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ULimitation of conventional RF cavities
(] Dielectric Assist Accelerating (DAA) cavity
(Dielectric Disk Accelerating (DDA) cavity

[ Conclusion and next steps



Limits of conventional accelerators

Bending

O Synchrotrons:
o Few RF cavities -> No need for very high electric fields
o Many bending magnets -> Energy loss by synchrotron radiation

mg: rest mass
E: energy
p: radius of curvature

injection extraction

AE[GeV] =

6.034x10718 ( E[GeV] )4
plm] mq[GeV/c?]

Key constraint for light particles

E
O Linear accelerators —
o Few bending magnets -> No energy <

loss by synchrotron radiation

V(x)—\ / \\ // ~_
o Many RF cavities -> High accelerating +, = « + - - +
gradient or large machines. s .. ] . .. ] ' .
> IC1 - C2 =» C3 == ca
Gradients limited around 100 MV/m = = l = E
due to surface breakdown G Vi)
. 2

By Chetvorno - Own work, CCO, https://commons.wikimedia.org/w/index.php?curid=68477306



RF signals

reflected power

Normal pulse

5000
4000 [
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Amplitude (arb. units)
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1000 [ J

//
0 1 1 1 1 1
800 900 1000 1100 1200 1300 1400

Time (ns)
Walter Wuensch — CAS RF School: https://indico.cern.ch/event/1212689/contributions/5377907/
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Surface breakdown phenomenology

transmitted
power

EHT = 5.00kv T18 KEK/SLAC Mag= 18X

WD =173 mm part B Tilt 30° Ana T. Perez Fontenla EHT = 3.00 kV Mag= 200X
Signal A = SE2 Backside lris 1 Date 11 Mar 2011 = ) WD= 54mm DC-Spark sample Cu(7) Markus Aicheler

Spoti(ite) Date :29 Jul 2010

0 0 A NP
800 900 1000 1100 1200 1300 1400 900 1000 1100 1200 1300 1400
Time (ns) Time (ns)
Walter Wuensch — CAS RF School: https://indico.cern.ch/event/1212689/contributions/5377907/
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Surface breakdown initiation

Stage O: Flat surface Stage 1: Field emission Stage 2: Field emitter Thermal Runaway
Anode ® = +V F
- ex
o WK E
F..:~100MV /m

Fi,.~10GV /m

Stage 3: lonization Stage 4: PIasma‘\\x”'T\\\ﬂ
runaway &CPI?sma onset expansion K % cur / Stage 5: Burning arc, crater
CR“. &g.ﬂ_ " & ". formation ’
“a T
LI

Andreas Kyritsakis et al. University of Tartu, MeVArc 2022: https://indico.cern.ch/event/1099613/contributions/4969668/



RF Conditioning

o Start at low electromagnetic field level.

o Gradually increase field keeping a safe
breakdown rate.

o Reach field saturation.

“Typical” Behaviour

250

N
o
o

E

>

=

o

2

. :

© 150 2

<o o

L y

@ 100 F .‘:

8 ,'"”; e . w2 B

5 ~ . ] e T24PsN

cQ 50F - : . * T24 PSI2

® ’ T24 Open

o * TD26CC Dogleg
O ...... o | . o, et st e, . N R AT LAY
0 0.5 1 1.5 2 25

Cumulative RF Pulses %108

Lee Millar, CERN. MeVArc 2022: https://indico.cern.ch/event/1099613/contributions/4969646/

The field level to which the There is a saturation point
device has been for E..:o for a given
conditioned (Eg;.tc)- material (Eg,;).

Esat

Electric Field [MV/m]

E

operate

We have an operating field
(Eoperate)-

Cumulative RF Pulses



Complexity of surface breakdown

e Simulation: ns, NnMmM, S|mp|e systems ¢ Experlment: sec, mm, complex Systems
Molecular Dynamics FEMOCS Post-mortem analysis
t=2.0ps
TIK] &
6000 e' : rm: tvm
N
s Cua? z .
e Cuz &
- 2
0
RGO mrnm e gkt SRR @)
3 00 Signal A = SE2 StageatT= 0.0° Enrique Rodriguez Castre \
120 .
=& 100 | LA WA g !
300 S g : R T 3 A S T
; S IR g ]
\E el . DR N =
> g ; + CERN TD26R05CC | |
S R - CERN TD24R05
=& TR |- KEK TD24R05-#4
SR | o -KEIK TD24RIOS-#2

