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Introduction

» Numerical simulation tools are Collector
T . sweep colil
indispensable for the design and
optimisation of high power CW Gyrotrons Hollow

electron beam

Examples:
140 GHz 1 MW Gyrotron for W7-X Output
170 GHz 2 MW coaxial Gyrotron for ITER / window
» The following parts require the use of e
Particle-in-Cell (PIC) simulation tools: '
Mirrors
1. Magnetron Injection Gun (MIG).
Goal: exact beam parameters (position, Launcher
velocity ratio), low energy- and velocity
|- Resonator

spread, no instabilities.

2. Collector. — Main coil
Goal: acceptable average and peak power Compression
densities on the collector wall. (e.g. }X{ region

2.4 MW of dissipated power in the case of
the 170 GHz 2 MW coaxial Gyrotron)

Magnetron
injection gun
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Available PIC codes at FZK Particle distribution

—charge / current density
Transformation:

» 2.5D full electromagnetic PIC for physical to
. . . P contravariant
simulation of beam instabilities.

Particle localisation:

» 2.5D electrostatic PIC for gun & iterative scheme

collector design (quite slow). Maxwell-solver: (fast, vectorizable)
[
» 2.5D raytracing code for gun & 2D, z-r-plane *
collector design (quite fast). Finite difference method,
field components are Particle pusher:
» 3D raytracing for collector design centred in space & time 25D relativistié
(with transversal sweeping Contravariant leapfrog scheme
ic field representation to permit
magnetic field) usage of boundary fitted
grids *
Additional tools: Open boundary conditions

Particle emission:
constant current dens.,
space charge emission

according to Higdon (1986)

» Grid generation.

» Calculation of applied magnetic Enforce \__or particle injection )
. Gauss’ Law
field.
. . . Transformation: Interolation:
> Visualisation contravariant to physical p :

EM fields on particle positions

(with interactive GUI) (area weighting method)
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Boundary fitted (non-orthogonal) coordinates
Physical grid (for the 170 GHz, 2 MW coaxial Gyrotron):
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r[m]

z [m]
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Design of Magnetron Injection Guns
Magnetic system of the 170 GHz, 2 MW coaxial Gyrotron:

-7
0.4 L6
ks
0.3
Fa
— E
E = 5
= 5
0.2 r3
2
0.1
F1
T T T T T T 0
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z[m]
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Simulation results

Particle positions:

0.08

r[m]

0.06
0.04]

0.02
1 o

(IT

Karlsruhe Insttute of Technology.

0 0.1 0.2 0.3

z [m]

Self-induced electric field (r-component):

0.4

z[m]
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Simulation results (continued)
Typical output of the ESRAY-Module (for U = 80kV, lpeam = 75 A):

Convergence reached (Iteration No. 13).

Statistics for 144 particle(s) of type ["Electrons"]:
E_kin [keV]: 76.6869 +/- 0.0872929 (0.11383 %), 76.462 .. 76.993

alpha: 1.2936 +/- 0.074269 (6.7412 %), 1.185 . 1.42
beta_z: 0.302348 +/- 0.0107265 (3.5477 %), 0.28435 . 0.31828
beta_perp: 0.390321 +/- 0.00844261 (2.163 %), 0.37714 . 0.40425
u_perp: 0.448898 +/- 0.00974868 (2.1717 %), 0.43357 . 0.46515
u_z: 0.347721 +/- 0.0123075 (3.5395 %), 0.32701 . 0.36596
gamma : 1.15007 +/- 0.000170828 (0.014854 %), 1.1496 . 1.1507

r [m]: 0.0100036 +/- 0.000111635 (1.1159 %), 0.0097675 .. 0.010256

P_total=5.75152e+06W, q_total=-1.5e-11As, I_total=-75A.

Dynamic array memory (1D/2D/sum): 1.281M, 34.703M, 35.985M.

