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Now — acceleration
« With high gradient!

P




We are now going to look at what happens when you operate an rf structure at high-
gradient and high-power.

To remind you of the CLIC parameters: the accelerating gradient is 100 MV/m with an input
power of around 64 MW. PETS feed two accelerating structures so need to produce 130
MW.

High-power behavior is not described by a nice, clear theory, with proofs and theorems.

Instead what we have is picture emerging from the fog. | will describe the current
understanding of how rf structures behave at high-power:

* How achievable gradient and power level depend on rf geometry.

* The physics of high-power phenomenon.

* Technology and why we think it works.

To do this | will cover:

1. Experiments and results.
2. Scaling laws

3. Physics of breakdown



A few more words of background.
A number of effects which emerge at high-power and high-gradient.
These include:

1. Breakdown — This is essentially the same phenomenon you all know from daily life,
sparking and arcing. This is the main effect limiting gradient in CLIC.

2. Pulsed surface heating — Surface currents cause pulsed temperature rises,
consequently cyclical stress which breaks up the surface and induces breakdown.

3. Electromigration — This is a new area of investigation in which rf currents directly
affect the crystal structure of the copper surface.

4. Dark currents — Field emission currents are captured by the rf and can be
accelerated over longer distances.

5. Dynamic vacuum — Field emission currents desorbs gasses which cause pressure
rises during the rf pulse.

6. Multipactor — not really a problem at the highest gradients.



* What does a high-power rf test look like?
* What happens when an rf structure breaks down?
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The basic layout of an rf test
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Prototype accelerating structure test areas
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@B Layout of the CERN x-band test stand
(X-box 1)

Clockwise from top-

left:

* Modulator

* Pulse compressor

* DUT + connections

e Accelerating
structure




i)
2
(7))
()]
@)
o
(7))
e
(T
@)
)
C
o
o
O
N
=
x
@)
U
>




New X-box 1 DAQ system
Based on NI LabView and NI PXI hardware
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m Development of improved DAQ system for Xbox 2

* Improve rf DAQ by using
faster ADCs with higher
dynamic range (1.6Gsps/s,
800MHz analogue BW)

* Decrease system complexity
and calibration issues by using
a down mixing and direct IF
sampling scheme

* Low-level synthesis of driving
rf signal with |/Q modulator
and two 400Msps/s DACs
allows very flexible pulse
shaping

* Only one PXI crate for timing,
interlocks, low level rf
synthesis and rf data
acquisition

* Allinterlocks as FPGA logic
with watchdog and multiple
instances gives high reliability

* Independent of CERN control
system

* Operation at 400Hz repetition
rate seems feasible
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BD detection

LCWS201 |
Alexey Dubrovskiy

27.09.11
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» Breakdowns in the recirculation loop are detected only from the reflected
power (Pref/ Pfwd > ~15%).

» Breakdowns in attenuator and the waveguide are detected from the
missing energy (Utran / (Ufwd * transmission factor) > 15%)

» Breakdowns in the ACS are detected from the reflected power, the
missing energy, the Faraday cup and the photomultiplier.



LCWS201 |

Acceleration

160

140
2
v
7 — 120
> 1
o g
L -
ey o
= %100
Q =
== .8
X '§ 80
QL 50
= Z
= 60
bl
2
o
5
S 40

20+

27.09.11

8

—Fitted curve
—Nominal curve
—Data

RF in ) M
[,
Y VA N VA / v ' cAvA;égo orobe beam
- - =
& A

Accelerating structure

Beam profile monitor

e e e 15-Jul-2011 nergy A n=228.7 MeV
SATURATED CAS MTVO330 &3
- DD SO L L T
................................... With RF -) 225
m SIS PSPPI SN P PR S SR g
B [ R S 202 206 210 214 218 222 228 3 25
Energy at screen centers 213.79 MeV £t
205
................................... 00 - o
O No RF

202 206 210 214 218 222 226
MeV

|I%$2!SI)7 ‘s:z‘sm IS'2A6:37 IS2A6:S2 15:27.07
Energy gain = 28.18 MeV (0.1)

i i
60 80 100

Power in accelerating structure (MW)

i
120

The acceleration of 145 MeV/m

has been achieved.
(CLIC acc.g.is 100 MV/m)



51+52 Normal pulse #36
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51+52 typical BD pulses
#72 Reflected RF back from klystron again
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Breakdown Waveforms of TD18
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High Power Operation History &9

— BDR (1/hr)
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Breakdown Distribution for
T24 SLAC Diskl of Last 50 Hours
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Relevant data points of BDR vs Eacc
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TD18 #2 BDR versus width
at 100MV/m around 2800hr and at 90MV/m around 3500hr
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S 7%% Summary on gradient scaling
=Ll

For a fixed pulse length For a fixed BDR
BDR ~ EJ° E, -t,° =const
E3O . t5
2 =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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Breakdown sequence statistics

Both sets of measurements were made on TD18s
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This kind of data is essential for determining rf hardware — on/off/ramp? — and
establishing credible operational scenarios.