0 L 1 i . 1 1 1
0 100 200 300 400 500 600 700 800 900
Pulses (millions)

I300

Andreas Kyritsakis et al. University of Tartu, MeVArc 2022: https://indico.cern.ch/event/1099613/contributions/4969668/

(c) 2017 Universitylof{ielsinki]



Novel accelerators

Based on

\" )&

longitudinal
electric field

Limitation

yladnal W olindrical
leas

— Laser Metallic medium

wave pulse S

Acceleration Ponderomotive
field Force

elmmn/y
beam

Dielectric laser A Lz
Conventional RF Nielectric Loaded R~ WELGHE D

driven acceleration Plasmonic acceleration

cavities cavities acceleration (PWFA
(DLA) ( /
LWFA)

N I
oifiite)) . Metallic and Quartz / silicon L
superconducting ) , Gaseous plasma Excitation of plasmons
" dielectric structure
cavities
~100 MV/m ~100 MV/m (?) ~10 GV/m ~100 GV/m ~100 GV/m

Beam matching with
Damage threshold Wave breaking excited plasmonic
oscillations

Multipactor and

f k
Surface breakdown breakdown (2

w

...... @—Teste- beam — or

Solid-state plasmz
'Nakefield acceleration

Crystals, nano-channels,
Carbon Nanotubes

~1—100 TV/m

(prediction)

Wave breaking

|
Hard to get high quality beams



Standing Wave Acceleration Cavities

P RFin
| Cylindrical single (or multiple cavities) working Figures of merit:
on the TMg,o-like mode are used
[E O Shunt impedance: efficiency
Synchronization condition of the acceleration mode.

NC cavity R~IMQ  SC cavity R~1TQ

L Quality factor: efficiency to

| 210 e It vt | store RF energy .
Electric field ./ 7
. Z _
(at time t,) ‘ \:/ :l O = Wy
E B ) diss
: : NC cavity Q~10* i 10
g ﬁc _ IB],RF cavity Q~ SC cavity Q~10
2 fror 2 O R/Q: pure geometric
qualification factor.
E, p: particle velocity 52
, R VT
d: distance between cells —=—"—(~100 Q

>z fre: RF frequency QO ol
c: speed of light in vacuum 10



Copper structure single cell

Pillbox cavity TM '
y TMyq0 Accelerating cavity mode TMy4,

Electric field Magnetic field Electric field Magnetic field
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o High losses in metallic walls: low RF efficiency.

o High peak electric field in metal: field emission and RF breakdown. H



Dielectric Assist Accelerating (DAA) cavity

Standing wave Low f particles S-band , Periodicity = L1

1 1
1 1
: :
-l - s
d|5d 1 0- 5%
. . I
Dielectric: : , '
1
o Highe, /vi ‘ |
o Low tan & i b E
P |%1|P1(€1
1 1
1 1
ir e
}Illc "cl{
Y y A 4 Az
End cell Regular cell
D. Satoh, M. Yoshida, and N. Hayashizak, "Dielectric assist accelerating structure." Physical Review Accelerators and Beams, vol. 19, 1, pp. 1011302, 2016
Investigations Into X-Band Dielectric Assist Accelerating Structures for Future Linear Accelerators. Yelong Wei, Alexej Grudiev. WO r ki N g un d er T M 02 —7Tm Od e:
TABLE I o High Q.
LIST OF DIELECTRICS STUDIED IN THE OPTIMIZATION O Dlelectrlc helps to decrease Cav|ty Slze
Malerial Moo = o b o Low electric field in metal.
CVD Diamond  Diamond 5.7 10 o Axial symmetry
MgO D9 9.64 6 x 106
MgTiO3 D16 16.66 3.43 x 10—°
BaTiO, e mih ey Resonant frequency for the mode depends on

the combination of a, by, ¢; 12



Energy range for hadrontherapy

~ o Protons: 70 — 230 MeV = £ : 0.37 — 0.6
0=, R =Yl 0] o '2C5*:100 — 430 MeV/u - B : 0.43 — 0.73
diss Pdiss Bencini, V. (2020). Design of a novel linear accelerator for carbon ion therapy (Doctoral dissertation, Rome U.).

