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Highly Overmoded Cavities AT

Karlsruhe Institute of Technology

® Microwave field generated in the gyrotron cavity
- ohmic losses on the metallic wall

b2 ,ﬂf  Quifr Pout
Q= 2
Xmp€ JHoO 4 _ (m
" 1 ( /me)

2016-09-08 Joachim Franck: Insert Misalignment in Coaxial Gyrotrons Institute for Pulsed Power and ~ {
Microwave Technology I_I M



4

Highly Overmoded Cavities AT

Karlsruhe Institute of Technology

® Microwave field generated in the gyrotron cavity
- ohmic losses on the metallic wall

PQ% 2 f Qdifflpoutl
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Highly Overmoded Cavities AT

Karlsruhe Institute of Technology

® Microwave field generated in the gyrotron cavity
- ohmic losses on the metallic wall

PQ% 2 f Qdifflpoutl

Ximp€ B0 " 1 _ (m )2
mp
® Limited cooling capacity per surface area

(typical maximum loading: 2 kW/cm?)

—> large cavity radius for high power & frequ. :

T[°C]
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Fig. 6.4.: Steady state temperature distribution at the cavity for Glidcop with £y, = 1.5 and
h. =0.13 W/°Cmm?

(source: PhD thesis M. Beringer, 2010)
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Highly Overmoded Cavities ﬁ(“l

® Microwave field generated in the gyrotron cavity
- ohmic losses on the metallic wall

PQ ~ 2 , 71f | Qdifflpoutl

XimpC B0 T 1 _ (m /me)z

® Limited cooling capacity per surface area
(typical maximum loading: 2 kW/cm?)
—> large cavity radius for high power & frequ.

B With wgrrRcav = Xmpco , this requires high

mode eigenvalues x,,,
m: azimuthal index, p: radial index

® Typical distance between modes: Ax~1.5
— spectral distance Ax/x,,, decreases
- mode competition increases
-> gyrotron operation becomes unstable
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Coaxial-Cavity Gyrotrons ﬁ(“l

Karlsruhe Institute of Technology

® (One) solution: coaxial insert
B Metallic rod (with internal cooling)
® Fixed in electron gun region of the gyrotron
® [n the cavity region: longitudinally
corrugated & tapered

® [nsert interacts with some modes
—> rarefaction of spectrum possible
- less mode competition
- more stable operation
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Coaxial-Cavity Gyrotrons: The 238 GHz Design [T

. C08X|a|-CaV|ty TE49,29 (X49’29 ~ 158) @ 2375 GHZ 1-9 MW (33 %) Karkruhe insitteof Technology
B R,=31.78 mm, R=8.66-8.40 mm (taper angle: -1°), r5=10.24 mm
® 100 corrugations with depth D, = 0.3 mm

0 = 693A Ug=85.6 kV; U, 4= 36kV(a—1 22); B=9.58 T

- outer wall - —
63.56 mm == beam
insert

" ;=80 mm modulation
® rz=65mm, d=4.3 mm, 6.=25° _ ~J
® emtr. surface roughness 2 ym:
® no reflected electrons
® reduced potential wells
® max. electric field: 7 kV/mm s
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Coaxial-Cavity Gyrotrons: The 238 GHz Design T

Karlsruhe Institute of Technology

® Technical issue:
® insert length = 50 cm
® typ. dimensions in cavity: A = 1.26 mm, D_,, = 0.3 mm
- required tilt: < 0.1°
B Tubes are welded and evacuated, thus:
® Possible misalignment cannot be undone
® Only freedom: electron beam position (magn. field)
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Coaxial-Cavity Gyrotrons: The 238 GHz Design T

Karlsruhe Institute of Technology

Question to design specifications:
What is the maximum tolerable insert misalignment?