CLIC meeting Walter Wuensch 6 May 2011



18 series breakdown rate distributions
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Quantifying geometrical dependence of high-power
performance



Importance of geometric dependence - motivation

As you have seen in other presentations, there is a strong interplay between the
rf design of accelerating structures and the overall performance of the collider.

One of the strongest dependencies is emittance growth as function of the
average iris aperture which acts through transverse wakefields.

The iris aperture also influences required peak power and efficiency through its
effect on group velocity.

But crucially the iris aperture has an extremely strong influence on achievable
accelerating gradient.

Very generally, we expect that the gradient of an rf structure should be calculable
from its geometry if material and preparation are specified.



The big questions

Where does such a geometrical dependency come from?

Can we quantify the dependence of achievable accelerating gradient
on the geometry?

Trying to understand, derive and quantify geometrical dependence
has been a significant effort because an essential element of the
overall design and optimization of the collider.



The basic approach

The basic element is to express our high-power limits as a
function of the unperturbed fields inside our structures — like
the electric field limit in dc spark.

So first we are going to make sure that we have a feel for how
those fields vary as a function of geometry.

We use a specific example of iris variation for a fixed phase
advance in a travelling wave structure.



Field distribution

Electric field (V/m) Magnetic field (A/m) Poynting vector (W/m?)
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* Field values are normalized to accelerating gradient, £, .=100MV/m
* Frequency: 11.424GHz

* Phase advance per cell: 120 degree

e Iris radius: 3mm
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Parameters v.s. ir
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Overview of how different types of structures behave — from
accelerating structures to PETS



Achieving high gradients has been a high profile concern for CLIC
and NLC/JLC since roughly 2000. Here are the target specifications
we have had:

frequency [GHz] | Average loaded | Input (output Full pulse

gradient for PETS) power | length [ns]
[MV/m] [MW]

NLC/JLC 11.424 50 55 400

CLIC pre-2007

Accelerating 29.928 150 150 70

PETS 29.985 -5.7 642 70

CLIC post 2007
Accelerating 11.994 100 64 240
PETS 11.994 -6.3 136 240



Trying to achieve these specifications has resulted in the test of
many structures of diverse rf design over the years.

The preparation and testing conditions of the test structures which
were built were not always the same — these processes also
evolved over the period the structures were being developed.

But the wide variety of structure geometries were tested under
reasonably similar conditions.

So we have used this unique set of data to try to understand and
then quantify the geometrical dependency of gradient.



@Av High-power design criteria @

The functions which, along with surface electric field and magnetic
field (pulsed surface heating), give the high-gradient performance of
the structures are:

i:const o= Re(S)+6Im(S)

AC

global power flow local complex power flow

These are now standard design criteria used throughout the CLIC
structure program. We are actively pursuing checking their validity
over a wider range of parameters and putting them on a more solid
footing.



Es @ tp=200 ns, BDR=1e-6 bpp/m
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Hs @ tp=200 ns, BDR=1e-6 bpp/m
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Es = 250 MV/m or higher has been achieved in several cases: very low or zero group velocity




Power flow related quantities: Sc and P/C

sqrt(Sc) @ tp=200 ns, BDR=1e-6 bpp/m

Dual Mode Cavity
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Sc=4-5MW/mm?

sqrt(P/C) @ tp=200 ns, BDR=1e-6 bpp/m
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— Optimization procedure

e=—=—>cLIC

e

<Ep, f, Ay, <a>, da, d, d, [€
’ ¥
Bunch population Cell parameters
I |
N Q.R/Q, v, E/E, H/E,| |Q. A f,
\2 v
Structure ) Bunch o
L., N, parameters separation

2
n, Pm’ Esmax’ ATmax

YES Cost func‘rion
minimization

constraints

NO

>

1

Alexej Grudiev, Structure optimization. CLIC-ACE, 16 Jan. 2008
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Drive beam current
Drive beam energy
Main lianc RF pulse length

Number of drive beam
sectors per linac

Combination number
Repetition rate

Main beam bunch charge

in linac

MB bunches per pulse
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bunches

MB energy at linac

entrance

Centre-of-mass energy
Main linac gradient
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244ns
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20Hz
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SGeV
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D. Schulte



Breakdown!

20 pm @\ EHT = 3.00 kv DC-Spark sample Cu{47) e
|_| S ) WD = 5.1 mm Spot 7 (4.65) Markus Aicheler

Signal A = SE2 Date :29 Jul 2010

From pA to kA and from Angstroms to 100s of um to mmes.

45



The multiscale breakdown process

Electric field applied
Surface charges rearrange themselves in fs

!

