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Abstract

The shapes of electron and current density profiles are monitored in real-time
mode in order to get rapid qualitative information on the development of a
TEXTOR tokamak plasma.

The profiles are described by form parameters which relate to the signals of a
9-channel FIR-polari/interferometer in simple mathematical formulae.

These profile parameters are obtained by real-time conversion of measured
quantities for display on a storage oscilloscope or on a chart recorder.

The application of the parameters is demonstrated in some examples.

Introduction

The 9-channel FIR-polari/interferometer on TEXTOR /1,2/ has been designed to
qualify the profiles of the occuring electron and toroidal current densities.
For practical operation of a tokamak device, it is often helpful to have real-
time information on the time development of these profiles in order to quickly
interpret the influence of gas puffs, additional heating, current ramps, etc.
This leads to the task to describe the profile shape by means of a single pa-
rameter that can be read from a chart recorder while the experiment is run-
ning.



The description of a density profile by only one form parameter and one
scaling quantity is a rather coarse one. Nevertheless, it is suitable to
reveal tendencies in the profile development during the experiment.

The plasma model

The description of a density profile shape by a single parameter is not very
accurate so that a simple model of the tokamak plasma should be quite
sufficient (fig. 1).

Because of the low Bp value in TEXTOR (0,2...0,3 without add. heating) concen-

trical magnetic flux surfaces are assumed. In consequence, the poloidal field
Bp has the form %% f(r) (R = major radius, r = minor radius) and the

toroidal current density j., which is L (T x §)t = ’f -a-‘); (+B8,)
is expressed by ~é{ [,&(wa - <ﬁi%52 £(v) ] (R, =R of the magn.
axis).

The flux surfaces are also surfaces of constant pressure and - because of the
high thermal conductivity along the field 1ines - of approximately constant
temperatures. This leads to the assumption that the electron density n, is a

function only of the minor radius (ng, = f(r)). Typical curves of ng and ji vs.

e
R are shown in fig. 1.

The measured quantities.

The profile information is drawn from the signals of a 9-channel polari/inter-
ferometer employing a HCN laser at X = 337 um (fig. 2). The beam diameters in
the torus midplane are about 1.5 cm, the time resolution is a few msec (for
further information, see /1,2/). The instrument puts out time traces of 9
phase shift values and 9 Faraday-rotation angles which relate to the searched

quantities n, and if = — VxB according to

and di = G S wm, BF‘% olz

(0) marks the reference beam.



Usually it is necessary to Abel-invert the set of Ap; and «; values, resp.,
that corresponds to a given time in the experiment in order to get the Na -
and ji - profiles. Since this cannot be executed on a fast time scale, simple
mathematical formulae have to be found which relate the profile parameters im-

mediately to the measured quantities.

However, not all measured quantities are sensitive to Ng - or jy - profile
changes. The first task is to find simple combinations of outputs signals
which can serve as a sensitive measure of the respective profile shape.

In the n, case, there is a close relation to the phase shift profile (fig. 3).
Since Aquj Na dz, the‘yy- profile width will increase with the width of the
ne-profile. The AP - profile shape, in turn, can simply be characterized by
the maximum value Aqg divided by the area F below the curve which is

d
approximately given by F~ ZSI :éigLi%:ﬁfZ. (A}“‘~ x; |
i=0
(x; = distance of beam L from the plasma center; Xg = X1s Xp9 = -48 cm, A,
=A% 10 = 0). So s ACfG /F is sensitive to the ne- profile shape. Since A%
will undergo only a little change at small horizontal plasma
displacements, A?g/F has the advantage to be fairly insensitive to them.

For the jt case, consider an inner segment of the torus cross section
encircled by a magnetic flux surface (fig. 4). The included part It,incI. of
the total toroidal current It then roughly characterizes the shape of the jt-
profile.