Total CPU: 34.130s 0:00:34 100.000%
Total elapsed (wall clock): 34.179s 0:0

0:34 100.144%
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Simulation of the Gyrotron interaction

The simulation of the Gyrotron interaction is a good verification method:
» The Gyrotron interaction is a (wanted) time-dependent instability.
» We have numerical tools to simulate Gyrotron resonators.

» Even the transient behaviour can be calculated with SELFT, a
time-dependent multimode code (S. Kern, 1996)

2.19 mmy 13.60 mm

e a— 20mMm —» | - L > a— 30 MMm—— el
[ |

| [
2mm 2mm
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Simulation of the Gyrotron interaction: Background

Electrons with relativistic Cyclotron frequency

TEgg,g—mode:

B 28GHz- B/T
che—~27r78Gz /

~

moy g ’
RS //758%
£ é\“\“ ngp%‘ :
%-
_ 1 ~14 el =
= L2 ,n2  BllkeV §:
1- ()" - () %, 05
/7Tt
are accelerated / decelerated by the

E_-component of the oscillating TE, ,-mode.

Consequence: azimuthal phase bunching and

energy transfer to the RF-field, if Qs > Q.. (140 GHz, W7-X Gyrotron)
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Simulation of the Gyrotron interaction: Results

Stationary state: Transient behaviour:
(L=35mm, I, =15A, a = 1.5) (L=65mm, I, =20A, a =1.0)
600
1 PIC
00 . mlm | #‘ SELFT ——
— 08 ,,Avﬂ \ “\‘ ‘ ‘ “
2 400 I LY
S ‘ [
g oo z il l il
2 % 0 | y ’ w M b i
E 0.4 i e 200 u‘ ] | iyv Mt i e
: = b
0.2 N — 100 !
1. i A |
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0 20 40 60 80 100 120 140
z[m] t[ns]
SELFT vs. PIC: SELFT T2hPIC
Up =79.0kV, L b | « Mode || Pout f Pout f
Br=116T [mm] | [A] kW] | [GHZ] || [kW] | [GHZ]
+) backward-wave 35 [ 15 [ 1.5 | TEo3. 583 [ 30.12 || 578 | 30.10
transient state. 35 | 20 | 1.5 | TEos1 708 | 30.12 || 718 | 30.10
%) forward-wave, 35 | 20 | 1.5 | TEgo* 57 | 24.0 52 | 24.8
transient state. 65 | 20 | 1.0 | TEo3. 197 | 30.05 || 232 | 30.03
65 | 20 | 1.0 | TEo3.0** || 448 | 30.27 || 466 | 30.25
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Development of E, in steps of
Tur/8

(L=35mm, I, =20A, a =15,
|E,| < 7.5MVm™1):
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Time dependent simulation of beam instabilities

Structure of the simulation grid
(designed for an applied magnetic field of 1 T)
Open boundary conditions

z[m]
Injection region  Beam position Axis of symmetry
Grid length: 9.5¢cm
Number of grid cells: 768 x 112
Beam radius: 10.7 .
Beam thickness: 4r
Time step: 0.2 ps
Number of macro particles: 200000 .. .250 000
(6...8 per cell)
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Results of PIC simulation

5.826-08 s, 29100 steps

Development of E,(z,r) in steps of
20ps~ T./2

| =100A,
a=1.5,

flat beam profile,
no Er,staty

no TE-polarisation

graphics range: |E,| < 105V/m
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Analytic model of the Electrostatic Cyclotron Instability
Combining Amperes law, Faraday's law and f: 7 E in Fourier space, we obtain
the dispersion relation

€ is the dielectric tensor of the magnetised relativistic plasma. Example:

% keu, Ok sts(ker )2
. o | ke O [ ( L)}
1 2y /00 d /00 J Z ouy wy Oug kxri
x = 1 — u u uz -
« w Jo Lo oo kzuy — wy + sQo

