas is irradiated by
monochromatic radiation (photon energy hw), there will
result many groups of photoelectrons. The energy e  of

\Y
the photoelectrons of each group is given by

e =%hw - E_ - Ev ’ (3)

where EI is the ionization potential of the atom and Ev is
the excitation potential of the level v of the ion with
respect to the ground state. The energy level scheme of
helium ion is the simplest of all the rare gases as it is
hydrogen-like and consequently it is most suitable for the
present purpose, and its lowest value E2 is 40.8 eV.

Any type of electron energy analyzer may be used for
the present purpose, but two factors should be considered
in order to obtain the better results. Firstly the effi-
ciency of the analyzer in collecting electrons should be

easily determined or evaluated. Secondly, it should be

so designed as to collect as many electrons as possible,



because the overall sensitivity of the detector will be low.

Figure 5 shows the block diagram of the experimental
arrangement. The apparatus consists of two parts; an elec-
tron energy analyzer of spherical retarding field type and
a system of the detection of the photoelectron signal.
Monochromatic radiation of photon energy hw and intensity
IO is introduced to the interacting region of length £,
including the center of the four concentric grids. The
analyzer is filled with target gas at a density N cm_3.

Part of the photoelectrons produced within the iﬁteracting
region will be analyzed by the retarding potential between
the first and second grids, and then accelerated and focused
on a channel electron multiplier. The signals from the
channel electron multiplier are amplified, discriminated,
counted an@ recorded in number. The retarding potential

fed to the analyzer is controlled by a flag signal from the
digital recorder.

More of the photoelectrons will be lost through col-
lisions with the gas mainly in the analyzing region, and
this loss should be approximatély N Og 2 where g is the
total cross section of scattering for electrons and » is
the radius of the analyzing sphere. It will be negligibly
small at pressufes as low as 10"4 torr. The differential
count n(sl, w) of collected electrons for evy = €1 against
the monochromatic radiation of photon energy which satisfies

eq.(3) should be thus

n(el, w) = Io(w)NGl(w) 2 n(l - w Og r) (4)
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where ol(w) is the photoionization cross section for the
ground state ion, and n is the efficiency of collecting
photoelectrons which is dependent upon the overall trans-
parency of grids, the angular aperture of the analyzer, the
angular distribution of photoelectrons, and the polariza-
tion of incident radiation. This quantity is determined
by calibration with an ioni;ation chamber at an appropriate
wavelength. |

A tentative evaluation of this value at hw = 66.6 eV

7)

for helium where data is available gives a typical count

of order of 102 s™1 for 10°

incident photons per sec. The
preliminary experiment, which was made under the similar

condition, showed n(c w) v 160 counts/sec. It should be

ll
noted that the wavelength of radiation being detected is
simultaneously determined in this method by the energy

analysis of photoelectrons and therefore one may omit the

monochromator from the system.
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Figure Captions

Fig.l.

Fig.2.

Fig.3.

Fig.4.

Fig.5.

Schematic drawing of the experimental arrangement

for the heterochromatic calibration.

Spectral absolute intensity of the radiation coming
from the monochromator. The dotted curves show the
existence of secondary process in the ionization
chamber.

Spectral efficiency of a system of an aluminum-coated
concave prereflector at 75° incidence and a gold-
coated Bausch & Lomb grating (radius: 0.5 m, rulings:
1200 lines/mm, blaze: 700 R).

Spectral sensitivities of two EMI-multipliers. A:
9603-1, with AgMg dynodes and cathode. B: 9603-2,
with BeCu dynodes and cathode.

Block diagram of the experimental arrangement for
measuring the absolute intensity of XUV radiation

by photoelectron spectroscopy.
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Laser light scattering from

a turbulently heated plasma

K. Kondo

Institute of Plasma Physics, Nagoya University

Nagoya, Japan

Turbulent heating of a plasma is one of the most effec-
tive method for heating a plasma. There have been many ex-
periments and theories about turbulent heating. Though we
have been accumulated many expe;imental results understanding
the heating mechanism using diamagnetic effect and X-ray
radiation etc., spatially inhomogenity and rapid temporal
variation of the plasma parameters lead one in confusion to
identify instabilities which result plasma heating. For
such a non-ideal plasma, laser scattering is a promising
diagnostic technique to obtain the informations about the
electron velocity distribution with high spatial and temporal

resolution.