Since Iy jpc1. relates to the poloidal field E; on the mentioned flux surface

according to It,inc].’“ é% Eﬁdg , a large Bp/It value would indicate a nar-
flux surface
row Jjy- profile. The Bp value, in turn, can be obtained from the Faraday-rota-
tion angles ci4 and dg which are sensitive to Bp on the given flux surface.
Since the rotation angles scale with the electron density, they are divided by
the respective phase shift values. Of course, this division does not eliminate
the influence of the n,- profile on the o -values, but model calculations show
that occuring Na- profile variations scarcely affect the 041/ Aq’i-va1ues.



So, quantities predominantly sensitive to ji-profile changes are given by

e o
Cl# = — and (Qg = 5
I, ay,

Because of the nearly symmetric position of the beams 4 and 8 with respect to
the plasma center, [Qg! and | Qg are of the same magnitude. A horizontal plas-
ma displacement would increase one of the quantities and decrease the other by
nearly the same amount. So, a quantity |Q4l + [Q8l is rather insensitive to
the horizontal plasma position. The toroidal geometry (Bp«v 1/R) can be taken
into account by forming Ry41Qs[ + RglQgl.

Definition of the profile parameters.

A suitable parameter containing basic information on the ng- profile shape is
obtained in the following way (fig. 5):

Starting from different profiles obtained by Abel inversion /3/ (full lines),
a simple mathematical ansatz consistent with the above-mentioned plasma model
is made which contains a scaling quantity (neo ) and a shape-dependent parame-
ter (u): ng =ng, (1 - ({;)u).

Then one tries to match this ansatz to the different profiles by varying the
two free parameters (dashed 1ines). If the matching works sufficiently in all
cases - as it does in fig. 5 -, the form parameter should be adequate to cha-
racterize the original profiles.

The same concept holds for the jt- profile paramter (fig. 6). In this case the
ansatz is somewhat complicated, since the toroidal geometry has to be taken
into account. Considering the large aspect ratio 1imit (R /a -»e0), the ansatz
simplifies to

Since Po jt = 42 (~ BP) in our model,
h



In the general case, the plasma model requires B, = 4 -F(«) .
So we propose the general ansatz

Ro +2 0\ wh
BP= R Bpo% [4‘(/{‘ Z‘i> 4]

which in turn yields

. I -fz w -
/jt = %’ /}tot (/f‘ "c(l> - RRR°E(1'IW)J ,

where 1 ¢ we

oo =g BIA-(1-5) ] elo 31

The n,- profile parameter expression.

We now calculate the mathematical relation between the profile parameter and
the exprimental quantity A%/F.

This is done by inserting our ansatz Mo = M, [ /(» (‘;: ) u]
. . - f
into the well-known relations A‘(’( = C,,, M, Az
‘{0{ }Nuwé
and F = S Acf(x) of x
+\);{:;7_1 -
where Aff (x) = C'4 S Meol?: and Xx = K- Ro .
~ Vol &

Since beam 6 hits the plasma center, and because of the radial symmetry,

a
AQ(’G = ZG4 g M»e(?)o{ﬂr
6 +o + Valnd
and F = C:A K

~e =Valod

neele e = S me oA =

Cross ch€~"ov\

o

5 Mg (+) - ZRchr (A = torus cross section).
[

- ¢

1

Q

1
ZCA Meo j [‘" (i)u] Ae = Zci Moo A -r [4“ (TE)L‘]"{(;*)

i

Thus, ACf6

Z {' ((
M Qa —
4 "eo U + -

il



and F = 2x(,u, g [4—(3)“] ecde = LxC, Mt,a.z J[q o\ uM] ( )
)

\ (A
= ZTCC,‘MQDQ i

2 u+2 .
fa}
So, Fe _ 2 u+ 2 .
F oL u + '1 ‘&— %
N . w T F
Solving this equation for u yields u = A9 L .
F Jtet
It must be noted that F is not a directly measured quantity. We approximate F
3
e S Mt A
by 2 T L lMZ : !XTH - X[ l
=0

(R,%X, , X, = —bfcm AT =AFp = 0 , see before) and use

&
z »
8%¢ — 7a

A computer simulation shows the validity of this expression (fig. 7). In addi-
tion, fig. 7 demonstrates the influence of horizontal plasma displacements.
For customary values of u (1<u<3), the effect of small plasma shifts on the
approximative u value can be neglected.

