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High-Voltage Conditioning

At CERN we regularly operate TW LINACs and
other novel RF components at high power:

Peak surface fields = 220MV/m
Peak input power: 40 - 50 MW.

RF Pulse length = 200 ns ( 12 Joules per
pulse).

However, components can’t operate at this
level immediately.

Figures: Precision machined disc (top left), metrology of discs (top right), stacking and alignment (bottom left) and
VNA measurement of an assembled and tuned travelling wave high gradient accelerating structure (bottom right).
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High-Voltage Conditioning

High-gradient structures (and high-power RF

components) are often limited by breakdown. Increase Gradient Pulse Length Steps Reliable Operation

To achieve stable high-power performance, they must 20001 o oo
be conditioned. At CERN, the procedure generally 7000 | I - _ PuiseLengfl |]450
looks something like this: . o | N Al
6000 ' ' ./
. Increasing gradient/power while keeping ® = 0
Q50001 £ A
constant BDR. = S gl 1300 =
o S 801 =1
540001 £ " 250 §
1. Drop the power, increase the pulse length 2 § 60 (v 1200 g
(50, 100, 150, 200ns) and ramp back up. 330001 5 H
; 1150
_ _ 2000 0
lll.  Finally, the BDR drops. Stable operation , 100
achieved. 1000t  20p~=— 150
0 0= — ' ' ' 0
0 50 100 150 200 250

Cumulative Pulses [Millions]

Figure: Preliminary conditioning of a PSI T24 structure tested at CERN.
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Automation of Conditioning

“Typical” Behaviour

A conditioning algorithm was developed to 250

automate the process. -
; i 2 200
Offers a consistent and reproducible method of §
component testing, in short: the power is slowly ©
. . . (N
increased while tracking an operator-selected o 1501 7
BDR [1,2]. 3 iy d
I 100 &
. .. .. © F
Has since conditioned many components, similar ks 1l IR
procedures are in place at Daresbury, SLAC, and z E- SR I gj ig:;
thi 50f... - -
o { : o * TD26CC Dogleg
0 ______ - La s R CONS DR S T
0 0.5 1 1.5 2 2.5
Cumulative RF Pulses «108

Figure: Preliminary conditioning of several X-band structures tested at CERN.
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Automation of Conditioning

A bit of backstory.....

Lee algebra

Wednesday Mar 27, 2019, 2:30 PM — 4:00 PM Europe/Zurich
@ 18/3-008 - CLIC Meeting room (CERN)

ma Walter WUENSCH (CERN)

pix IV — 3:30 PM Conditioning and operational algorithms

Speaker: Mr Lee Millar (Lancaster University (GB))

Conditioning-Lee Mi... 2 Conditioning-Lee Mi...
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Why Model Conditioning?

The Pragmatic Motivation:

Conditioning procedures are largely anecdotal. Despite being essential the conditioning process has yet to be optimised (tests
require a long timeframe/significant expense, difficult to do experimentally).

The Physics Motivation:

Many attempts have been made to connect theory to the measurements (e.g. probabilistic behaviour of BDs, BDR vs gradient),
but they generally only address a single facet of the problem. Real operation is more complex, the model is an attempt to
combine theoretical explanations and connect them to results.

The first attempt at a comprehensive integration of HG operation to address these issues.
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Simulation Setup: Assumptions of the Model

Field distributions often vary spatially, and the effect of breakdown is a local one. Application of a grid/mesh is
then appropriate.

Surface electric field in an
RF cavity.
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Simulation Setup: Assumptions of the Model

Each element exists in a given state and has a corresponding applied field. The assumptions and models which
follow are applied each element individually to monitor how they evolve and accrue breakdowns.

Surface electric field in an
RF cavity.