Usually giant pulse Rb-laser (6943 Z) is used for light
scattering. We can determine the electron velocity distri-
bution from the spectrum of scattered light broadening by
the Doppler effect, on condition that scattering parameter
o = A/(4nADsin6/2) is less than 1; A=6943£; XD: electron
Debye length; 0: scattering angle. 1In contrast with this,
when o is larger than 1 (forward scattering), large scale
density fluctuation reveals in the spectrum. Though it is
very interested in obtaining the spectrum of small angle
scattering from a turbulent plasma, to perform such a mea-
surement for a low density and high temperature plasma is
actually very difficult.

We limit ourselves to only 90° light scattering i.e.

a<<l. Relation of the intensities between incident laser

beam, IO’ and scattered, I(AO), is expressed as follows:
A
)r*;’

TO)=a LM Va7 dr | SO GA-Ab)adn
Yo- 2

a; loss due to the optical system
n_; electron density
V; scattering volume
Thomson cross section
df; solid angle gathering the scattered light
S()A); spectrum of scattered light
g(X—XO); slit function centered at wave length )

0
AX; slit width measured in wave-length
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If both S(A) and g(A—AO) are Gaussian, I(XO) is also Gaussian,
and there is a relation among every half width as follows;
2 .2 2

A = A + A ,
I0h,) S (1) g (A=2,)

and the electron temperature Te is determined from the formula,
o
AS(A)(A) = 32.3/Te(ev) .

The elec£ron density is proportional to the integration
of S()A) with total wave length. There are two methods to
obtain the electron density, the first is to count absolute
photon number scattered from plasma electrons, the other to
calibrate the whole optical system by means of Rayleigh

scattering from a neutral gas. Usually nitrogen is used

for Rayleigh scattering, and scattered intensity I(AO)Nzis,
)\o*%)\
Ty =al My 7o da) S, (1)40-1)d A
X-2
2

Using above formula and one for plasma electrons, we obtain

/Y\Q - le I()\o) O—R ggu ()\)8()\-)0)61)\
Ty 0 SO0 §00-20) A

ng is given by reading the N,-pressure, and we use the
2

experimental value for I(AO) and I(XO)N .
2
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We can check the lower limit of the electron density to
be measured by laser light scattering by means of Rayleigh
calibration. In actual optical system, it is inevitable to
remove stray light, mainly due to wall reflection, and this
stray light gives the lowest electron density to be measured.

Fig.l. shows one case of the relation between the stray
light and Rayleigh scattered light. 0.3 Torr Nz—pressure
is a critical value below which Rayleigh scattered light is
masked by the stray light. Considering the ratio of the
cross section‘oR/oT, this value corresponds to 3Xi013 cm_3
electron density. However the electron temperature is high
enough, we can measure lower density plasma than the above
value though we can not know the spectrum near 6943 X, be-
cause Doppler broadening due to the themal electron is larger
than the stray light. The latter is determined by the slit
width of the detector.

If I(AO) is not Gaussian, we can only discuss about
the electron velocity distribution averaged over the slit
width.

Fig.2. is 5ne of the examples of the spectrum before
and during the turbulently-heating process. Measurements
are done at the 2 cm off from the axis of the plasma column,
where the heating current flows and seems to excite some
instabilities at 1 usec after the initiation of the turbulent
heating.

We have difinite difference in the spectrum profile

between the initial and the heated plasma. The velocity
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distribution of the initial plasma is Maxwellian, but for
the heated one we can not say to be Maxwellian.
Now we have been continued to investigate what mecha-

nisms change the electron velocity distribution.



Figure Captions
Fig.1. Rayleigh calibration of the optical system.