Two aspects of insert misalignment:
B Influence on the electromagnetic modes
B Influence on the electron beam
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Effects of Misalignment 1: Mode Content AT

Karlsruhe Institute of Technology

® Mode TE,q 9 at 0.0 mm misalignment

f

c

Lo = 237.31 GHz
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Effects of Misalignment 1: Mode Content
® Mode TE,q 59 at 0.0 mm /1.0 mm misalignment

f,on = 237.31 GHz

f

c

12

<

Lo = 237.37 GHz
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Effects of Misalignment 1: Mode Content AT

Karlsruhe Institute of Technology

® Mode TE,q 59 at 0.0 mm /1.0 mm misalignment
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Effects of Misalignment 1: Mode Content AT

Karlsruhe Institute of Technology

® Mode TE,q 59 at 0.0 mm /1.0 mm misalignment

QLU
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Description of Misalignment: Mode Content AT

Karlsruhe Institute of Technology

Small, but important changes in deformed modes, e.g.:
® Mode eigenvalue x,,, (= frequency; required precision: ~ 10~ (1:1.000.000))
® Field distribution = coupling to electron beam (required precision: ~ 1072)

Goal: analytic description of TE modes which works for

Corrugated insert (Surface Impedance Model, i.e. infinitely small corrugations)
Misalignment up to 1 mm
Eigenvalues up to 180

Eigenvalue precision of 107°
Azimuthal indices mup to 60

and (as a code) is suitable as input for interaction codes.
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Description of Misalignment: Mode Content AT

Karlsruhe Institute of Technology

® Field decomposition Bz,m(r,cp) ~ Z Kng(s, 1,7, C,6)qu‘iq‘P

q=—

® Modes: solutions of  B’,,,(Rp) =0

coaxial insert

boundary condition
A

|
N (k,v") N, (k,7r")
ey ) ()

|
Kmq(S; r,r',C,06) =]q—m(5) *Um-s(k ) —Npp_s(ky7)) - <

/ / /
l ] ]q(kj_r) ]q(kj_r)
|
wall boundary .
" corrugations
condition
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Description of Misalignment: Mode Content AT

Karlsruhe Institute of Technology

® Field decomposition Bz,m(r,cp) ~ z King(s, 1,7, C, 6)qu‘iq‘P

q=—oo

® Modes: solutions of  B',,,(Rg) =0

u “Small-matrix approach” VS. “Large-matrix approach”
[} 7 K'
KmD-Am,mO-Am ' e KmO—Am,m0+Am 0,Am
KmO’Am ) K Kmo,mo , Kmmax’Am - .
oA Mg Am o Km0+Am,m0+Am Kr,nmax»ﬂm
|

N’q (kJ_r’) Nq (kJ_r’)> _ (1)
]’q (kJ_T’) ]q (kJ_r’) C
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Description of Misalignment: Mode Content AT

Karlsruhe Institute of Technology

® Field decomposition Bz,m(r,<p) ~ z Kng(s, 1,7, C,6)qu‘iq‘P

q=—oo

® Modes: solutions of  B’,,,(Rp) =0

u “Small-matrix approach” VS. “Large-matrix approach”
[} 7 K'
KmD-Am,mO-Am ' o Kmo-Am,m0+Am 0,Am
KmO’Am ) K Kmo,mo , Kmmax’Am - .
mytAmmp-Am ~ * " " ng+Am,mo+Am Kr'nmax, Am

\_ ‘ J

N’q (kJ_T’) Nq (kJ_r,)> _ (1)
]’q (kJ_T’) ]q (kJ_r,) C
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Description of Misalignment: Mode Content g(“‘
Result of B',,,(Rg) =0 ot e Tl
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Karlsruhe Institute of Technology

Mode Content

Description of Misalignment

Result of B',,,(Rg) =0
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Description of Misalignment: Mode Content AT

Karlsruhe Institute of Technology

® Field decomposition EZ,m(rmp) ~ Z Kng(s, 1,7, C,cS)qu‘iq‘P

q=—oo

B e.g. m=49:

(misaligned) (aligned)

N’q (kJ_r’) Nq (kJ_r,)> _ (1)
],q (kJ_r’) ]q (kJ_r,) C
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Description of Misalignment: Mode Content AT

Karlsruhe Institute of Technology

® Field decomposition l?zlm(rmp) ~ Z Kng(s, 1,7, C,6)qu‘iq‘P

q=—oo

B e.g. m=49:

)-0+-0-
A A

(misaligned) (aligned)
A A
( B0 B 1 BZ B49 |

Weighting factors B,

N,q (kJ_r’) Nq (kJ_r,)> _ (1)
],q (kJ_r’) ]q (kJ_r,) C
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Description of Misalignment: Mode Content AT

Karlsruhe Institute of Technology

® Field decomposition Bz,m(r,cp) ~ Z Kng(s, 1,7, C,6)qu‘iq‘P

q=—o0
B e .g. m=20: 10000
1,00E-01
1,00E-02
1,00E-03

1,00E-04
B

1,00E-05

1,00E-06 g

1,00E-07

1,00E-08 q
YO 2R PR PR DL NP RPLSTEQOAL DS D P S

® Index g of largest weighting factor is used as azimuthal index m.