Field emission
Joule heating, atomic motion and evaporation in ns

!

Evolution of surface morphology
Dislocation dynamics, surface feature growth over many pulses

!

Plasma
lonization cascade, plasma formation, sheath forms in 10s of ns

!

Surface damage
lon bombardment up to end of pulse, 100s of ns

based on a slide by Flyura Djurabekova



The surface potential used for solving the Fowler-
Nordheim equation

V(z)= { for z<0
-eEz e?/4z for z>0

12-97
5387A3

W. Wuensch Fifth International Linear Collider School 30 October 2010



The Fowler-Nordheim equation
(approximate, practical form)

—6.53x10%x¢>' 2 | BE

1.54x10° B°E? (10415
%

_ §E26—6.53x103g03/2/ SE

X e

= A

Units: [/]=A, [E]=MV/m, [A_]=m?, [p]=eV and [B]=dimensionless

Values: ¢ = 4.5 eV for copper

W. Wuensch Fifth International Linear Collider School 30 October 2010



The Fowler-Nordheim equation
Analyzing real data

| :é;EZe—y/E A
[ ()
In( | jzln(g)—l

E° E
6.53x10° %2
p= , g 1
E
1.54-10° p?
g =A P exp(10.41- (0_1/2) You will have the opportunity to analyze
P a real set of data tonight for homework!

W. Wuensch Fifth International Linear Collider School 30 October 2010



Effective Fowler-Nordheim Field Emission

Self-consistent effective FN field emission in
RF and space charge fields using Pic3P

RF surface field map computed with Omega3P
(then driven at =12 GHz)

Assumptions:

200 MV/m surface fields (E,..=100 MV/m)
* Tip does not change (fixed f=50)

* No transport phenomena

* No heating effects

* Particles emitted without energy spread

Single microscopic Cu tip maximum emission current can be limited to
protruding from surface of RF simulate “self-healing” of sharp protrusions
structure, RF field shown (|E|) (realistic?)




Pic3P Field Emitter Space-Charge Modeling

space-charge field |E| in vertical symmetry plane DA
A OC1
Si A% electrons colored by momentum R

HATIOMAL ACCELERATOR LABORATORY




Space-Charge Fields (Contours of |E|=const)

(Case 2)




E/eCff'Oﬂ emI.SSl.Oﬂ Fowler Nordheim Law (RF fields):

(I = - _ 5.79x10 " exp(9.350,"° )A (BE, )** exr{_G'S?’XlOg ¢$‘5}

1.75

®o

log(l/E25)
8
o

23.6 =
27 \ 2. Low work function (¢,) in small
<~ areas can cause field emission.
-23.9
h - 1/E(m/V) B
typical picture =» alternate picture =
geometric perturbations (3) material perturbations (¢,)

grain  peaks
boundaries oxides

Copper surface

A
Argonne .




Schottky Enabled Photo-electron Emission
Measurements

ICT
-«— —
\ g ~——_
v NN ] e e-
A /\ — >
—
—
Y
B Experimental parameters Should not get

— work function of copper = ¢, = 4.65 eV / photoemission

— energy of A=400nm photon = hv=3.1 eV
— Laser pulse length
« Long = 3 ps
« Short = 0.1 ps
— Laser energy ~1 mJ (measured before laser input window)
— Field (55 — 70 MV/m)




->Long Laser Pulse (~ 3ps) -

>E=55 MV/m@ injection phase=80 =» 55sin(80)=54 Pata 2010-10-04

60
® ict —Linear (ict)

50 ¢

y = 125.82x - 10. 065

40 R* = 0.907
L 2
30 %’ Qo

)
= single photon emission
S |20 ’
*
10
0 | | | | |

0 0.1 0.2 0.3 0.4 0.5

laser energy (mJ)
photocathode input window

&
A
A

Argonne *



Results of the recent work

&5 R PREI Y

Single adatom Two adatoms

DFT ED-MD DFT ED-MD
Partial Charge,q. -0.032 -0.0215 -0.025 -0.0177

Flat surface Surface with one adatom

present DFT  experiment [16]

Work function.eV 4.61 4.46 +0.03 4.30

Flyura Djurabekova, HIP, University of Helsinki
FTL PTESETTLAUTON

10
vVvVdilclT VVUCTISUTI 1U UCLUDCE] LUll



3 Modellmg DC discharges r=1,nm

d=20
Hm

e.g. Cu
" First we have to understand
breakdowns in DC, before

we can generalise to RF -

" Simple and cost-efficient )
testing of breakdown H/ | O]/
behaviour with two DC Cot T Ry
setups at CERN 1 I

* We adjusted also out
theoretical model to the DC
experimental conditions R, =30Q

C., =0.1-27.5nF

" However, results are
completely !

