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 i g  h  l  i g  h  t  s

The  new  constructing  140  GHz/1  MW/1000  s ECRH  system  was  briefly  introduced  and  the  structure  of  ECRH  launcher  was  detailedly  described.
The  transmission  characteristics  of  the  RF  propagation  inside  the  launcher  were  calculated  and  the Gaussian  beam  radius  in  the  resonance  layer  of
plasma  was  optimized.
Temperature  distribution  and  thermal-stress  of mobile  mirror  were  analyzed.
The  inner  equivalent  diameter  of water  channel  in the mobile  mirror  and  the suggested  water  velocity  were  analyzed.
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a  b  s  t  r  a  c  t

EAST  is a  medium  sized  superconducting  tokamak  with  major  radius  R =  1.8 m,  minor  radius  a = 0.45  m,
plasma  current  Ip ≤ 1 MA, toroidal  field  BT ≤ 3.5  T  and expected  plasma  pulse  length  up  to  1000  s.
An  electron  cyclotron  resonance  heating  (ECRH)  launcher  for  four-beam  injection  is  being  installed
on  EAST  tokamak.  Four  electron  cyclotron  wave  beams  which  are  generated  from  four  sets  of
140  GHz/1  MW/1000  s gyrotrons  will be injected  into  the  plasma  by  the spherical  focusing  mirrors  and
plane  mobile  mirrors.  The  focusing  mirrors  are  spherical  to focus  Gaussian  beams  after  reflection.  Four
CRH launcher
aussian beam
hermal stress
AST

plane mobile  mirrors  independently  steer  continuously  in the  poloidal  and  toroidal  direction  controlled
by  motors.  With  the  suitable  distance  between  mirrors  and  appropriate  focal  length  of  focusing  mirror,
the  beam  radius  in  the  resonance  layer  of  plasma  is  31.145  mm. The  heat  from  plasma  radiation  and  metal
losses  is  loaded  on the mobile  mirror.  In  order  to decrease  the  temperature  and  thermal  stress,  the inner
equivalent  diameter  of water  channels  is  8 mm  and  the  suggested  water  velocity  is 4  m/s.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

As one of the main auxiliary heating methods in controllable
uclear fusion experiment, ECRH is effective and attractive on the
lasma heating. The advantage of ECRH is obvious, such as high
oupling efficiency and fine localized power deposition. At present,
CRH system has been installed or applied to a variety of toka-

aks, for instance, Tore Supra [1], ASDEX-U [2], JT-60U [3], FTU

4], and DIII-D [5]. An ECRH system is being designed to deliver
 MW continuous wave (CW) at Institute of Plasma Physics, Hefei.

∗ Corresponding author at: Institute of Plasma Physics, Chinese Academy of Sci-
nces, Shushanhu Road 350, Hefei 230031, Anhui, China. Tel.: +86 551 65593291;
ax: +86 551 65593332.

E-mail address: yytang@ipp.ac.cn (Y. Tang).

ttp://dx.doi.org/10.1016/j.fusengdes.2014.04.070
920-3796/© 2014 Elsevier B.V. All rights reserved.
The physics applications of EAST ECRH system are localized elec-
tron heating, electron cyclotron current drive (ECCD), local MHD
[6] control, plasma start-up assist and developing high parameter
steady state discharge operation mode.

The planned system is composed of an equatorial launcher using
four 1 MW/1000 s gyrotrons working at 140 GHz (Fig. 1). Four trans-
mission lines are inserted simultaneously into the EAST tokamak
via one 518 mm × 960 mm window port on account of the num-
ber and sizes restriction of window ports. Each transmission line is
constituted by a series of microwave device, such as miter bends,
polarizers [7], CVD window [8], and gate valve. Two polarizers in
each transmission line control the polarization of injected beam,

with the result that pure X-mode power injection can be achieved
for all injection angles.

When EC wave beam is emitted from the open end of a corru-
gated waveguide of the transmission line to vacuum environment

dx.doi.org/10.1016/j.fusengdes.2014.04.070
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2014.04.070&domain=pdf
mailto:yytang@ipp.ac.cn
dx.doi.org/10.1016/j.fusengdes.2014.04.070
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to minimize power deposition and guarantee the required lifetime
of mirrors, the cooling structure to the mirrors is very important
and necessary. The appropriate cooling structure maintains the
temperature of mirrors within the operational range.
Fig. 1. The schematic l

n the launcher, the HE11 mode wave changes to Gaussian beam.
n order to get reasonable beam radius in the plasma, the proper-
ies of the Gaussian beam and the calculation of the RF propagation
hould be analyzed.