The j;- profile parameter expression.

The calculation of the relation between the parameter w and the experimental

data R |Q, [+ Rg (Q [ = KL*I — ~ R, = “® _ is executed in a similar
way. oA L ope

b Lt wed
We start with the ansatz BP = B [1 ) ]

4 ]
for the poloidal field and assume, for simplicity, M = M, [’f— (K) .
This is possible because of the nearly vanishing influence of the n,- profile
shape on Q4 and Qg (see fig. 8).



It is known that dy = Qz S M, E c(a = C S M, BP = o )
e 3 LT
Aq’; = C5§(th clt )
2n
4 - -
and It = @ Bp-oks = 1 S BP acl@ J

° o
y(acum nla( f‘ ° T=a

where 8 is the poloidal angle.

Ny it
At first we calculate Ay = CA S Meclz = Z(L Meg & [4 ?:I _/OLE .
Ntk 0

. S ! / ‘
With the subst1tut1on The T/a, X = Xja, Zi= 2/a  we obtain

A Pp = ZC ", otg -Xi[’{-ﬂ"z]o@‘.

The relation T’Z= x4 2'2 yields v'J»' = x'cllx'ﬂt z'clal )
t by
lex‘ = Jr/\/ 1e_ xtt ,ar;{d?o
+dr7 2 32
ACFL‘ = ZC M Us S [/1 4"2_/ /_T_‘ = ZC/’M“CL' .3: (/I"X;z)
We then calculate T p
B l6= < >
It IA° og {-r=a e f’(" BPO S Ro*x\ /’ i 0{9
Since x=rcos 8and r = a,
T
1 2 T
I, - 38 R S A0 = = B R — =
t Po "o K/cn + cos B Mo P00 \‘,(K /“)2__4
- Z“ B, Rs —
pe PV RIS et
The most difficult tem is Ay = C‘z g n, BP {i— 0(2 .
~Vo‘—x§
In analogy to the A‘fn ca1cu1at1on we obtain
} J }
. w {4 Xi To(f
‘=ZC“zonoa§C/f' z.] “‘[{‘ -+ +J-:Tv‘*,z“;!—z

Roxz x 1
._ZC M B 'j[’f‘ ;Z_/[,_ "{—?l ]-‘—‘”‘“.—:“;
t L ) 12 K4 .
° P°K+x X{ Al ,r\,,._x‘f_
We now restrict our calculations on integer w values in order to continue an
analytical processing: In this case,

w+4 bt mof W2 g 2n -
1= Dt lwsds 2z ()" (oeg) »50°7

M=

(1-+21[4-(



and the integral becomes

w | W " r'c(r'
Mw+4+2(-4>“<w1)v23v“—.‘:—‘~% - .

T o~ X,
Xz ¢
S4 I?.u 'r'clr
Definite integrals of the form v Z 1z are solved by
< 4
z
n-k

(We) 14/ .

)" (we2) ! 4l = (20! -k
(wad-m)l (2usd)] Z (kt)? (L"xcz) J.

k=0

IR

{‘ > 2‘44’/() (L‘) wad

Thus, FJI \M‘ il [w+ T+ Z

n=4

(-1

m+ A

* . 12 ..2‘_ 12
Defining J; by the aP; -integral \A-x{ 3 (4-—x5 ) .

_ L 4

is proportional to -~ . We have calculated
If A; {

the —{; expressions for different customary w values (tab. 1). Notice that
( 4—-X{z)‘t-terms are necessary. One always obtains the form a, — cyfxlz+
alx{l‘—- AN : L
Since x4 ~ 0.40 and xg=~- 0.35 (at a=50 cm), terms with exponents larger than
2 may be neglected. The general form of Ji/d? then is aj (w) - ay (w) xiz with
a,, a1 listed in tab. 2. The dependence of a, and a; on w can be approximated
by linear regression:
a, (W)~ 1.087 + 0.659 w

ap(w) = - 0.489 + 1.563 w

o ol X Xt
So, ~ Cete [—t~ ZL 4,083+ 0.659w) - (-0.489 + 4. 543w)— '
I, a9, C, I Ro+x;
'L \[R2 . 42
and with Ry = R +t X5, R0 T = R0 - a
oLy . .zg
RL'. o sz =
I, ag, Ly A,
Cz ﬂ& k’ 3 X
= (A05%+0.059.) %=X _ (Cousg s 45¢3,,) X Ke (%),
11 27( a a a

