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7’%% Motivation
CLIC

To provide rf designers with a local field quantity
which limits high-power/high-gradient performance in
the presence of rf breakdowns.

Make a fit to
measured data
and try fo
understand

Make a theory and
verify with
measured data

-

-
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g e e Introduction
cLIC

The high-gradient performance depends on:
1. Geometry of the cavity: rf design

2. Surface of the cavity : anything else than rf
design

Material
Heat treatment
Machining
Chemical treatment
3. Measurement technique and experimental setup
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ﬁff% Introduction
CLIC |

Variation of high-gradient performance of the same rf design.

D

Normalized gradient for H60vg3 rf Normalized gradient for H60vg4R17/S17
design rf design
U _ 1015 =
- 101 [}
A A 1005
W ] u 0
Y 1 % 1
s ] L] , -
" o5 no% -
. 0.99
[
0.9 | ‘ ‘ ‘ ‘ 0.985
0 1 2 3 4 5 6 0 1 5 3 4 5 6
Structure number Structure number

N.B. Variation of up to tens of percents can be expected from the
difference in the surface state, statistics and measurement setup.

—
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Yol :
/;%% Experimental data @ 200ns, BDR=10-°
cLic ‘

©)

N |Name [GHz] | [] [70] [m] = 160 _band TWS
X X-ban ,
1 |DDSI 11424 [120 [11.7-3 [138 % 140 ++ BDR=1e-6 bpp
2 |T53vgSR 11424 |120 |5.0-33 |0.53 -: 120 § + X-band SWS,
3 |T53vg3MC 11424 [120 [33-1.6 |0.53 .§ 100 § BDR=1e-6 bpp
©
4 |H90vg3 11424 |150 [3.1-19 |09 g 80 ¥ - i %30 GHz TWS,
5 |H60ves 1424|150 [3-12 |06 o o ¥ mMy LR s ¥ BDR=1e-6 bpp
6 |H60ve3SI8[ 11424 [150 [33-12 [0.6 "é R ¥ p 4 @ X-band TWS,
§ 40 2 BDR=1e-6 bpp/m
7 |H60ve3sS17[ 11424 [150 [3.6-1.0 |0.6 g
20 -
8 |H75vg4s1s 11424 |150 |4.0-1 0.75 < ®| ®Xband SWS,
0 BDR=1e-6 bpp/m
9  |H60vg4as17[ 11424 [150 |4.5-1 0.6

0 2 4 6 8 10 12 14 16 18 20 22 @30GHz TWS,
10 |HDX11 11.424 |60 5.1 0.05 BDR=1e-6 bpp/m

Structure Number

11 |CLIC-X-band 1424|120 |11 0.23

12 [T18ve2.6 11424 120 [26-10 |08

13 [SW20a3.75 11424 [180 |0 0.2 . ]

14 [SW1a5.65t4.6 11424 180 [0 0.013 ACC@I@PGT'“Q de'em
15 |SWla3.75t2.6 11424 180 |0 0.013 at ZOOHS, BDR: 10_6

16 [SW1a3.75t1.66 11424 180 |0 0.013

17 |23 29985 [120 |47 0.1

18 |n2 29985 [90 |74 0.1

19 [HDS60 29985 [60  [8.0-51 o1

L L e 8
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BDR versus Gradient scaling

BDR versus Gradient in Cu structures (expon. fit)
1.00E+00
B H90vg5N at 100ns
1.00E-01 A 2pi/3 at 70ns
HDS60L at 70ns
AE-14e° 3193x
1.00E-02 y= y SE T X HDS60S at 70ns
y= BE-15e0-4453x T53vg3MC at 100ns
/ H75vg4S18 at 150ns
a'd 1.00E-03 HDX11 at 70ns
O T18vg2.6 at 230ns, 500hrs
- 0.4742;
CD 1.00E-04 = 1E-18e X p— = Expon. (H90vg5N at 100ns)
/ y = 7E-16e%2%%x Expon. (2pi/3 at 70ns )
Expon. (HDS60L at 70ns)
1.00E-05 y 3E-19g0-3023x 4g0-3812x Expon. (HDS60S at 70ns)
/y}g% S Expon. (T53vg3MC at 100ns)
e
1.00E-06 o Expon. (H75vg4S18 at 150ns)
Expon. (HDX11 at 70ns)
Expon. ( T18vg2.6 at 230ns,
1.00E-07 \ , . : : 500hrs)
40 50 60 70 80 90 100 110 120
Ea [MV/m]

