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“Modification of the Heating Position Using a
Moveable Mirror in the TJ-II ECRH System”

Cappa, A.; Tribaldos, V; Likin, K.; Fernandez, A.; Martin, R.
23 pp. 13fig. 5Srefs.

Abstract:

During the first stages of operation, start-up and heating of plasmas in TJ-II stellerator are being produced by
EC waves. These are launched by two 2--MW type gyrotrons at 53.2 GHz and transmitted to the plasma by
two quasi-optical transmission lines located at two symmetrical stellarator positions. The last mirror of both
lines, placed inside the vacuum vessel, is a moveable mirror allowing for changes in the final direction of the
microwave beam and therefore in the heating position. This report is devoted to the calculations describing
the movement of this mirror and its influence in the position of the reflected beam.

“Modificacion de la Posicion de Calentamiento Mediante un Espejo Mdvil
en el Sistema ECRH del Stellarator TJ-IL.”

Cappa, A.; Tribaldos, V. Likin, K.; Fernandez, A.; Martin, R.
23 pp. 13fig. 5Srefs.

Resumen:

Durante las primeras etapas de funcionamiento, la creacion y el calentamiento de los plasmas producidos en el
stellarator TJ-II se consigue mediante la inyeccion de ondas electromagnéticas con una frecuencia de 53.2 GHz
(ECR). Estas son lanzadas por dos girotrones de clase /2-MW y conducidas al plasma por dos lineas de transmision
cuasi-Opticas colocadas en dos posiciones simétricas de TJ-II. El altimo espejo de ambas lineas, localizado en el
interior de la cAmara de vacio, es un espejo moévil que permite cambiar la direccion final del haz de microondas y
por lo tanto la posicion del punto de calentamiento. Este informe esté dedicado a los célculos que describen el
movimiento de este espejo asi como su influencia en la posicion del haz reflejado.






1.Introduction

The ECRH system transmission lines of the TJ-1I stellarator have been designed to
provide a large flexibility in the heating position. The complex geometry of TJ-II, far
away from the toroidal symmetry of tokamaks, makes it desirable the possibility of
change the injected beam direction, not only for optimization of the heating itself, by
achieving narrow and localized power deposition profiles, but also for using the ECRH
as an experimental and diagnostic tool. In particular, localized currents can be induced
with different intensities and direction, depending on the value of the parallel index of
refraction. Thereby it is possible to control the rotational transform profile or to
compensate the bootstrap currents. Moreover the fraction of trapped particles interacting
with the beam can be modified and its influence on heating can be studied.

In TJ-1I, these requirements are accomplished with a moveable elliptical mirror
placed at the end of each transmission line. Both mirrors are located inside the vacuum
vessel, at symmetrical stellarator positions and are handled independently by two
external drives. By changing the mirror position, given by two angles, the beam can be
pointed in the desired direction and hit the plasma at any chosen point within its range.
The main problem is to know the output direction of the reflected beam for given values
of the positioning angles of the mirror. This is not immediate because the design
requirements issued from a lack of space inside the vessel introduce a dependence on
the angles of the position of the mirror. The calculations presented in this report are
related only with the geometry and design of the internal moveable mirror and they can
be applied to both mirrors by taking in account the stellarator symmetry. More detailed
information about the ECRH system and the underlying physics can be found in the
references [1,2,3] and [4] respectively.

The organization of this report is as follows. In Section 2 the current design of
the transmission lines is presented and the internal mirror and its movement are
described. The main calculations are presented in Section 3 where the equation
describing the mirror surface for arbitrary values of its positioning angles is obtained.
Then, the normal vector to this surface is calculated and the final direction of the
reflected beam is obtained as a function of the positioning angles. As mentioned above,
we want to know the values of the angles for a given output direction. This is achieved
by the numerical minimization of a functional of the angles. Section 4 shows as an
example the results obtained from Section3 when heating on-axis is desired. The mirror
calibration and the measurements done in laboratory are described in Section 5. Finally,
in Appendix 1, we recalculate the transformation matrix M, introduced in Section 3 to
obtain the general equation of the mirror surface, using a different approach from the
one presented in that section.