(largest weighting factor ~ largest energy content)
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Description of Misalignment: Mode Content AT

Karlsruhe Institute of Technology

® Field decomposition Bz,m(r,cp) ~ Z Kng(s, 1,7, C,6)qu‘iq‘P

q=—o0
B e .g. m=20: 10000
1,00E-01
1,00E-02
1,00E-03

1,00E-04
B

1,00E-05

1,00E-06 g

1,00E-07

1,00E-08 q
YO 2R PR PR DL NP RPLSTEQOAL DS D P S

® Index g of largest weighting factor is used as azimuthal index m.

® Number p of root X, misaigned = K, Ro IS used as radial index p.

24 2016-09-08 Joachim Franck: Insert Misalignment in Coaxial Gyrotrons Institute for Pulsed Power and ~ {
Microwave Technology I_I M



Description of Misalignment: Mode Content

Result of B'zm(Ro) = 0

usmg Iargest weighting factor
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Description of Misalignment: Mode Content

Result of B',,,(Rg) = 0

usmg Iargest weighting factor
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Description of Misalignment: Mode Content AT

TE,¢ -7 Eigenvalue versus misalignment et st ton
14758
—om
‘. ® 400 pm
L

147.54

Eigenvalue x(46,27)

147.52

147.5

147.48
3.54 3.59 3.64 3.69 3.74 3.79 3.84

Radiirato C R=R_0:R_|
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Description of Misalignment: Mode Content AT

TE 6,7 (300 um): Azimuthal components versus eigenvalue et o il

BE-08 > P
>
bbhbhbi"""".bb

S eRRIEBRR BB BE BB BB BB B b B b b B (1 d dde

Wq-42
B5E-08
* =43
g=44
Aq=45
> =46
4E-08 G=a7
M g=43
g=49
@ =50
o 3E-08
Eﬂl
2E-08
v M
. W R KRR RN
T R e e o B o B B B B B B P A CLL LR R
F'_.”“__ s vwnneanda bk A AR AR SR B B INIli Ak h i n ek b A Ak AL Ak A Ak AL AL Ak A& Ak Ak Ak Ad da A A A M oA B A M A L
b
1E-08
RNttt 0000000202 L S R L P R QS S P B 4 & & ¥ ¢ & & ¢ 0+ ¢ o
OE+00 [P0 d e RENEEEEEEEEEEE ]
147.488 147.498 147.508 147.518 147.528 147.538 147.548
X
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Description of Misalignment: Mode Content g("'

Karlsruhe Institute of Technology

B (mis)aligned insert ends after cavity - mode conversion

e

S e

Cavity
Launcher
(a.k.a. quasi-optical
mode converter)
Insert
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Description of Misalignment: Mode Content g("'

Karlsruhe Institute of Technology

B (mis)aligned insert ends after cavity - mode conversion

Cavity ~_ |

Launcher

A . (a.k.a. quasi-optical

2 mode converter)
Insert - v
(misaligned) (aligned)
output mode
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Description of Misalignment: Mode Content AT

TE,¢ ,7- Energy content versus misalignment (= stray radiation) ===

1E+00 1E+00

—U 0 — O
—Uuoul O “ m —uoul 200 “ m
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Description of Misalignment: Mode Content AT

Karlsruhe Institute of Technology

Procedure result:

® Every mode in cavities with (reasonably) misaligned insert
has a label TE,, ..
® Proper labelling ensures proper calculation of
® axial mode profile
® spurious mode content
® ohmic wall loading
|

coupling to the electron beam

- suitable for interaction simulations
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Effects of Misalignment 2: Voltage Depression T

Karlsruhe Institute of Technology

® Mode TE,q 59 at 0.0 mm /1.0 mm misalignment
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Effects of Misalignment 2: Voltage Depression T

Karlsruhe Institute of Technology

® Mode TE,q 59 at 0.0 mm /1.0 mm misalignment

Mode remains (almost) concentric with outer wall.
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Effects of Misalignment 2: Voltage Depression AT

I Karlsruhe Institute of Technology

wall (grounded)

Gauss’ Law
(symmetric problem) -

Ky In(r/Ro)In(ry/Ry)
() = 27?20 bln (%O/RI)

insert <+
(grounded)

+ R: insertradius
r,: beam radius
Ro: wall radius
K, beam line charge
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Effects of Misalignment 2: Voltage Depression AT

Karlsruhe Institute of Technology

asymmetric problem

?