Exponential fit requires different slope depending on the gradient
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BDR versus éradient scalin

1.00E+00
1.00E-01 B H90vg3N at 100ns
¢ NLCat70ns
1.00E-02 y= 2E-47X23-356} A 2pi/3 at 70ns
' = _ 36.017 HDS60L at 70ns
= BE-48x25.048 y = 7E-75x
y = bE-4ox X X HDS60S at 70ns

1.00E-03 > 4 ® T53vg3MC at 100ns
D: + H75vg4S18 at 150ns
) 1.00E-04 y = 2E-60x3047 - ® HDX11 at 70ns
oM // y = 3E-49x?2:851 4 T18vg2.6 at 230ns, 500hrs

4 Power (H90vg3N at 100ns)
1.00E-05 y = 3E-66x30.072 y = 4E-87x°771° Power (NLC at 70ns)
/ f 23440 Power (2pi/3 at 70ns )
= _ A4
1.00E-06 Y= 1E'42X19'506) y = 6E-54x Power (HDS60L at 70ns)
'{ Power (HDS60S at 70ns)
* Power (T53vg3MC at 100ns)
1.00E-07 o
Power (H75vg4S18 at 150ns)
Power (HDX11 at 70ns)
1.00E-08 [ [ ‘ ‘ 1 T T
40 50 60 70 80 90 100 110 120
Ea [MV/m]

Power fit can be done with the same power for all gradients

Alexej Grudiev, New RF Constraint.

Dec. 2008



cLI

c

BDR versus éradient scalin

10" T : r 10" , = ———
; F ; /| B H90vg3N at 100ns : /¢ /7 4 0O NLCat100ns
A 2pif3 at 70 ns S 2pif3 at 70 ns
\ o ',}’*.,- x HDSE0I at 70ns , DA 5{;’ v x HDS60I at 70ns
2 107 oot % HDS60Sat70ns | o 107 e A 4% HDS60Sat70ns ||
= # ;f # HDX11 at70ns = g, *** #% HDX11 at70ns
& ;f e O T53vg3MC at 100 ns 8 g e O T53vg3MC at100 ns
e ke g : | + H75vgd518 at150ns o b _‘g ; 71+ H75vg4818 at 150ns
o -4 L | 7 T T p o -4 L H g g 2 T 7 T
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2 | o L, i i, X HDSeOlat70ns ANV X HDS60I at 70ns
L [+ SRR NN NV S ALl % HDSB0S at70ns 2| A i |
2 : A A 10 - 4 % HDS60S at 70ns
3 | v AT | 4| * HOxt1at7ons 2 Y # HDX11at70ns
. K L H H c 'kr} :
£ i AR 2 TS3vg3MC att"1°5°0"5 E koo A O T53vg3MC at 100 ns
S 4 N i A 0 | T H7SvgdS18 at150ns o X L 4’|+ H75vgas18 at150ns
(L [ S 7S S ) S B S . S qotl o e e
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6radient versus pulse length scaling §

average gradient [MV/m]

120
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40
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Gradient versus pulse length at BDR=10°

TS = 236.92x014
o
— 0.
y = 220.55x . y = 264.8x0.203
k ~ v = 364.73x70

y= 15024)(0147\

y = 182.05x°0173

N

y = 114.03x0157

E.t'° = const

P

X HDX11-Cu

+

A

T53VG3MC
HI90VG3
H75VG4S18
H60VG4R17-2

2pi/3
HDS60L
T18vg2.6, 900hrs

y+t 96.223x70179

100 200 300 400 500

pulse length [ns]

= Power (T53VG3MC)

= Power (H90VG3)

— Power (H75VG4S18)

= Power (H60VG4R17-2)

= Power (HDX11-Cu)

— Power (2pi/3)

= Power (HDS60L)

—Power (T18vg2.6, 900hrs)

N.B. This is very well known scaling law being confirmed again and again
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T /7%% Summary on gradient scaling
CLIC
For a fixed pulse length For a fixed BDR
BDR ~ E.° E, -t,° =const
£t
= const
BDR

In a Cu structure, ultimate gradient E, can be scaled to certain
BDR and pulse length using above power law. It has been used in
the following analysis of the data.