2. Transmission lines and internal mirror

The two quasi-optical transmission lines consist of a set of focusing aluminum mirrors
plus one last moveable mirror located inside the vacuum vessel of TJ-II. The lines are
located at two symmetrical stellarator positions. The first line launches the microwaves
in the horizontal plane through the side port of the A6 sector (at Qa¢ = 64.53° z = 490
mm) with a small angle oo = 8.37° in respect to the machine radial direction whereas the
second one uses the B3 sector (at @p3=115.47°, z =-490 mm) with analogue
conditions. Figure | outlines the ECRH system of TJ-II and its basic characteristics.
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Figure I. The TJ-1I ECRH system
The stellarator symmetry (¥ (R, /4 + 0, z) = ¥ (R, /4 - @, —7)), together with

the fact that the lines are placed at symmetrical stellarator positions reduces the study to

one single line. From now on we will consider the first transmission line located at the

A6 sector.
placed on the A6 sector. Its position is given by two rotation angles a; (toroidal angle),

and a, (poloidal angle). Figure 2 shows the mirror position for arbitrary values of the

The internal mirror is an elliptical mirror (with size 170 mm x 190 mm) also
angles a; and a, (the positive rotation direction is indicated for both angles).

z

Figure 2. Mirror movement
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The movement of the mirror is such that the position of the mirror itself , and not only
its orientation, depends on the values of the angles.

It is important to note that the two axis of rotation are not equivalent. One of
them belongs to the mirror and follows its movement, we call it 7 (see Figure 2). The
other one is fixed and corresponds to the y reference axis. The main calculations will be
referred to a spatial point O, not located in the mirror and invariant under the two
rotations, that is, a fixed point. When both angles are zero, the equation defining the
mirror surface in the fixed point reference system is the equation of an ellipsoid centered
at (d = 396 mm, 0, —c = —135 mm) with half-major axis a = 445 mm and half-minor
axis b =393 mm.

S(x,y,2) == ——-1=0 (1)
2 2
b a”

a =445 mm ¢ =135 mm

b =393 mm g =3 mm

d=b+g

Y=0
C

Figure 3. Mirror parameters

The mirror is handled from the upper side of the port by two mechanical vacuum drives,
a rotary drive for the toroidal angles and a linear drive for the poloidal angles. Both
drives are installed in the window flange. A detailed view. of the.mirror and its position
respect to the vacuum vessel is shown at the end of the report.
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3.Beam reflection

As stated in Section 2 the mirror is able, by changing the values of the positioning
angles with the drives, to send the reflected beam in different directions. The main
problem is, given a desired heating point, to find the angles for which the mirror reflects
the beam towards this point. Figure 4 shows the parameters involved in the calculation.

Z

Figure 4. Beam reflection parameters

Where v (Ivl =1) is the director vector of the injected beam, r; the launching point, r, is
the reflection point and w (Iwl =1) is the vector perpendicular to the surface at this point.

The components of the beam vectors v and r; referred to O are:

Vy= —COS O rie= 895,5 mm
V= —sin o riy= 140 mm
v,=0 r.=—123,9 mm
with 0=8.37°



The vector u (lul =1) is the director vector of the reflected beam and can be calculated
taking into account the fact that the reflection only changes the sign of the component of
v parallel to vector w.

u=-2(w-v)+v (2)

Thus, the direction of the reflected beam is determined when the point of the mirror
where reflection takes place and the normal vector at this point are known. The normal
vector to the mirror surface is obtained by taking the partial derivatives in the general
equation of the mirror surface (for any values of the angles a; and a;). The reflection
point r. is the intersection point between this surface and the injected beam with
direction given by v. In both cases the equation of the transformed surface as a function
of the rotation angles is necessary.

Let r be an arbitrary vector in the fixed point reference system. The transformed
vector 7 1is the result of two consecutive rotations, a rotation R; with angle a; around
the z axis (see Figure 5) and a rotation R, with angle a, around the y axis (see Figure 6).
Both rotations define the movement of the mirror.

R1(31 > 0) R2(21_7_<0)

Z

Figure 5. Rotation around the 7 axis Figure 6. Rotation around the y axis

M, represents the rotation R;:

, M

r I r
——

x cosa; —sina; 0)[x

7 .
Yy |=| sina; cosa; Oy
7 0 0 Iz

and M, represents the rotation R»:

- M .
7 2 r
—~ . /’
X cosay; 0O sinay [ x
y |= 0 1 0 y
Z ~sina, 0  cosay | &



Therefore,

F=Myy'=MyMur=Mr (3)
where
cosajcosap —sinajcosa,  sina,
M= sina, cos a; 0
—cosa; sina, sinaysina,  cosa,

The final physical result must be the same independently of the order chosen for the
rotations. It is obvious that, physically, nothing changes if we manipulate first the rotary
drive and then the linear drive or first the linear drive and then the rotary drive.
Nevertheless the matrix representing these rotations are not the same when the rotations
order is changed. If we apply the rotations in the inverse order, the matrix representing
R, does not change but the matrix for R; is no longer the same. The new matrix is more
complicated since the rotation is now around the 7 axis, transformed of z by R,. This
matrix is calculated in Appendix [.