S=—00

With k = (k, 0, k;)T, Ex # 0 and E, # 0 and E, = 0 we obtain

2
w
kfexx + kxkz(exz + 6zx) + kz2622 - ?(exxezz - exzezx) - 0

Beside other restrictions this dispersion relation is only valid for
TM-polarisation (E, E;,, By), effects of TE-polarisation are ignored.
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Comparison analytic model — PIC simulation

Influence of velocity spread (analytic model):

0.025 T kX‘TLOZO.S T
KiLo=1.0 ——
0.02
50,/B,=0%
N
o 0015
2 \
5 .
E \
- 0.01 \\ \
\ 0 \
0.005 5B,/B,=5% \\
0 \
0.7 12 13 14

\ PIC-Results (/ = 100A, o = 1.5) \ —

0.=1%
ime dependent simulation of beam instabilities 16 / 37
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Collector simulation: conventional sweeping
Proposed collector for the 170 GHz, 2 MW Coaxial Gyrotron

Collector Geometry
Grid: 170GHz Coaxial Gyrotron collector [160 x 36]

0.303 !
0.25
— B H
g 0203 i
~ 0153 i
E| HH
0.10 3 H i
0.05 -
0 T i
1.4 1.6 1.8 2.0 2.8
z[m]
Magnetic System
0.8 E7
] F6
0.6 Es5
] E
— Fa E
E 04] — s 5
] F° o
F2
0.2+
1 ..pE= N
bt
0 0.5 1.0 15 2.0 25 3.0
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FEMM setup and results

30806004 >3.2426-004
29180004 : 3.0802.004
27566004 - 29186004
26940004 : 27560004

More than 110000

Fie Edt View Problem Grd Operstion Properties Mesh Anysis | Help

| sllelel il fole] #l=lnlsielt]$]s] elements are used

Input Parameters:
Wall thickness:
20mm (top plate),
15mm (rest)

lac = 1A,
60 loops per coil

<A1130007 © 16310005
Density Plat: B, Tesla

opper Wire
e oA

opper Wire
ol eo]

opper Wire
[Coil1:60]

Results show no
significant

i difference to results
obtained with
N ANSYS.
(r=100.0000,2=3100.0000) Z)
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Comparison static vs. harmonic solution (f=7Hz, 1=50A)

20166002 ¢ 521206002 2428002 : 525556002
19106002 : 2.016e-002 23006002 : 2 428e-002
18046002 * 1.910e-002 21726002 : 2.300e-002
16996002 * 1.604e-002 20446002 : 21726002
15936002 * 1.699e-002 19176002 : 20446002
14872002 : 1593e-002 17696002 : 19176002
1.381e-002 * 1.467e-002 16616002 : 1.769e-002
12756002 * 1.361e-002 15336002 © 1.661e-002
11706002 * 1.275e-002 1.4056-002 © 15336002
1.0646-002 * 1.170e-002 12786002 : 14056002
95816003 ¢ 1.064e-002 11506002 : 1.278e-002
65236003 : 9 531e-003 10226002 © 11508002
7.4656-003 : B 523e-003 63446003 : 1.0226-002
6.4076-003 : 7 465e-003 76856003 : 6.344e-003
53496003 : 6.407¢-003 6.339¢.003 : 7 BB6e-003
5 42916003 : 5 349e-003 51116003 : 6.339-003
3233003 : 4291003 3833003 5.111e-003
21756003 : 3.233e-003 25566003 : 38336003
11176003 : 2.175¢-003 12782003 : 2.5666-003
<5.3486-005 : 11172003 <2.077e007 : 1.278e-003
Density Plot: [B], Tesla Density Plot: [B_rel, Tesla

Max. magnetic flux density on axis:
B; max = 19.42mT (static) Bz max = 0.15 — i3.24 mT (harm.)
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Modeling of the launcher — mirrorbox section

Particle positions
Grid: In c

fal gyrotron - collector colls: 2.1 / Oct-0

Electrons

300 input particles from self consistent cavity simulation (mono-mode)