<
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Simulation Setup: Assumptions of the Model

Asymptotic behaviour o E | | | | | | | |
(no indefinite conditioning) —!'E'LL> s AR

Seo 80F 3 i |
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Figure: Scaled gradient vs. cumulative no. pulses (top) and scaled gradient vs. cumulative
no. breakdowns (bottom) for four different structures [5].
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Simulation Setup: Assumptions of the Model

Breakdowns can occur individually or in groups,
they can improve or worsen the surface.

«10*

1073 §

—_
4]
T

~
[0s]
-
o
A

—

-]

(=]
T

Probability density
S
(&)

Cumulative BDs
=
P

1721
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Cumulative RF Pulses 108 Nr of pulses between BDs
Figures: Cumulative breakdowns vs pulses for a Figure: Probability distribution of the pulses between BDs for
TD26CC tested at CERN. a structure tested at CERN and a two-exponential fit [6].
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Simulation Setup: Assumptions of the Model

| have condensed the process into three key characteristics, although many other facets of operation exist. To
summarise:

1. Each pulse improves (conditions) the surface elements.
2. They asymptotically approach a limit, above which no improvement takes place.

3. Breakdowns may worsen or improve a given surface element.

The model is built around the idea of progressive modification of the surface on a pulse-to-pulse basis. The
next step is applying these principles...
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Simulation Setup: Assumptions of the Model

To do so, we are going to define three terms:

Eoperate = The electric field at which the device
operates.

Esiaie = The surface electric field level to which the
device has been conditioned.

Es.: = The maximum achievable value for E.. The
saturation point for a given material in MV/m.

Details and more comprehensive descriptions in the
bonus slides

Electric Field [MV/m]

ESat

Cumulative RF Pulses

Figure: Visualisation of proposed quantities during conditioning.
For illustrative purposes only.
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Simulation Setup: Quantification of Conditioning

Assuming each element has a conditioning rate (CR),
the surface state (Eg,) Should asymptotically approach
a limit (Eg,):

CR x |1 -

EState]

Sat

However, to produce a significant conditioning effect the
operating field (Egyerate) Must be close to the level to
which the surface is conditioned (Eg;4.):

CR x

EOperate [1 . EState]

EState ESat

Electric Field [MV/m]

ESat

Cumulative RF Pulses

Figure: Visualisation of proposed quantities during conditioning.
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Simulation Setup: Quantification of Conditioning

Adding a constant to facilitate tuning (y), we can then E
modify the state of the surface every pulse i.e. Sat
| | | | | | | | | | | |
EO erate EState E
CR [per pulse]= y - —~ 1- >
EState ESat E
ke
o
LL
O
. . 5
The surface state after N pulses is then given: m
N
Eiate =Z CR(i) i=1,23..N
i=0 Cumulative RF Pulses
Figure: Visualisation of proposed quantities during conditioning.
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Simulation Setup: Probability of Breakdown

In the CLIC structures the BDR scales strongly with the electric field. Some variance is present, but 30 is the
frequently quoted exponent. Values measured in structure tests generally lie around this.

o T18 summary, 230ns pulse length %1 0»6 1 0_5

—sLAc#1 {s {' 7 4.5¢ —— g30 gt R ] © 200ns Data
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e b - *11 ¢ paa 2 E% Fit

e e e 33¢ e ] — - -10 BDs/week at 50Hz
s ' o 3 s ] —
J——1 S L - Q.
g 10 F } f II = %2 5 B s o
3 e ,}' g 2.4 Sl 8! 6
% . ’,uﬁ@‘& & I - 2 o P - o 10
£ e , a of o I
% ¥ {/ m el m
z - / - -
o’ .// 15:7 -
,/'/53@/“@ 'J/
A cleged
< //// ' ' ! 1 0-7 L 1
g o 180 182 184 186 188 210 220 230 240
045 b6 % i s Peak Surface Electric Field [MV/m] Peak Surface Electric Field [MV/m]
unloaded gradient [MV/m]

Figures: E20 fit to various HG structure test results [7,8].
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Simulation Setup: Probability of Breakdown