Helga Timkéd IWLC 2010 Oct. 21st, 2010 57



Evolution of B & E,, during conditioning experiments

* Measurements of (3 after each sparks (Cu electrodes)

400 — //féb//

‘E 300 |
400 T T T T 150 2
\faﬁ° == 200
ot . o Ll
S X0 %
300 Qg/' ‘6\0 © 100
\3
100 O i | |
0 50 100 150
200 w B
50 400
100 €
S 300
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0 0 wi® 200 :
1 1 1 1 w a
0O 20 40 60 80 100 3 .o 4
nb sparks ® ‘
a
0 |
0 50 100 150
p

= CLIC meeting — June 26, 2009 Antoine Descoeudres 58/ 25




Evolution of B during BDR measurements (Cu)

250 , , , , 125
200 ’ 1 100

Field [M\V/m]

50

spark —— 0
0

100 }1 _ _all
[l

1000

2000

/
el=g

nb attempts

_____ 50
PRI
4 25
L. L 2 0
3000 4000 5000

* breakdown assoonasff>48 (<« p-225MV/m > 10.8 GV/m)
* consecutive breakdowns as long as B > B eshold

— | length and occurence of breakdown clusters < evolution of 3

| W vacuum
- W Surfaces. |
(W Coatings

CLIC meeting — June 26™, 2009

Antoine Descoeudres 59/ 25



* The dislocation motion is strongly bound to the atomic structuv-~ "g
metals. In FCC (face-centered cubic) the dislocation are the mf% \G\@_\O
L@ L

mobilit
y 900 T T T T T T T
800
?DU bee
E 600 Lo o
A. Descoeudres, F. =3 iy,
Djurabekova, and K. = R
Nordlund, DC o Sl L S
Breakdown w oo -
experiments with
cobalt electrodes, 200 e o0
CLIC-Note XXX, 1 100 == R
(2010).
0 I I I

htd Cu -
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~ Fully cathode dominated phenomenon
—| & Although FE starts from a small area, the discharge
= plasma can involve a macroscopic area on the cathode
~ lransitions seen:
1. Transition from strong FE to a small discharge plasma
- Sudden ionisation avalanche
- A plasma sheath forms, the plasma becomes
quasi-neutral
- Focusing effect
i I | 2. Transition from a surface-defined phase to a volume-
defined phase
l . - When neutrals fill the whole system
= - Self-maintaining
- Macroscopic damage

Flyura Djurabekova, HIP, University of Helsinki 15
EProL preserniudLori vvdiLler vvueriscrl 1U ucwwer zuz1l



12

Distance T from axis [um]
o

12

EPFL presentation

4 8 1

2

16

Distance z from cathode [pm]

Walter Wuensch

20

Species

—E

— 11

Time
(.00 ns

() H. Timka, 2010
20 Arc-PIC code

10 October 2011



D24 Pulsed surface heating limit ot

Cell # (cell #1 is a input matching cell): 2167 regular
7 8 9 10 18 cell: 19

It seems that cell #10
(regular cell #9 ~
middle cell) exhibits
the level of damage
which could be
considered as a limit.

o N
O () Moongmn i @
s

A. Grudiev T
Images courtesy of M. Aicheler: http://indico.cern.ch/getFile.py/access?contribld=08&resld=1&mat

erialld=slides&confld=106251



http://indico.cern.ch/getFile.py/access?contribId=0&resId=1&materialId=slides&confId=106251

Accelerating structures — manufacture

Diffusion Bonding of T18 vg2.4 DISC

Pressure: 60 PSI (60 LB for this structure disks)
Holding for 1 hour at 1020°C

Vacuum Baking of T18_vg2.4_DISC

Stacking disks

Structures ready for test

Temperature treatment for high-gradient
EPFL presentation Walter Wuensch 10 October 2011



Possible applications

We can identify other applications which would benefit from high-gradient technology:

* Linacs for proton and carbon ion cancer therapy.

* High repetition rate FELs (Free Electron Lasers) for the ‘photon-science’ community.
Users of these machines encompass biology, chemistry, material science and many
other fields.

* Compton-scattering gamma ray sources providing MeV-range photons for laser-
based nuclear physics (nuclear-photonics) and fundamental processes (QED studies
for example). There are also potential applications such as nuclear resonance
fluorescence for isotope detection in shipping containers and mining.

e Classical industrial linacs.

30 October 2012 IEEE NSS and MIC Walter Wuensch



Y The End

More information:

CLIC: http://clic-study.org/

Linear collider workshop:
http://www.uta.edu/physics/lcws12/pages/registration.html
Breakdown physics:
http://www.regonline.com/builder/site/Default.aspx?Event|D=1065351
High-gradient structures:
https://indico.cern.ch/conferenceDisplay.py?confld=165513

Further applications:
https://indico.desy.de/conferenceDisplay.py?confld=6537

16 November 2012 CLIC meeting Walter Wuensch
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