If r verifies (1) then 7 belongs to the transformed surface S, thus, from equation (3)
r=M"'F 4)
and
Sy =SM~F)=5(F) = 0F)

where the inverse of matrix M 1s

cosajcosa,  Sina;  —cosa;sina,
M~ =| —sin ajcosa,  cosa sina; sina,
sina, 0 cosay

Introducing (4) in (1) we obtain the equation of the mirror surface as a function of the
angles a; and a, in the fixed point reference system, namely

my 2 N2 (5 2
—_ "\(r) d) + (y("))) + (*'(r)z-c) _— 1 — 0 (5)
b~ b~ a

equivalent to

(Al (r)— d)z N (A2 (r))2 N (A3(r) + c)2 B

b2 b? a®

O(r) =

1=0 (6)
where
Ay(r)=Aj(x,y,z) = xcosa;cosa, + ysina; —zcosay sina,
Ay(F)=Ay(x,y,z) =—xsinajcosay + ycosa; + zsinga;sina,

Az (r) =°A3(x, ¥,2) = xsina, + zcosas



Once the surface is known, the reflection point and the normal to the surface at this
point can be calculate. The beam path is given by the equation for rp g4,

Theam = KV 717 (7

where ry is the initial launching position (see Figure 4) and x e R. In particular, at the
reflection point, we have

Te =Kcev+n (8)
The substitution of (8) in (6) gives a simple equation for K. :
2
oKy T ¢k, +cp =0 ©)
with

(o= AT+ A) | A7)

b? a>
_n AJ(WIA () —d)+ A (V) Ay (1) | As(W)(Az(rp) +¢)
€ == b2 + a2
o, < A=A £ A% 0n) | (At +e)”

2 2

b~ a”

Equation (9) has two roots, corresponding to the two intersection points between the
ellipsoid and a straight line in space representing the beam. We are only interested in
one root, the one for which the beam reaches the mirror. Therefore, from Figure 7, the
desired root corresponds to the bigger value of x.

“*g00d” root “’bad” root

Figure 7. Roots of equation (9)



The beam hits the mirror at

- +w/clz —4dcqey
Ke = = (10)
2C0

Finally, the normal vector is obtained by taking derivatives in (6)

Ve _ i (300 2
_‘V(D} B !VCDI ox dy 0z

o0 2 2 .
= == [AI (r)y- d]cos ajcosa; —— Ay (r)sinaj cosa,
X} b
2 .
T [A3 (F)+ c]sm ay
a”
0 _ 2 [4, () —d]sinay 24 (r)cosa
—=— —d]s T A 1
dy b2 ! 1 b2
2 2
9% =—— [A[(r) —d]cosa;sina, + — A (r)sina; sina,
dz b- b~
2
+——,)—[A3(r) +cJcos a,
42

Since N is the normal vector to the ellipsoid at any point r,
w=-N(r.) (11)

And from equation (2) we obtain the reflected beam vector u in the O-reference system.

In the limit of large a and b, the elliptic mirror becomes a plane mirror and the
corresponding normal vector must be recovered. This vector has always the same
components independently of the position of the reflection point. In particular, when
both angles are zero, the normal vector is w,; = (1,0,0) and its transformed is directly
obtained from equation (3).

ﬂ;pl = wa[ = (cos aj cosa,,sinaj, — cosaj sin a, )

The vector u is also independent of the position of the reflection point. In the limit of

large a and b, the vector w given by (11) coincides with w ;.

Once u(a,, az) is known the problem of finding the mirror angles for a given
heating point is solved as follows. First # and r. must be transformed to the TJ-I
coordinate system. Both systems are rotated one respect to the other in the horizontal
plane (xy plane) by an angle (t—-®ac = ¢ =25.47°). The position of the fixed point O with
respect to the machine center is given by r,. The relative position of both reference
systems is shown in Figure 8. The origin of the TI-II reference system is the point Oqyy.