Up to this point, only integer w values have been considered. Because of their
approximative character, the last formulae hold also for non-integer w. The
last step is to invert (*) with respect to w:

Ly Ay 2 G 2 g . A
(?‘kItA% T N1, o Cz Tf; s 1.08%a (x,-xg)— 0.483 (x3=x?)

0.659 az(xu-—xg)‘“’fﬁ.ég (xga'*xg:%)




Insertion of ¢y = 1.5 - 10-15 fringes cm?
Cp = 1.698 - 10715  deg om? xa-!
mg = 4x - 1001 om kG kAl
and Ry = 168 cm (at a=~50 cm)
Xg = +20.0 cm, = Ry =195.0 cm
Xxg = - 17.5cm, = Rg = 157.5 cm
o of
ylelds W = (S.Mjﬁ@— ‘+.4?*f:%;g ) at- b0 %t ~ (533
24.%1 ot~ 208580 )
where d 1s expressed in deg
Ay in fringes
I in kA
a in cm.

This formula may be expanded at a = 50 cm, since the plasma radius a does not
decrease much below 45 cm in TEXTOR:
oL oLy
e - 6lf
w ?30 I, Aqy 0 I, a9,
(at a=~ 5 cm,w = 3).

- 14.20 + 0.1% «

The validity of this expression, and its dependence on horizontal plasma dis-
placements, have been checked by computer simulation (fig. 9).

The analog computing device.

The circuit used to put out the n, profi1%_parameter according to

U = %Z;A?G = -;-Z;J‘Z—*A_TE
A%e ~ mx 2. T 2.~ A

is shown in fig. 10.

It is fed by two input voltages, namely

u A A9s

055 T s

A >
Us = V ,
Z 55.0 {Pfth& + Cwg

and
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2 5L.0
Thus U~ =2 a7 omes Us + u%
’ 2 55.0 .
T (alem) O3S Us - u?c
o . 55,0
The operational amplifier OAl multiplies Uy by a scaling factor 5
.#55
— 72 o
and a variable factor e e can be varied from 39 to 51
7t (a/ew) Gl
by means of a potentiometer. So, OAl puts out a signal - f-U; with f= 1.

0A2 adds U?s and inverts the result, yielding f - Uz-U?G. This is the denomi-
nator of the u expression, being usually negative. It is not directly connec-
ted with the denominator input of the integrated circuit divider IC1 but fed
through a zero suppression circuit, consisting of 0A4 and OA5. This circuit
replaces all voltages greater than - 0.15 V (including 0) by - 0.15 V, thus
avoiding unreasonable division results as long as signals are small.

The numerator is created by 0A3 which subtracts the denominator signal from
-f + Uy . Simultaneously, the result is multiplied by j% to compensate for
the devider putting out 10 times the division result. OA3 is offset-controlled
in order to ensure a proper zero line.

The ji profile parameter circuit is depicted in fig.s 1lla and b. It executes
the calculation

W (7807%i - G%O'%%a) é% — A4.20 + 0.1% «
where ol must be given in deg ,
Ap in fringes ,
1, in kA :
and a in cm .

The input voltages are

o
A4 %8
uow,s? 2 V Je?/ )
_ A v a9
u%,x T 0.#55 V. fm;f' J
Ay L
Gkbk MI - GC.4 V kA .
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u,n* u.{g 2 V
Th s ~ v — } — __Ci._
us, w o~ (790 Uq, €0 Ugp’ 0755 g6A L, ~ 11:20+ 04% -

U Ug V
~ 2y EArt S LA . a
(316 72 —284 u%) T A0 oE g

Fig. 1la shows the calculation of the parenthesis value.