The aim of this analysis is to find a field quantity X which is
geometry independent and can be scaled among all Cu structures.

Alexej Grudiev, New RF Constraint. Dec. 2008
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Power over circumference

8
7 .v\
- 6 ~. 18Wu
= N B B 3 I
S .
5 .—'—.
S . \ 1.
) 4
> . A N
- 3 \2
2
1
13
0 > o006 —
0 2 4 6 8 10 12 14 16 18 20 22
Structure Number 4

Much better agreement

but
This is not a local
field quantity.
H75vg4518 does not
really fit.

Does not describe
standing wave
structures.

Needs frequency
scaling

Power over circumference @ 200ns, BDR=10-¢ bpp/m
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/%% Breakdown initiation scenario D
CLIC

Qualitative picture
Field emission currents Jg heat a (potential)
breakdown site up to a temperature rise AT on each
pulse.

After a number of pulses the site got modified so that
Jen increases so that AT increases above a certain
threshold.

Breakdown takes place.

This scenario can explain:
Dependence of the breakdown

PIoss .
i Prf rate on the gradient (Fatigue)

Pulse length dependence of the
gradient (1D+3D heat flow from
a point-like source)
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EM fields around a tip of p=30

Electric field (log scale)

Unperturbed Field emission

rf power flow: power flow:
S:EXH SFN:EXHFN

H = const : : HFN - IFN/ZTIP
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e Field emission and rf power flow

cLIC

IDloss

P'r'f

)%
2°
A3
Prf

AT ~ I:)Ioss

I:)Ioss = J“J iN P dV
Vv

<< Pgy £ Py

szzﬁExFuN$fvE-uN
S

P, = pE x H ds
S

There are two regimes depending on the level of rf power flow

1. If the rf power flow dominates, the electric field remains
unperturbed by the field emission currents and heating is
limited by the rf power flow (We are in this regime)

2. If power flow associated with field emission current Py
dominates, the electric field is reduced due to "beam loading"
thus limiting field emission and heating

Alexej Grudiev, New RF Constraint.
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ﬁf//%% Field emission and power flow
cLiC *

ExH=E,-H," sin” wt+E,-H;" sin wt cos at
_62GV/m
PE, sin wt

|, - E = AE; sin’ ot - exp

1 AN / Vi J
! . .
@ 0.5
E 1
u ] 1 1
= : : !
T O , ; ;
u ] 1 1 1
] 1 1 1
o N
S T e et T T “y.O T I R A
I . """n.._. . o .
' ! ! -
1 | I | I | I e ST -+ I
0 0.1 0.2 0.3 0.4 0.5 0.k 0.7 0.5 0.9 1
tT
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—=<=— Field emission and rf power coupling
cLic F -

What matters for the breakdown is the amount of
rf power coupled to the field emission power flow.

Coup = Iprf P\ dt/LTjﬁPFN dt .Tj‘4prf dt]
0 0

=C™E,H," +C"EH,"

Assuming that all breakdown sites have the same
geometrical parameters the breakdown limit can be
expressed in ferms of modified Poynting vector S..

CSW

oHo W — Re{S}+ g, -Im{S}

Sc:Engw
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—==— Field emission and rf power coupling

cLic
/2 .
Constant g, depends j sin’ XCOSX'CXPE 62 GV/ mjdx
only on the value of g =0 PE, sin X
the local surface ¢ 2 —62GV/m ;
ic fi X - X
electric field pE, _([ Sin” X-exp E, sin x
0.25
0.2
0.15 . . . . .
S I U N N T A g.is in the range:
S from 0.15 10 0.2
0.05}------- Bt LECREEEY EEEEE SERRRRS SRR .
:
2 3 4 T b 7 &

RE [GVim]

|
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ﬁ;’?’% New rf breakdown constraint S, [@)
CLIC |

1T S,=Re{S!+Im{S}/6

2 ]

¢ P e S.=4+5[MW/mm?]
at 200ns, BDR=1e-6 bpp/m
SC15TP5/ BDR = const

(5.2 [a.u.]
=
]
o

1

0.5

0]