Beam parameters: Ej;, = 87.7keV, I, =80A

Particles leaving the simulation region will be stored and injected in the collector
simulation

—> huge speed-up
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Average of Ey;, (red) and spread in Ey;, (green) vs. z

62
F18.2
61 F180 _
2 SN
£ 60 176 =
Ve N T
59 )/\ Fi72 3
F170 2
58 /\/ F16.8 ?
57 E16.6
0.6 0.8 1.0 1.2
z[m]
Distribution of Eg;, at cavity exit Distribution of E;, at collector entrance
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Simulation results (averaged power density on collector wall)
Common parameters: I, = 80 A, Ugepr = 33.1kV, Pioag = 2.4 MW

Average of instantaneous power density distributions
for all phases of the applied coil currents 0 < © < 27

f;weep =THz

500

300

200

Power density / Wicm?®

100

2 21 22 23 24 25 26 27 238
z/m

0

Isweep,AC = [40, 40, 20, 20, 40, 20] A

Isweep,DC =0A
Tpeak =280°C, Pps = 0.38 kW (058 kVA)

7th School on Fusion Physics and Technology, April 2008

Dr. Stefan llly

fsweep =20Hz

400 I I
é 300 i
loweep.ac = [250, 250, 250, 100, 100, 100] A
Isweep,DC = —0.0025 Isweep,AC

Tpeak = 220°C, Pps = 15.5kW (50.9 kVA)

22 /37
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Influence of the hot collector wall

T =150°C, o =38MS/m (instead of 58 MS/m at 20°C),  foweep = 7 Hz

800 800
700 700
o 600 o 600
g g
2 s00 1 2 s00
& 2z
2 4 2
§ 400 § 40
T T
§ 300 4 § 300
200 1 200
100 1 100
0 ) 0
2 21 22 23 24 25 26 27 28 2 21 22 23 24 25 26 27 28
z/m z/m
lsweep,ac = [40, 40, 20, 20, 40, 20] A lsweep,ac = [24,24,12,12 24 12] A
Isweep,DC =0A Isweep,DC =0A
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Modeling of secondary emission

Theoretical models of secondary emission distinguish between three different
types of secondaries (where Ej is the energy of the incident electron):

> So-called “true-secondary electrons” with 0.08 T T T T T T
H H Secondary energy spectrum
low kinetic energy (up to ~ 50eV) and a il M e
yield factor that is relatively high. 0.06 normal incidence -
. “ . " b true secondaries
> Inelastically backscattered (“rediffused”) (areal0,501=1.17)
. L . o
electrons with a kinetic energy in the ; 0.04 backscattered -
range from zero to Ey and a moderate T (areal295,3051=0.12)
. 2= .
. T 0.02 rediffused -]
yleld factor (area[50,295]=0.75)
» Elastically backscattered electrons with
. L I L
0.00
hlgh_klnetlc energy close to Ep but a o 50 100 150 200 250 300
relatlve IOW yleld factor. Secondary electron energy [eV]

Main reference:

M.A. Furman and M.T.F. Pivi, “Probabilistic model for the simulation of
secondary electron emission”, Physical Review Special Topics, Accelerators
and Beams, Vol. 5, 2002.
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Secondary Emission: Simulation results

Particle plots of the incident o
electron beam and generations ~_ 0%
#1 to #3 of secondary T o
electrons (from top to bottom). ”
Parameters: ) §§§ e
» 80 A beam current < o T RN
» 33kV depression voltage o
» 2.4 MW power on collector oz
wall o
» Sweeping coil currents: 3'3%
40/40/20/20/40/20A ox _
> Phase of applied sweeping = g% 5 ¥ \/
coil current: 0 deg. i =

z[m]
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Instantaneous power density on the collector wall

without secondaries with secondaries
4000 4000
o . o
e 3500 e 3500
o
> 3000 1 > 3000 1
= 2500 = 2500 1
% 2000 g 2000 |
g 1500 9 1500
g 1000 g 1000
3 500 | 3 500
g Ul g W[
21 22 23 24 25 26 21 22 23 24 25 26
z/m z/m