Fig.8. Coordinates transformation

Therefore the new coordinates will be given by

R
XTr_qI cos¢ sin@ OYx 1140,2 mm
Y- |=| —sin@ cos@ O]y |+rp  rp=|-637mm
Ty -1 0 0 1}z 613,9 mm

and ur;_; = Ru. If we want the reflected beam to go through an arbitrary point r,
somewhere in the plasma, the direction of the beam will be given by (see Figure 9)

Tg — T,
g aTer-n (12)

Ta —Te,rr-n

where 7, ry_; = Rr; +1,

TI-I

Figure 9.Calculation of the positioning angles in the TJ-II reference system. In this particular case, r, is
located on the magnetic axis



The desired angles will be the solution of
w-upy_j =1 (13)

This equation is solved defining a functional F and finding the angles a; and a; that
minimizes F, these angles will be the solution of (13).

F(upy_y(aj,ay)uay,ay))=upy_j -u—1 (14)

The movement of the mirror, and hence the direction of the reflected beam is limited
physically by the vacuum vessel. Anyway, due to the fact that the plasma has a strong
helical structure, big angles in the toroidal direction could send the reflected beam to the
vessel walls without contact the plasma. Moreover, the strong magnetic field
dependence on the machine toroidal and poloidal angles provides a wide range of
attainable values for the parallel index of refraction Ny = (c¢/wIBl)k.B

4 Heating on-axis

Depending on the values of the angles, the system is capable of localized on-axis power
deposition at different toroidal positions, each one with different fraction of trapped
particles. In particular, for r, located along the magnetic axis (see Figure 9), the results
obtained are shown in Figures 10a and 10b. The computation of the normalized
magnetic flux used in the calculation of the magnetic axis position has been performed
by fitting the magnetic flux surfaces with a neural network [5]. The values of the angles
a; and a,, measured in degrees, for which the beam hits the magnetic axis are
represented as a function of Ny in Figure 10a and as a function of the machine toroidal
angle in Figure 10b for a given magnetic configuration. As noted before the values of Nj
cover a wide range, from N =-0.8 to N = 0.8. A detailed study of the heating flexibility
together with ECCD simulations in TJ-II can be found in ref [4].
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Figure 10a. Angles ay and ay vs Ny
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Figure 10b. Angles ay and ay vs TJ-1I toroidal angle. The origin is taken at ¢ = 90° (see Figure 1)

5.Mirror calibration
5.1 Experimental set-up

The mirror was calibrated in laboratory with a special stand on an optical bench. The
whole body of the mirror window flange (with the mirror installed in it) was used as
reference for the alignment of a laser beam. Once aligned the beam was directed
towards the mirror center to find the drives zero position (where a; = a, = 0°). A screen
with a hole in it, allowing the laser beam to go through, was placed in front of the mirror
to receive the reflected beam for different mirror positions. Moreover, a vertical
reference metallic plate was placed on the stand behind the mirror to measure the
poloidal angles by mechanical means using a protractor. The whole set-up is shown in
Figure 11.

]

screen

T~ mirror

\J\
\
.
.

reference plate

Figure 11. Experimental set-up

5.2 Measurements

As explained in Section 2, the mirror is handled by two drives, a rotary drive for a; and
a linear drive for a,. First, the toroidal range was measured, keeping a; = 0°. In this case

11



the spatial position of the center of the mirror surface is practically constant for small
values of a;. The lack of precision in the position of the reflected spot in the screen, due
to the roughness of the mirror surface, hinders the measurements and makes very
difficult the error estimation. For that reason, the dependence on a; of the position of the
center of the mirror is not considered and no error calculation could be done. Only an
average reliable error is considered. The angle a; is obtained directly from the distance
measured on the screen. A range wider than necessary was measured and the results are
shown on Table 1.

As we know from Section 3, the distance from the screen to the mirror, along the
laser beam path, is clearly dependent on the value of a, then the displacement distance
of the spot measured in the screen is not directly related with the angle. This, an also the
fact that the mirror is elliptical, has to be taken into account by using the results of
Section 3 when reconstructing the angle a; from the screen measurements. Nevertheless,
the precision problem mentioned above becomes critical in the relevant operation range,
going approximately from a, =20° to a, =35°, and the optical measurements can not be
done with the described experimental set-up so poloidal angles are measured directly by
mechanical means. The poloidal measurements precision is higher than the precision
obtained for the toroidal angles since the mechanical measurements were easier to
perform (unfortunately, the toroidal angles could only be measured using the laser
beam). The measurements are shown on the table and in figs.12a and 12b. The design
requirements, strongly affected by the lack of space inside the machine, produce a weak
non-linear dependence of the angles on the values displayed in the drives and an
asymmetry between negative and positive values of a.