- insert depends on azimuthal
‘ _ +(grounded coordinate
= R,: insert radius
r,. beam radius
Ro: wall radius
K, beam line charge
D,,: insert-beam misal.
D,o: insert-wall misal.
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Description of Misalignment: Voltage Depression g(“'

Karlsruhe Institute of Technology

... see http://dx.doi.org/10.1109/TED.2016.2592533 ...

B Test design (very thick, misaligned beam):

; -1000
0.03r
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-2000 _ s _ LD
2500 = ] i
E 0 = 2 3 i
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> - o
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1 -
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Description of Misalignment: Voltage Depression g(“'

Karlsruhe Institute of Technology

® TE,,9 mode gyrotron design (misaligned insert+beam):

-500 16
14
-1000 | VLD -
12
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— -1500 [~
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8 <
0 g o
v 2
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2 2000 F
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Description of Misalignment: Voltage Depression g(“'

Karlsruhe Institute of Technology

® TE,,9 mode gyrotron design (misaligned insert+beam):
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40

Conclusion and Outlook ﬁ(“l

Karlsruhe Institute of Technology

Two new codes for interaction simulation input:
B SCNCHIMP: mode content of cavity with misaligned insert
B Interface to interaction code Euridice (K.A. Avramidis) is written
® Additional features: tilted insert, thick electron beam, B-field profile
® Finished; testing is ongoing
B WickedQueen: electron energy spread in cavity with misalignment

® Article on principle and benchmarking published
(IEEE Trans. Electon Devices 63(9), 3740-3746, Sept. 2016)

Next steps:

B Euridice interaction simulations with
B Energy spread input from WickedQueen
® Mode input from SCNCHIMP

- Determination of maximum allowed misalignment.
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Questions/Discussion ﬁ(“l

Kadsruhe Institute of Technology

41 2016-09-08 Joachim Franck: Insert Misalignment in Coaxial Gyrotrons Institute for Pulsed Power and ~ {
Microwave Technology I_I M



AT

Karlsruhe Institute of Technology

BACKUP SLIDES
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Description of Misalignment: Voltage Depression T
® Basic idea: o it of Tocnoloo
® Describe electron beam as (large) number of point-charges
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Description of Misalignment: Voltage Depression T
B Basic idea: Karkruhe It of Tecrclogy
® Describe electron beam as (large) number of point-charges
® Each charge has mirror charges (insert; wall; ...)
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Description of Misalignment: Voltage Depression T
B Basic idea: Karkruhe st of echnology
® Describe electron beam as (large) number of point-charges
® Each charge has mirror charges (insert; wall; insert-wall; wall-insert; ...)
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Description of Misalignment: Voltage Depression T
B Basic idea (seems to fail): Ko st of Technoloa
® Describe electron beam as (large) number of point-charges
® Each charge has mirror charges (insert; wall; insert-wall; wall-insert; insert-wall-insert;

D

§\
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Description of Misalignment: Voltage Depression T
® Basic idea (which does not fail): Ko st of Technoloa
® Describe electron beam as (large) number of point-charges
® Each charge has mirror charges (insert; wall; insert-wall; wall-insert; insert-wall-insert;
wall-insert-wall; ...) = infinite number
® But:

® Mirror charges converge to two distinct points of the geometry
—> series can be truncated

0.2 -

0.15 -

y (m)
line charge (C/m)

0l

1 1 ! h ! !
-0.15 0.1 -0.05 0 0.05 0.1 0.15
x (m)
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Description of Misalignment: Voltage Depression g(“'

® Basic idea (which does not fail): Karsuhe Instute of Technology
® Describe electron beam as (large) number of point-charges

® Each charge has mirror charges (insert; wall; insert-wall; wall-insert; insert-wall-insert;
wall-insert-wall; ...) = infinite number

® But:

® Mirror charges converge to two distinct points of the geometry
—> series can be truncated

®  Axisymmetric beams need only a few (~20) mirror charges in total

oax insert
Beam charges  + 6e10

——————

------

x{m)
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