0 2 4 6 8 10 12 14 16 18 20 22

Structure Number
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CLIC

Farameters of unloaded (deshed) and loaded (=salid) structure

S, reaches 5.55 for 250 5 5 5 5 243
nominal parameters. _g_ii___ _____ ____é

Scaling it to 200ns gives: D b e e
5.55%(171.6/200)"1/3 =53 ot 384w, F.lﬂd*_ e ~Ay

Eff=27.7 %

To be compared with the _
t =224 ns, t, =62

(red) [MV/m], AT [K] (bluel, S *40 [Myvmm?2] (m

measur'ed daTa 150 k- TERRENIN S ERIT P EEEPRREE _
t—224n5t—529n5|t—24[ﬂ8n5 tF:'—1?1Ens ___________ 143
1--------:—--- - . REEEEEEECEE — "I"I _'_—__—- —————
: / : e
DB ________i__ _____%________i ________ i _______ | : _______ i____ 1I:II:| - ... ... ............ ........... ....... ........... -
T AN
oo - : - - - - .
o= : : : : : : =
GIF) SR AN T TR U NS NSNS S W )
. : . . . . 2
: : : : : L
I B - =
. . . . . . ﬁ |:| 1 ] ] ] ]
o 0 5 10 15 20 25
L ..
0 ’ i i i ’ : — Irs humber
0 g0 100 180 200 280 300 =

t [ns]
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S.in CLIC &6

-

S, values in CLIC_G for
the nominal parameters is

very challenging
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ﬁ;’?’% Analytical estimates for a cylindrical tijp
cLic o

For a cylindrical protrusion heat conduction is described by:

T=7 X= 2
"\ Cva—T:KaT+J2p

2
A
i Let's get approximate solution it in two steps:
1. Solve it in steady-state (i.e. left hand

Tl 4 cathode LXZ2 side is zero) for a threshold current
(0) density required to reach melting

will £ Will temperature T,
ams & WIIAMS, > Solve time dependent equation in linear

J. Appl. Rhys. D, | approximation to get the threshold time
5 (1972) 280 required to reach melting temperature
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ﬁ;’;%% Analytical estimates for a cylindrical tijp

W

CLIC
Case B: Resistivity is femperature-dependent: | p = p, - T/T, gs::i;en)
Step 1 2 T
a T =T T =Ty il =o
OX |,_
T =T_cos /J Po y / arccos—
Step 2:
oT
C E_J P> T‘t:OZTO; T‘tt :T
2 T
T:Toepr Po B g = Gl ln _5 hzln/arccos
CvTo J° Py Ty
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ﬁ:;%% Analytical estimates for a cylindrical tip
cLl _

c

Fundamental constants for copper

Thermal conductivity: K [W/m-K] 400
Volumetric heat capacity: C,, [MJ/m3-K] 3.45
Resistivity@300K: p, [n2'm] 17
Melting temperature: T, [K] 1358

Some numbers for Case B: p = po'T/T,

T, ~ 100 ns > h~ 1 pm—>]_~ 36 A/um?

\Z
B~=h/r =—>»|r~25nm

A

E ~ 300 MV/m —>|B ~ 40 €&——|BE ~ 12 GV/m

W
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Analytical estimates for a cylindrical tijp |

CLIC
Some numbers for Case 2: p = py T/ Ty (Continue) |B ~ 40

E ~300 MV/m
] ~36A/um?

2.5

2

3
S 15 |
A r~25nm h~Tpm|
2 > 1
0.5

2

0 J7Z'I’ J r

0 2 4 6 8 10 12 14 16 18 20 22 SFNh:EHFN:E :E_

Structure Number 2 T h 2 IB
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/7%% Conclusions on the new rf constraint
CLIC

- All (?) available results of the high gradient rf tests
has been collected and analyzed

- A model of the breakdown trigger has been developed
based on the pulsed heating of the potential breakdown
site by the field emission currents

+ A new field quantity, modified Poynting vector: S, has
been derived which takes into account both active and
reactive power flow

- This new field quantity describes both travelling wave
and standing wave accelerating structure experimental
results rather well.

- The value of S, achieved in the experiments agrees
well with analytical estimate

W

-
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