Owing to the operation in long pulse and resistive losses of the
irror material, the mirrors absorb part of power and therefore the

emperature of them will rise rapidly. Once the mechanical stress
esulted from temperature exceeds bearing scope of materials, the
irrors will be destroyed. In order to estimate the thermal perfor-
ance of the mirrors, the peak temperature on the mirrors must

e estimated. The allowable temperature increase is limited by the
tress accompanied with the thermal expansion of the mirrors.

. Structure of the launcher

The launcher of EAST ECRH system mainly consisting in optical
irrors, mirror steering mechanisms, cooling and support struc-

ures is installed on the window port of the tokamak by a plug-in
ssembly (Fig. 2).

Optical mirrors are four focusing mirrors and four mobile mir-
ors. The size of the mirrors is chosen to ensure that tiny Gaussian
eam power falls outside their edges. The dimensions of the
ocusing mirror are 127 mm × 90 mm and mobile mirror sizes are
70 mm × 113 mm.  The beam width is about 15 mm and therefore
here is at least 99.99% Gaussian beam power intercepted by reflect-
ng surfaces of mirrors. Each mirror is made of two  materials which
re copper and stainless steel. The material of the mirror surface
s copper with high thermal conductivity. The copper is inlaid in
he stainless steel which increases the mechanical strength of the

irror.
4 MW power generated from four sets of 140 GHz/1 MW/1000 s

yrotrons is injected into the plasma as Gaussian beams. Four
aussian beams are injected into four fixed spherical focusing
irrors independently, and then injected into appointed region in

he plasma by four plane mobile mirrors. When Gaussian beams
ject from corrugated waveguides, because of Gaussian beams
roperties their intensities are diverging along the transmission
oute. Meanwhile, the focusing mirrors are at angles of 45◦ with
espect to the incident beams, therefore they should be ellipsoidal
o achieve non-astigmatic beams after reflection. The astigmatism

ue to the use of spherical mirrors has been estimated to be
nimportant and hence the spherical focusing mirrors have been
hosen to facilitate the manufacturing process. The plane mobile
irrors just change the transmitting direction of beams, while
 of EAST ECRH system.

the properties of Gaussian beam remain unchanged. Each mobile
mirror controlled by horizontal motor and vertical motor steers
independently in the poloidal and toroidal direction, respectively.
The rotation ranges of poloidal angle and toroidal angle are shown
in Fig. 3 for a limiter configuration. The major radius of EAST is
1800 mm and minor radius is 450 mm.  The mirror is 3000 mm
distant from the center of EAST. Each mirror offsets 300 mm in the
poloidal direction and 100 mm  in the toroidal direction. Supposing
upward angle is positive, the range of poloidal angle is from −25◦

to 5◦ and the range of toroidal angle is from −30◦ to +30◦.
The power capacity of the launcher is 4 MW when four trans-

mission lines are all in long pulse full-power operation. Meanwhile,
the mobile mirrors are working in drastic and severe conditions
caused by their locations in the direct view of the plasma. In order
Fig. 2. The overall layout of ECRH system launcher.
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Fig. 3. The rotation ranges of poloi

. Properties analysis

.1. The calculation of the RF propagation inside the launcher

The Gaussian beams emitted by corrugated waveguides are
ocused by the spherical focusing mirrors before being directed into
he plasma by the mobile mirrors (Fig. 4). The beam waist r0 situated
t the waveguide port is the minimum radius, given by [9]

0 ∼= 0.42 × a (1)

here a (=31.75 mm)  is the inner radius of the corrugated wave-
uide.

Defining Z as the distance along the beam, beam radius r(Z)
erpendicular to the beam can be calculated according to [10]:

(Z) = r0

√
1 +

(
cZ

2�fr2
0

)2

(2)

here c is the speed of light and f is the frequency.
Ignoring the astigmatism and hence assuming perfect Gaussian

eams following reflection in the focusing mirrors, the parameters
f these beams are described by the following equations [11]:

wr = F + (Z1 − F)F2

(Z1 − F)2 + (2�r2
0 /�)

2
(3)

(Zwr) = Fr0√
(F − Z1)2 + (2�r2

0 /�)
2

(4)

here F is the focal length of the spherical focusing mirrors which
nfluences the properties of Gaussian beams, Zwr is the distance
rom focusing mirror to the waist behind focusing mirror, r(Zwr) is
he beam waist radius at this point, � = c/f is the wavelength. With

he beam waist radius r(Zwr), the beam radius r(Zp) in the resonance
ayer of plasma can be got in Eq. (2).

The distance Z1 from corrugated waveguide to focusing mir-
or and focal length F of spherical focusing mirror are unknown

ig. 4. The transferring route of Gaussian beam in the launcher. Z1 is the distance
rom  corrugated waveguide port to focusing mirror, Z2 is the distance from focusing

irror to mobile mirror, and Zp is the shortest distance from mobile mirror to the
esonance layer of plasma. Due to the dimension restriction of EAST window port,
2 (=140 mm)  and Zp (=1200 mm)  are decided.
gle (left) and toroidal angle (right).

quantities. In order to get appropriate r(Zp) which should be rel-
atively stable when there are small changes of focal length F and
transmitting distance Z1, a series of optimizations are made (Fig. 5).