Fig.2. Spectrum profiles of the scattered light from the

initial and heated plasma.
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Relativistic Corrections to the Spectrum of Scattered

Light from a High Temperature Plasma

Kiyoshi Hayase and Takayoshi Okuda
Department of Electronics, Faculty of Engineering,

Nagoya University

The laser scattering i1s one of powerful diagnostic
techniques in high temperature plasmas. It provides local
values of electron temperature and density and even

1)

turbuience without perturbing the plasma. The theory of
light scattering used in the experiment was developed for
the cold electrons. There was no consideration for the
relativistic behaviors of electrons. The electron
temperature of plasmas for which the laser scattering has
been applied ever since, typically in a theta-pinch and

Tokamak, 1is as high as a few keV.g)

It seems to require
‘the relativistic corrections to the conventional theory.
The relativistic effect was observed in a high energy
electron beam and the comparison with the theoretical

3)

prediction was made. The relativistic correction for a
thermal plasma can be calculated taking into account a
relativistic Maxwellian distribution of electron velocity.
It is expected that the tail of Gaussian profile of the
spectrum of the scattered light is modified. This
modification of profile must be considered when we estimate
the electron temperature from the spectral broadening of the

scattered light. We will consider the modification of the

scattering crossection in a high energy region and its



effect on the temperature estimation.

The electromagretic wave scattered by a single electron
S
ES( R,t) which is irradiated by an incideht plane electro-

- 9 .
magnetilc wave Ei(q) 18 expressed as

. > > o T > > 5 >
R Q%_ e’ l Bjy x{(s-ﬁ) infﬁx(lef -B(B-Eﬁ}
2 R(1-3-5) |
>
X cos{kSR— t—i-r(Q» 1
' i

where 8 is the unit vector directing the observing roint,
3 the unit vector along the propagation of incident wave,
ks andzbs the wave vector and angular frequency of the
scattered wave, respectively,'g the velocity of electron
normalized by ¢ and others as usual.

When the incident wave polarized in the =z direction
propagates in the x direction and the scattered wave is
observed in the y direction in a Cartesian coordinate system,
the power of the scattered wave is calculated easily for the
unidirectional monochromatic electron beam. The scattering

crossection for the electron with velocity vy in the x

direction Ty is calculated to be

A ];\

= (1-RY)(1-8,)

where ° 1s the scattering crossection for the nonrelati-
vistic electron. Similarly, the scattering crossections

are calculated for the beams with vy and vZ

AN PN
= -(1Hsy)/(1 £



AL

=(1-82)°

In the above calculation, the scattered wave with the =z
polarizetion is considered only. These results are shown in
Fig.1l. As seen from the figure, the crossection increases

abruptly with E’y in the direction of observation , while

it decreases with BX and BZ. The relativistic correction
seems necessary at B larger than 0.1.

As the velocities of electrons are distributed in a
thermal plasma, the spectrum of the scattered light is
broadened with the following relations.

> - >
kS: ki+k

CA)S = W +aw

where k is the scattering vector anda« the frequency shift
of the scattered wave.
When the velocities of electrons are distributed isotropi-
cally and the distribution function is Maxwellian, the
profile of the spectrum of the scattered light is Gaussian
in a nonrelativistic approximation at & much smaller than
unity. The scattering intensity is increased or decreased
in the tails of the profile in the blue or red sides,
respectively as is expected from the calculation of the
scattering crossections.

The examples of the profiles for 100 and 500 eV are
shown in Fig.2, considering only the zero and first order

terms of R, where the finite transit time effect 1s taken
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into account&) The correétion is not necessary in practice
at 100 eV. prever, it 'is appreciable at the tehperature
higher than 500 eV. If we take the half width for the
estimation of the electron temperature, we get UU]l eV in
the red side and 560 eV in the blue side. Then, we over-
estimate and underestimate the values as much as about 10

in the blue and red sides, respectively. The second or
higher terms of 8 must be considered for the higher tempera-
ture. The célculations are being continued for the electron

temperature higher than 1 keV and will be reported elsewhere.
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Figl. Dependence of relative scattering crossections

on BX, By and BZ.
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