» Maximum instantaneous power density at a sweeping phase of 315°.

v

A non-negligible reduction of the instantaneous power density can be
observed.
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Maximum instantaneous power density vs. sweeping phase

4000

3500

3000 — / o

% 2500 A
) \ /
2 2000
o 1500 \—
1000
Pmax  (W/o secondaries)
500 Pmax (With rediffused el.) ——— |
Pmax (with secondaries)
0 ; i ; :
0 50 100 150 200 250 300 350

Phase of sweeping coil current / deg

27 / 37
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Collector simulation: sweeping with rotating magnetic field

» Uses three pairs of elliptical dipole coils
(laterally mounted).

» Geometry of idealised “single loop” coils:
R =376 mm,w = 277 mm, h = 201 mm.

» Excitation currents: sinusoidal, f = 50 Hz,
phase shifted by 60°, Imax = 7 kA.

» Advantages: Smaller influence of eddy
currents, higher sweeping frequency, low
cost power supply (3-phase transformer)

Cryostat
- - ) Defocusing dipole coils (3 pairs) Top view
Mirror box —
= —
XX T

== 30

Emitter
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Instantaneous power density on the collector wall

loop = 5 kA
0=0° 0 =30°

Power density on collector wall [W/cm?] Power density on collector wall [W/cm?]

Maximum: 3514.97 Wicm? Maximum: 3913.04 Wicm?
4.000e+03 4.000e+03

3. 800e+03 3. 800e+03
3. 600e+03 3. 600e+03
3. 400e403 3. 400e403
3. 200¢403 3. 200e403
3. 000e+03 3. 000e+03
2. 800e+03 2. 800e+03
600e+03 2. 600e+03
400e+03 2. 400e+03
2000403 2. 2000403
000e+03 2. 000e+03

1

1

1

1

phi frad]

800e+03 800e+03
600e+03 600e+03
400e403 400e403
200e403 200e403
1 000e+03 1 000e+03
5. 000e+02 5. 000e+02
6. 000e+02 6. 000e+02
4. 000e+02 4. 000e+02
2. 000e+02 2. 000e+02
0. 000e+00 0. 000e+00
a

Ppax = 3515 W /cm? Prmax = 3913 W /cm?

Total power on collector wall: 1 MW
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Instantaneous power density on the collector wall

loop = 10 KA
0=0° 0 =30°

Power density on collector wall [W/cm?] Power density on collector wall [W/cm?]
Maximum: 3944.46 W/cm? Maximum: 3819.25 W/cm?
000e103 000e103

800¢+03 800¢+03
600¢+03 600¢+03
400¢403 400¢403
200¢403 200¢403
000¢+03 000¢+03
800e+03 800e+03
600e+03 600e+03
400e+03 400e+03

= 2000+03 = 2000+03

g g

£ 000e+03 £ 000e+03

s 800e+03 5 800e+03
600e+03 600e+03

400e403 400e403
200e403 200e403
000e+03 000e+03
000e+02 000e+02
000e+02 000e+02
000e+02 000e+02
000e+02 000e+02
000¢+00 000¢+00

Prax = 3944 W/cm2
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Averaged power density on the collector wall

loop = 4 kA loop = 5 kA

Power density on collector wall [W/cm?] Power density on collector wall [W/cm?]
Maximum: 468.84 W/cm? Maximum:  498.06 W/cm?

! ' % mmz
8 20 2.2 2.4
z[m]

Prmax = 469 W /cm? Prmax = 498 W/cm?