In the optimizations, the value of Z1 ranges from 200 mm to
350 mm and the range of F is from 100 mm to 800 mm.  In order to
get the effect of focal length F, the case of plane mirror (i.e. no focus-
ing) is also presented for comparison. From the optimized results,
with an invariable Z1, the values of beam radius r(Zp) in the reso-
nance layer of plasma change large when focal length (F) changes
from 100 mm  to 500 mm,  while r(Zp) are almost the same when
focal length (F) changes from 500 mm to 800 mm.  With the increas-
ing of Z1, the beam radius r(Zp) does not change obviously with
the same focal length (F). The beam radius r(Zp) in the resonance
layer of plasma mainly depends on focal length (F). Considering the
optimized results and the restriction on the size of EAST window
port, all the parameters of optical transferring in the launcher are
decided in Table 1.

3.2. Thermal-stress analysis of mobile mirrors

The metal focusing mirrors and mobile mirrors will absorb part
of power when Gaussian beams are injected into them. The ideal
absorption coefficient on metallic surface of launcher, with electric
field parallel and perpendicular to the plane of incidence (respec-
tively ˛E and ˛H) are described by the following equations [12]:

˛E = 4
cos �

· Rs

Z0
(5)

˛H = 4 cos � · Rs

Z0
(6)

where

Rs =
√

�f�0

�
(7)

is the surface resistance of the metal, � is the incidence angle of
Gaussian beam, Z0 = �0/ε0 is the impedance of vacuum, �0 is the
permeability of the vacuum and � is conductivity of the metal. The

maximal absorption coefficient of incident power is 0.353%, assum-
ing that � = 45◦ and � = 107 ˝−1 m−1 with the conservative value for
copper.

Table 1
Quasi-optical parameters for launcher design.

Term a r0 Z1 Z2 Zwr F

Value (mm) 31.75 13.335 240 140 234 700
Term Zp r(Z1) r(Z2) r(Zwr) r(Zp)
Value (mm) 1200 14.68 13.635 13.425 31.145
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ig. 5. The beam radius as a function of propagation distance for different possible ch
irror  (increasing from plot1 to plot4). The positions of the focusing and steering

espectively.

The absorption power Ploss = 3.53 kW is Gaussian distribution on
ach mirror [13]:

(r, z) = Ploss

�r2(Z)
exp

(
− r2

r2(Z)

)
(8)

here r is the distance perpendicular to the beam, and r(Z) is the
eam radius on the mirrors. In the center position of mirror, the
eak load value is about 6 MW/m2.

The focusing mirrors are kept away from the radiation of plasma
y shutter but not mobile mirrors, therefore, the power deposited
n the mobile mirrors is more than on focusing mirrors. The
eposited power density of plasma is about 1.08 MW/m2 on mobile
irrors, when all possible radiation power (44.3 MW)  of future

AST tokamak is considered. Therefore, the cooling requirement
o mobile mirrors is higher. If mobile mirrors meet cooling require-

ent, focusing mirrors which have similar cooling structure will
e certainly satisfied. The thermal analysis of mobile mirrors is
escribed as follows.

Under long pulse operation, the mobile mirror temperature will
ncreases rapidly on account of metal losses if no active cooling is
mplemented, especially in the center position of mirror where the
eak load value is about 7.08 MW/m2. Consequently, the mirrors
re designed to be cooled actively. The mirror structure made of
opper and stainless steel is shown in Fig. 6. The inlet and outlet of
ooling water are shown in the middle of Fig. 6. The cooling chan-
els (shown on the right of Fig. 6) are situated in the copper body
o that the contact area between copper and water is extensive.
he water can take the deposited power away quickly based on
he advantage of the high thermal conductivity of the copper. The
hickness of copper and stainless steel is the critical design parame-
ers. The thicker the copper is, the better cooling effect is; however,

he thickness of stainless steel decides the strength of mirror. After
ome estimations and simulations by using the finite element code
NSYS, the thicknesses of copper and stainless steel are 15 mm and

 mm,  respectively.
 of shaping mirror focal length and distance from waveguide termination to focusing
ors as well as the plasma center are located in Z = −140 mm,  0 mm and 1200 mm,

The heat transfer coefficient defines the ease with which heat
passes from one material to another, usually from a solid to a fluid.
It means that, in the mirror model of Fig. 6, the heat transfer coeffi-
cient defines the ease of heat passing from copper surface to cooling
water. The unit of heat transfer coefficient is W/m2 K, where the
area is the copper surface that is in contact with the cooling water
and the temperature is the difference between the copper temper-
ature and the water inlet temperature. The heat transfer coefficient
is defined h and gotten by Dittus–Boelter equation [14]:

Nu = 0.023Re0.8Pr0.4 (9)

where the Nusselt number Nu and the Reynolds number Re are
defined by

Nu = hd

k
(10)

Re = �f d

	
(11)

�f is the average water velocity, d is equivalent diameter of cooling
channel, k is thermal conductivity of the water, 	 is the viscosity
of water, Pr is the Prandtl number that is about 5.42 when the
temperature is 30 ◦C.