For the time being, it is assumed that changes in the

operating field strongly affect the probability of
breakdown (Pgp) as:

30
PBD X EOperate

However, the probability of BD decreases as we
condition, hence:

30
EOperate
Ppp < | ——m
EState

120

100

Gradient [MV/m]
3 8

'S
o

20

12000 1073
5666 BDR falls
10¢  during flat
18000 , " run
=
/‘g/ g
000 5 {10°
2 a
5 o
la000 <
10®
42000

1 L L L L L G
50 100 150 200 250 300 350

Number of Pulses (millions)

Figure: Conditioning curve of a CERN structure.
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Simulation Setup: Probability of Breakdown

A reference probability is added to provide areasonable
BDR:

‘ 10° 13000
1201 | - Gradient
30 ——Cumulative BDs
. EOperate 100 12000
Ppp = E— ‘ PReference
State
T 80 12000 o
> = @
= ) 2
€7 60 x |05
. . o = 2 2
However, P, qerence @aPPlies to a whole device, not individual g 3
grid elements. The probability corresponding to each 40 11000
element in a grid of n elements is then:
20 1500
0 ‘ ' ' : : 10
Pgria = 1:/1 — PRreference 10 20 30 40 >0
Cumulative Pulses [Millions]
Monte Carlo Model of High-Gradient Conditioning and Operation 19
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Simulation Setup: Probability of Breakdown

The probability of a BD occurring for each grid element is then:

30

. E Operate

Ppp = \—z——| Péria
State

Given that breakdown randomly improves or worsens the surface, a quasi-enhancement factor in the BD
calculation for each element taken from a gaussian distribution as:

30

N E Operate

Ppp = \ 7 E * Pgrid
II) State
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Simulation Setup: Probability of Breakdown

On every pulse, each element is checked for the occurrence of a breakdown. If a breakdown occurs

the relevant grid element is assigned a new g value.

Non-BD Pulse

Breakdown in

Non-BD Pulse

element 3.
30 30 30
( EOperate ) ( EOperate ) ( EOpeTate )
Estate - W1 Estate - W1 Estate " W1
30 30 30
( EOperate ) ( EOperate ) ( EOperate ) N |
Estate - W2 Estate * W2 Estate " W2 . oW | vaie
assigned to element 3
30 30 3
(M) > (M) . (M)/ for future pulses.
Estate * L|J3 Estate * U3 Estate * Y3
30 30 30
( EOperate ) ( EOperate ) ( EOperate )
EState * llJn EState ' lpn E.S‘tate ) '~|Jn
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Summary: A (very) Simple Model Outline

Assign new y to

Estate +=

EState

—>| grid element from
BD Gaussian dist.
Input Run Increment Check Grid | Condition
Values Pulse Count Elements for Arc | no BD Surface y.EZve7-ate
A o State
RNG > Pgyig - <—§0W‘ff§b> ? l
- Calculate BDR
Pulse goal not met
Conditioning Algorithm
Append : .
End < -— o F[))F;ta < (Determine characteristics
Simulation e gname of next pulse)

Figure: Simplified block diagram of the model showing the equations implemented.
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Summary: A (very) Simple Model Outline

.
— - “
-— UR
( L ACE YO \
v P £ |
Input Run Increment 1 E‘_ HER
Values Pulse Count \ N\OD =’
.
1 A - !
: ~ — - -
- Calculate BDR
Pulse goal not met l
Conditioning Algorithm
Append : .
End
Simulation < Pulse goal met Data < (Determine characteristics
of next pulse)

Figure: Simplified block diagram of the model showing the equations implemented.
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A Visual Example

_ Breakdown locations
Cavity after high-power Face of a single superimposed on electric
test and cutting. cell. field distribution.

E Field [¥/m]

8. 4S89E+007

5. 2125E+007
4. 6715€+007
4. 1394E+007

2.5072€E+007

- 4251E+007
8. BYOOE +006

Figure: Images from the post-mortem examination of the CLIC crab cavity [9].