Toroidal angles Poloidal angles
divisions a(deg) aj(deg) divisions a»(deg)
A=%.5 div A=*0,6° A=10,6° A=t5 div A=10,2°

2 -0,6 1,6 14 22,0
3 -1,8 2,8 15 23,5
4 -3.3 3,9 16 25,0
5 -4.7 3,1 17 26,5
6 -6,0 6,4 18 27,7
7 -1,3 7.9 19 29,5
8 -7,9 8.8 20 31,0
9 -8,7 9.9 21 32,1
10 -10,1 10,8 22 33,5
11 -11,3 11,9 23 349
12 -12,5 12,8 24 36,2
13 -13,3 13,9 25 37,3
14 -13,9 14,9 26 38,4
15 -14,9 15,7 27 39,6
16 -15,7 16,7 28 40,5
17 -16,3 17,6 29 41,7
18 -17,1 18,5 30 42,8
19 -17,8 19,0 31 4377
20 -18.,8 19,6 -- -

21 -19.6 20,8 - -~

22 -19,9 21,0 -- -~

23 -20,3 21,3 -- -~

Tablel. Measured toroidal and poloidal angles
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Conclusions

The internal mirror located at the end of each transmission line allows us to modify the
position of the heating point. The calculation of the mirror positioning angles for which
the microwave beam goes through this point has been presented and the particular case
of on-axis power deposition has been considered. The precision of the measurements
done in laboratory is good enough to ensures the use of this mirror as an appropriate tool
for ECRH and ECCD experiments. The lack of space inside the vessel is the main
responsible for the complication in the mirror movement design and hence in the
calculations. A future design should consider a rotation around the central point of the
mirror surface so the direction of the reflected beam will be obtained straightforward.
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Appendix 1

As explained in Section 3 the mirror moves around two axis, the Z axis, belonging to
the mirror itself, and the y axis which is a fixed axis belonging to the {O, x, y, z}
reference system. The matrix M was calculated supposing that the rotation R; of the
arbitrary vector r, represented by M, around the mirror axis, was applied first, so the
axis Z and z were still the same. Thus, the second rotation R, applied on r”, was around
the y axis. The result was that both rotations were around fixed reference axis and the
two matrices representing these rotations could be obtained straightforward.

If the order is inverted and R, is applied first, the second rotation R; is around Z , which
now differs from the fixed reference axis z, and the matrix representing this last rotation
is more complicated than was M, in the previous case. To calculate the expression of the
new matrix M, in the {O, x, y, z} system we define an intermediate coordinate system
{O, Xint» Yint> Zine) Which is the transformed by R, of the system {O, x, y, z} (see Figure
13). The advantage is that the rotation M, referred to this system, takes a well-known
matrix expression, that is M,

Fig 13.The intermediate coordinates system

M int =M
n i
Xint cosa; —sina; 0 x{y
—~ . ’
Yint |=| sina cosa; O || ¥ine (O
Zint 0 0 E A Zine

Since R, is a rotation around the y axis the coordinates transformation will be given by

Xint cosa, 0 —sinay \(x

-1
Yint 1 0 I 0 Yy = M2 r (2)
Zint sina, 0 cosay )| z

14



and combining (1) with (2) we obtain

. ~ . , ,
cosay; 0O —sinay Y X cosa; -—sing; 0OYcosay, O -—sinay Yx
0 1 0 y |=|sing;  cosa; O 0 1 0 y’
sina, 0 cosay )2 0 0 1 }sina, 0 cosay | 2
or
- . -1 . .
X cosa, 0 —sina, ) (cosa; -sing; 0Ycosa, 0 =—sinay Yx’
yl=| O 1 0 sina;  cosaq; 0] O l 0 y
z sina, 0 cosa, 0 0 I | sinay O cosay | 2
M

Hi
This is the usual expression for the coordinates transformation of any mathematical
operator. Since r '=Mor, then

F=M,' =M,Myr=Nr

M, = (M{‘TIM]M{’

and

—

I
N=M,M,= (M{‘T MMy My =MoM =M

As expected, both matrices M and N are the same and the calculation done in Section 3
is the shortest and the simplest one.
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