Considering Eqs. (9)–(11) together, the relationship between
heat transfer coefficient h and water velocity �f under the differ-
ent equivalent diameters of the cooling channels which are 6, 7, 8
and 9 mm can be obtained. In Fig. 7, it shows that the heat trans-
fer coefficients increase strongly with water velocity and they are
not affected very much by the inner equivalent diameter of cooling
channels. In the thermal analysis, the inner equivalent diameter
is chosen 8 mm,  and the water velocity is 2 m/s, hence the heat
transfer coefficient is 10.6 kW/m2 K.

The relationship between the thermal stress and the tempera-

ture is estimated by ANSYS software. A 3D analysis is performed.
The metal losses and radiation flux are applied with a function
distributed on the surface of copper and convection is loaded on
the area of cooling channels. The temperature distribution and the
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Fig. 6. The structure of launcher mirror (left), the backfaces of mirror structure (mid
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ig. 7. The heat transfer coefficient in the different inner equivalent diameter of
ooling channels.

hermal stress profile are shown in Figs. 8 and 9, respectively. Water

s used in the cooling system of the launcher and a uniform initial
emperature of 30 ◦C is assumed. The absorption power owing to

etal loss of mobile mirror is Gaussian distribution and has been

Fig. 8. The temperature distribution of the mobile mirror.

Fig. 9. The thermal stress (in Pa) of the mobile mirror.
dle) and the cooling channels in the copper body of the mobile mirror (right).

shown in Eq. (8). The temperature distribution on the surface of
mirror keeps consistency with the equation. The peak temperature
on the mobile mirror is 296.64 ◦C, which is located in the center
of the mirror surface where the peak heat load is deposited. The
peak thermal stress is 178.1 MPa  at the corner of cooling channels
adjoining the stainless steel side. The areas of peak stress are
very small, just several points as shown. The thermal stress in the
vast majority of areas is smaller than 100 MPa. The copper and
stainless steel tensile strengths are 245 MPa  and 480 MPa, respec-
tively, consequently the stress on copper and stainless steel is
acceptable.

Supposing that the total heat on the mobile mirror is absorbed by
the cooling water, the water temperature increment can be gotten
by equation:

Q = cmt (12)

where Q is total heat on the mobile mirror, c is specific heat of
water, m is the mass of water and t is temperature increment of
water. The temperature increment of water is 45 ◦C in the ther-
mal  analysis, when the inner equivalent diameter is 8 mm and
the water velocity is 2 m/s  (Fig. 10). From Fig. 10, the tempera-
ture increments decrease quickly when the water velocity changes
from 1 m/s  to 4 m/s. However, they decrease slowly when the water
velocity is greater than 4 m/s  in all different inner equivalent diam-
eters. Because of such a low temperature increment of 23 ◦C, the
inner equivalent diameter of 8 mm is selected for the mobile mirror,
when the suggested water velocity is 4 m/s. Based on the present

design, the outlet water temperature is 53 ◦C for the mobile mir-
ror, which is far below the boiling point of water in the normal
pressure.
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Fig. 10. Temperature increment of cooling water.
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. Conclusions

In the presented design, the launcher is mainly composed by
our spherical focusing mirrors and four plane mobile mirrors. The
eam radius in the resonance layer of plasma is 31.145 mm after
F beam is reflected sequentially by two mirrors, which is suit-
ble for localized MHD  control. According to the analysis of thermal
ehavior and structural integrity, the maximum temperature in the
enter of the mobile mirror is 296.64 ◦C and the subsequent ther-
al  stresses do not deteriorate it. They are expected to withstand

AST thermal loads.
Further study should be carried out and the electromagnetic

orce of the mobile mirror needs to be taken into account.
ombining the thermal stress and electromagnetic force, the anal-
sis of the mirror is more close to the real situation in EAST
okamak.

The 140 GHz/1 MW/1000 s ECRH system on EAST tokamak is
eing fabricated and will be operated in the next EAST experi-
ent. In view of new experiments and testing of new techniques,

he ECRH system will certainly increase the capabilities of EAST
okamak.
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