(iE/RW QP ‘L4 28.01.2022 Monte Carlo Model of High-Gradient Conditioning and Operation 25



A Visual Example

Breakdown locations
superimposed on electric Breakdown craters around

field distribution.

an iris in the cavity. Breakdown crater.

E Field [¥/m]

9. 00O0E+007
8. 4S89E+007
7.9179€+007
7.3768E+007
6.8357E+007
6. 2947E+007
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S. 2125E+007
4. 6715€+007

4. 1394E+007
3.5893E+007
3.0483E+007
2.5072€E+007
1. 9661E+007
1.4251E+007
8. BYO0E +006

|

i »
100 um EHT = 20.00 kV Post Mortem - Crab Cavity Date :14 Jan 2016 7 ‘igoGs Castro  eWwr=2000kv Post Mortem - Crab Cavity Date :14/an 2016/~
7{ WD =248 mm Cell 1-Iris 1 Mag= 50X @ [ i WD =248mm Cell 1 -Iris 1 Mag= 1.00KX \
Signal A = SE2 StageatT= 00° Enrique Rodriguez Castro Signal A = SE2 StageatT= 00° Enrique Rodriguez Castro

Figure: Images from the post-mortem examination of the CLIC crab cavity [9].
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A Visual Example

Select Surface

10mm

Relative Field Values
are assigned.

Apply grid/mesh.

Breakdown locations.

E [V/m]

S X7
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A Visual Example

Can then monitor quantities accessible in experiments (Eg,, global BDR) and others
which cannot be directly measured (E,,,., @ values, etc).

E,, Values (Applied

Electric Field) Estate Values

0 1 2 3 4
120 140
0_
100 120
1 -
100
- 80 _ E
E x >
2 L (%0 =
60 = s L
Y S
& -60 @
40 34
- 40
20 20
4
T T T T T 0
X Index 0 X Index X Index

99:9 "'Q:o:;: fo *ocd

Total BDs

Monte Carlo Model of High-Gradient Conditioning and Operation
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A Visual Example

And generate the more familiar plots.....

E., Values (Applied . Probability
P O BD Accumulation o
Electric Field) Distributions
120 120 107
: 100 - -
B £ 210
3 80 5
= O
- "o 60 =y 0 5000 10000
* Element1 [] g .. . Element 1 =107 1
* Element2 |{ 5 40 ’ s * Element 2 _t.g
Element 3 L Lo 1 Element 6 S
* Element5 |- 20 ¢, . ¢ Element 7 108
* Element 11 L . ¢ Element 11
L | 0 1 L 1 L
15 2 25 0 500 1000 1500 2000 2500 0 5 10 15
Cumulative Pulses <108 Cumulative BDs No. Pulses Between BDs 104
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Result 1: CLIC Prototype Structure

Copper Cavity E-Fields in the cells. E-Fields on cell Surface.
Cross-Section.

x
e-field (f=11.994) [1] @ e-field (f=11.994) [1] @
Orientation  Outside = Orientation Outside
Component Abs ¥ Component Abs
Frequency 11,994 Gz

Frequency 11,994 GHz
Phase 1 Phase 1°
Maximum (Plot) 37417.2 V/m

Waximum (Plot) 37417.2 V/m
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Result 1: CLIC Prototype Structure
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Result 1: CLIC Prototype Structure

Simulated conditioning in red

(25 grid elements).
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Result 1: CLIC Prototype Structure

Previously described as a “double Poisson” or having a “two-exponential” fit (referring to primary and
secondary breakdowns). Similar behaviour emerges in simulation using a standard gaussian distribution.