The rotation angles d4 and d8 have nonnegligible offset values that must be
subtracted for a correct calculation. Because of this, U,, and U,,are put on
offset suppression circuits before wiring them to the numerator input of the
respective dividing IC. The offset suppression consists of a 100 nF capacitor,
a 5V Reed relais and a high input impedance operational amplifier LF 356. The
Tatter works as a simple impedance converter.

Normally, the Reed relais switch is closed, connecting the (+) input of the LF
356 to ground potential and charging the 100 nF capacitor with the respective

offset voltage. One second before the tokamak discharge, the switch opens for

8 seconds and puts the (+) input to a potential U minus offset value. Because
of the high input impedance (>40?ﬂ.) of the operational amplifier, the capaci-
tor holds its charge and so stores the offset voltage.

The trigger input of the Reed relais is galvanically decoupled by means of a
HCPL 2601 optocoupler.

U?*and Uvsare fed through zero suppression circuits (cf. fig. 10) which prece-
de the denominator inputs of the dividing ICs. Since the phase shifts are po-
sitive, all voltages less than 0.40 V (corresponding to 0.3 fringes) are
replaced by 0.40 V.

The two AD 535 integrated circuit dividers put out 10 x U&i/qu (i = 4,8).
Since the following division by Uy generates another factor of 10, the

¢ U
operational amplifier OA I calculates - ( 0.316 —— — 0.25¢ —%*
P Usgy

).



-12 -

Fig. 11b shows the division by Uy (including a zero suppression for Uy < 1.0
V, corresponding to 66 kA) and further signal processing. OA II adds 11.20,
subtracts 0.17 (a/cam) and inverts the result, yielding + w. Here, 2%; can be
varied between 52 and 40 by means of a potentiometer.

Between tokamak shots, the value of the parenthesis in the w formula is zero,
causing the output voltage of the circuit to be - 11.20 + 0.17 a ~ - 2.65.
Furthermore, the noise on Uyg and U,g is amplified considerably because of the
small denominator threshold voltages. Therefore, the last two operational
amplifiers have been added to the circuit. They suppress negative w values and
so generate a clean zero line.

In order to accommodate the output voltage to the CAMAC module used to
digitize the profile parameter, w is further divided by 2 by the last

operational amplifier.

Application of the parameters.

An experiment suitable to demonstrate the application of the profile
parameters is characterized by the upper traces of fig. 12, showing the time
development of loop voltage U , plasma current Ip, line-averaged electron
density Na» and electron temperature of the plasma center Teo' To induce chan-
ges in plasma state, a current ramp between 700 and 1200 msec is generated.

The profile parameter traces show n, parameter values typically between 1
(narrow) and 3 (broad), and ji parameter values typically between 2 (broad)
and 5 (narrow). The startup phase of the tokamak discharge (X 300 msec) is
characterized by contracting n, and I profiles. In the following current
plateau phase, the distributions adjust themselves to relatively broad

profile shapes ( =~ 500 msec). The current ramp triggers a second contraction
of the profiles, leading to narrow shapes ( = 1150 msec). Subsequently, the
profile parameters release to medium values ( = 2000 msec). Towards the end of
the discharge, the plasma current runs down, and the profiles contract once
more.
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Using the scaling quantities F (~ total electron number, see above) and Ty
(total toroidal current) and the given profile form parameters, approximate n

and j; profiles can be calculated and compared with those obtained by Abel
inversion.

e

This is done in fig. 13 for three different times. One recognizes that, in all
cases, the mean widths of the profiles are approximated very well. In case of
the n, profiles, even the peak values fit in a rather satisfactory way, where-
as the peak values of the approximate ji profiles are very uncertain, being
sensitive to the choice of the plasma radius.

Fig. 14 shows the behaviour of the parameters during a smooth discharge with
constant parameter values in the plateau phase. The n. parameter settles down
at 2, indicating a 1l - r‘2 profile which is commonly used for calculations re-

quiring n, profile information.

As a special application of the profile parameters, the influence of current
ramps with different slopes is demonstrated in real-time (fig. 15). Profile
contractions due to the skin effect are clearly seen. Even the fact that
faster current ramps lead to narrower current density profiles becomes quite
obvious.