4.981e+02

4. asae402 4. 732¢402
4. 220e402
3. 985e102
3. 7516402
3. 516e402
3. 282¢402
3. 047e+02
2. 813¢+02
2 5790402
2. 34de+02
2. 1100402
1 8750402

4. 483ev02

4. 234402

3. 985e+02
3. 7350402
3. 486e+02
3. 237e+02
2. 988e+02
2. 739e+02
2. 490e+02
2 2410402
1. 992e+02
1 6ates02 1. 7430402
1 07e402 1. 494e402
1 172e402 1. 245e402
9. 377¢101 9. 961¢401
7. 033e 401 7. 4710001
4. 688er01 2. 981e+01
2. 3a2e101

0. 000e+00

2. 490ev01
0. 000e+00

Ppmax corresponds to the averaged peak power density obtained in the case of
conventional sweeping.
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Averaged power density on the collector wall

loop = T kA

Power density on collector wall [W/cm?]
Maximum:  431.45 W/cm?

phi frad]

Prmax = 431 W /cm?

Dr. Stefan llly  7th School on Fusion Phy:
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315e402
099402
883¢402
667¢102
4520402
236e402
020e+02
804e+02
5890402
3730402
157e+02
9420402
7260402
5100402
294e402
079e402
629e401
4720401
315e401
157e101
000¢+00

loop = 10 KA

Power density on collector wall [W/cm?]
Maximum:  436.02 W/cm?

phi frad]

Collector simulation

K

Karlsruhe Insttute of Technology.

360e402
142e402
924¢402
706e102
488e+02
270e+02
052e+02
8340402
6160402
3980402
180+02
9620402
7ades02
5260402
308e402
090e+02
720e401
540e401
360e401
180e401
000¢+00
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W7-X Gyrotron with mounted sweeping coils

Dr. Stefan llly
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Karlsruhe Insttute of Technology.

Infrared camera picture (short pulse)

Sweeping current: 7.9 kA - turns

approx. 39 cm

[# 05-10-26 15:06:38 320 V 3 o'clock pos.
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Modulated transversal collector sweeping

By modulating (“wobbling”) the amplitude of the applied 50 Hz three phase
current with a lower frequency (5-10Hz), the critical maxima of the power
density distribution will be smeared out.

o bt i A A

Example: Amplitude Modulation from 4 kA to 7 kA at 5 Hz.
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Karlsruhe Insttute of Technology.

Modulated transversal collector sweeping: Results

lioop = 5 kA const.

5. 000e+02
4. 750e+02
4. 500e+02
4. 250e+02
4. 000e+02
3. 750e+02
3. 500e+02
3. 250e+02
3. 000e+02
2. 750e+02
2. 500e+02
2. 250e+02
2. 000e+02
1. 750e+02
1. 500e+02
1. 250e+02

phi [rad]

lioop = 4 — 7 kA, modulated at 5Hz

5. 000e+02
4. 750e+02
4. 500e+02
4. 250e+02
4. 000e+02
3. 750e+02
3. 500e+02
3. 250e+02
3. 000e+02
2. 750e+02
2. 500e+02
2. 250e+02
2. 000e+02
1. 750e+02
1. 500e+02
1. 250e+02
1. 000e+02

1.000e+02
7. 500e+01 7. 500e+01
5. 000e+01 5. 000e+01
2. 500e+01 I 2. 500e+01
0. 000e+00 0. 000e+00
14 16 18
z[m] z[m]

Ppax = 498 W /cm? Poax = 283 v\//cm2

At IPP Greifswald experiments with modulated sweeping current already started.
Quantitative results obtained with the W7-X Gyrotrons (140 GHz, 1 MW, cw) will be

available soon.
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Conclusion
In the field of high power CW Gyrotrons Particle-in-Cell codes are an
indispensable tool for the ...

» ...design of the Magnetron Injection Gun.

» ...design of the collector shape and magnetic sweeping system.

> ...simulation of beam instabilities that may strongly influence the
efficiency of the tube.

» ... verification of numerical tools for cavity design (in limited sense)
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