Experimental Data Examples Simulation
103
> 10'3 .
@ 1074 [Simulation
8 —Two-Exponential Experimental Fit
1073 2 2
5 5000 10000 2
2 8 A
% 107 i >
- s
=) ©
= 105 0 2 4 6 8 10 o
x No. Pulses Between BDs  «10* o
[} o
o
10°°
0 2 4 6 8 10 0 S 10 15
No. Pulses Between BDs 104 No. Pulses Between BDs . 1p*
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Result 1: CLIC Prototype Structure

Previously described as a “double Poisson” or having a “two-exponential” fit (referring to primary and
secondary breakdowns), emerges naturally using a standard gaussian distribution.

0 1 2 3 4 3
! ‘10 T
. [ ISimulation
1.6 ——Two-Exponential Experimental Fit
>
A |
L 1.4 210
@
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x 1.2 E Py
£2 £ 5 108
> = @©
10 > E
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0.8 108
|
41 0. \I
- \ 0 5 10 15
T T T T I

No. Pulses Between BDs 10?4

X Index

A

Values tend towards stability.
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Result 2: Adjusting CERN’s Conditioning Algorithm

One of the goals was to examine the
effects of changing the parameters in
our conditioning algorithm.

In the test stands, we track an operator-
selected BDR. Little data exists on
changing this value.

120 | - Gradient
——Cumulative BDs
—BDR

0 10 20 30 40 50
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Result 2: Adjusting CERN’s Conditioning Algorithm

Simulation predicts that reducing the BDR setpoint can reduce the BDs accrued without significantly
prolonging conditioning. Results agree with experimental data.

. BD Offers an explanation for the results and an
ewer S al indication of how we can improve our process.

lower setpoints. Initial objective met v .

Experiment /
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Conclusion & Future Work

Spatially Resolved Conditioning

A discretised model of conditioning has been & e —
created and the results align well with HG test 3 \ 1500]|—20
data. Future work includes: #;N s :133:5_’_
w1000 —180"/—”/_,—
:
 DC Case (fitting to LES data). | ” %“’C
i 0 -
o o oo . ° CL]muIative Pulszes ><1O83
e Trial alternative probabilistic
models/conditioning theories. Algorithm optimisation. Multi-structure simulations.
* Trial entirely different conditioning - | T o ot o
a Igo rith ms- 6000 —Structure 2 BDR

o
8
S

&
8
3
Cumulative Breakdowns

Cumulative Pulses

* Addition of a pulse length dependence,
vacuum conditioning/other facets of
operation.

A

: 1000 0 1 2 3
Step Size [kW] Cumulative Pulses %108

Figure: Additional ongoing Monte Carlo studies.
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Thank you. Questions?
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BONUS SLIDE - Result 3: Spatially Resolved Conditioning

Fields typically vary across a surface and
from cell to cell in accelerating structures.

Regions experience varying levels of
conditioning and in BD accumulation
(both directly observed in tests).

Cell to cell

variance Surface variance

009 Decreasing E-field Amplitude

0.08

0.07
0.06 |
0.05
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0.03 r

| AS1 |93 arb. units
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z [mm] E
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BONUS SLIDE - Result 3: Spatially Resolved Conditioning

Cells identical, E-field decreases. 1600
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Figure: Number of breakdowns accrued in each cell for different
windows of pulses (millions) during the test.
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BONUS SLIDE - Result 3:

Spatially Resolved Conditioning
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BONUS SLIDE - Definition of Model Terms

Preference = 1he€ instantaneous probability of breakdown for a given device operating at the level to which it has been
conditioned. 5E-5 bpp selected as it is generally the max permissible BDR chosen in CERN structure tests.

E = The electric field level in MV/m at which the device operates.

Operate

Es..te = The surface electric field level to which the device has been conditioned in MV/m. Operation at this field level

results in a probability of breakdown which is equal to Py, ie-

E... = The saturation point for a given material in MV/m. Operation above this level does not result in any further
improvement in E,... and thus, this is the maximum surface field attainable at the reference breakdown rate (5E-5
bpp) after the device has been fully conditioned. Typically = 250 MV/m in our structures.
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