Summary.

It has been demonstrated that the electron and toroidal current density profi-
les of a tokamak device can be characterized in a wide range by two para-
meters. The characterisation is restricted to profiles which are not
essentially hollow. Certain signals of a multi-channel FIR- polari/interfero-
meter have been found which are sensitive to variations of the respective pro-
file shape. Simple approximate formulae have been deduced which relate the pa-
rameters to the selected signals. An analog computing device has been
constructed which uses the formulae to convert the signals into parameter
values in real-time mode.

The actual choice of profile-dependent input signals is obviously dependent on
the given measuring device. In the case of the n, profile, it should be suffi-
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cient to employ a two-channel instrument with one probing beam traversing the
plasma center and a second beam passing at about half the minor radius. Then,
the peakedness of the n, profile might be expressed by the phase shift ratio.
In the case of the ji profile, only one polari/interferometer beam - passing
at about half plasma radius - is necessary. However, in both cases the signals
would be rather sensitive to displacements of the plasma column.

It has been shown that the parameter signals used on TEXTOR are suitable to
get a review on the influence of running-condition changes on the profiles.
The parameters are helpful additional informtion for a quick interpretation of
such modifications.
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tab. 1 J
2 J—'; expressions for different w values
[

y Ji

i
0 1

2
1 -15—(9-Ax'i )
2

2 -%—5-(87-76x: +21+x'i")

1
3 T8 (325 - 420x! *+ 264 %! - 61 x!°)
IR

1
TIEE (6215 -7180x} + 674bx, " -3264x1%4 640x!°)

tab. 2 coefficients ajlw), a;(w)

W 3, 3,
0 1 0
1 1.800 0.800
2 2.486 2.1
3 3.095 4.000

L 3.649 6.216






model applied to the TEXTOR plasma (B,«1)

a) concentrical magn. flux surfaces (Bp=1—f(r))
b) n =f(r) R
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fig. 2 9-channel combined polar/interferometer
(N yeny =337 um):

Y

plasma radius a=50cm /

N 1

] |1

torus axis beam no. 9 87 65 & 3 21 (0)

phase shift Ag. =C;/n.dz
(i)

Faraday rofation angle o;i =C2/neBpdz
(i)

Ry=2225cm
R,=215 cm
R3=205 cm
R,=195 tm
Rg=185 cm
R¢=175 m
R,=165 ctm
Rg=157.5cm
Ro=144 cm



_fig. 3 electron density profile

phase shift Zg) R
S
Ay ~ /nedz I 8
Y
A".EL = measure g
F €q]

for profile form

0.0 Lo.lcn

=
o
|~

toroidal current density profile

plasma boundary

: L

magn. flux surfaces
(simplif. model) S

m—————  w— S ——— ——— G——————

R

beam no. 8 6 4 1

Bp - ds = Ho If,im'.luded
flux surface

= B, increases with the included part of the
total toroidal current];

faraday-rotation angle bt ~({ N B, dz
[

— measure for profile form:
P e, ' lrde,



NS (C=-D1

h‘on

Nex Neol1- (577

L T T ¥ T ¥ T T T l1
12.00 14.00 16.co 18. 00 2.00 2. 00 12.00 14. 00 16.00 18. 00 . 00 2. 00
HAJOR RADIUS (M) g1 HMHAJOR RAOTUS 10 €1

ansatz Ne(r)= ng, (1-(—;—)") , u=profile parameter

J A/Cee2)

lo.lvo

0.0

T T Y T
12.00 14.00 16.C0 18. 00 .00
tAJOR RADIVS (1

. . 2 -
It = o -g—n [“-aLf)l"l'— R-Ry
ansatz hrR)= ji R (

w=profile parameter , €= correction term < —%—



Validity of the u expression.

_fig. 7
a=plasma radius
h=horizontal plasma displacement
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fig. 8 computer calculations on fthe influence of
the n.-profile shape (as expressed by u)
on O, and Q4 at different w values.
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fig. 9 Validity of the w expression.
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