p+ C6+
| : 10°
1 Design compared with a //
normal cooper cavity for 10°; § 1021 5
proton therapy (purple) / E T
o i ! G !
o | i 3 |
Q Factor 1.5 to 1.00 e Diamond 5 Diamond
improvement depending | . —— D9 10% , e D9
on the material and ——— D16 | —— D16
characteristics. 4% D39 | —— D30
1041 3 .~ —=— CCL-HG | —+— CCL-HG
| | | I — | | ol | | I | |
04 05 06 07 08 09 10 % 04 o5 06 07 08 09 10
B B

13



Challenges

Diamond
D9
D16

Volume Loss D...
[W/mA3]
Max_ 1.078E-06
1.100E-06
9.900E-07
8.800E-07
7.700E-07 /
6.600E-07 4 Surface Loss ...
5 500E-07 [WimA2]
. 4 400E-07 Max._5.976E-10
3.300E-07 6.00E-10
2.200E-07 540E-10
I 1.100E-07 4.80E-10
0.000E+00 4.20E-10
Min: 1.060E-10 3.60E-10
. 3.00E-10
240E-10
1.80E-10
z 1.20E-10
I . 6.00E-11
,~Ql=-v 0.00E+00
= Min. 1371E-14

Dielectric

Copper

0,000 0,020 0,040(m)
I |

0,010 0,030

.3389/fphy.2024.13452317

D50

1077

Zor(MQ/m)
=
i

10! E

100 — — ——trrry —r it S
1078 1077 10-° 1073 1074 1073
tan 6

Challenges

O Finding the right material (high €,- and small tan §).

L Mechanize the geometry within the tolerances
required.

O Mitigation of non-linear EM phenomena such as
multipactor.

O Field singularities at triple point junctions.

O Cooling of the ceramic y


https://doi.org/10.3389/fphy.2024.1345237

Challenges

Volume Loss D...
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. 9.900E-07
8.800E-07
7.700E-07
6.600E-07
5.500E-07
4 400E-07
3.300E-07
2.200E-07

. 1.100E-07
0.000E+00

Min:  1.060E-10

Dielectric

0,000

0,010
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Dielectric assist accelerating
structures for compact linear
accelerators of low energy
particles in hadrontherapy
treatments

Pablo Martinez-Reviriego'*, Daniel Esperante®?, Alexej Grudiev?,
Benito Gimeno?, César Blanch?, Daniel Gonzalez-Iglesias?,
Nuria Fuster-Martinez*, Pablo Martin-Luna*, Eduardo Martinez?,
Abraham Menendez' and Juan Fuster*

HInstituto de Fisica Cor ular (CSIC~University of Valencia), Paterna, Spain, “Department of Electronic

Engineering ~ETSE, Burjassot, Spain, “CERN, Meyrin, Switzerdand

Dielectric Assist Accelerating (DAA) structures based on ultralow-loss ceramic are [0§)
being studied as an alternative to conventional disk-loaded copper cavities. This
accelerating structure consists of dielectric disks with irises arranged periodically
in metallic structures working under the TMy,-m mode. In this paper, the
numerical design of an S-band DAA structure for low beta particles, such as
protons or carbon ions used for Hadrontherapy treatments, is shown. Four
dielectric materials with different permittivity and loss tangent are studied as
well as different particle velocities. Through optimization, a design that
concentrates most of the RF power in the vacuum space near the beam axis
is obtained, leading to a significant reduction of power loss on the metallic walls.
This allows to fabricate cavities with an extremely high quality factor, over
100,000, and shunt impedance over 300 MQ/m at room temperature. During
the numerical study, the design optimization has been improved by adjusting
some of the cell parameters in order to both increase the shunt impedance and
reduce the peak electric field in certain locations of the cavity, which can lead to
instabilities in its nomal functioning. [07]

dielectric assist accelerating (DAA) structures, radio frequency (RF), LINAC, [O8]

Madenciloncn s abamdlon coacea

Diamond
D9

D16

D50

ksssnnsnnnsnnnnngifonanssnfonnnsfunnnnn

10-° 103

=
o
L

tan &

erial (high €, and small tan §).
etry within the tolerances

2ar EM phenomena such as
riple point junctions.

iC
15


https://doi.org/10.3389/fphy.2024.1345237

Dielectric Disk Accelerating (DDA) cavity

O Goal: design a prototype to test dielectric cavities.

Dielectric

10° 1

Qo

104 i

D9, DDA

D16, DDA

D50, DDA

D9, DAA

D16, DAA

D50, DAA
CCL-HG  .--~

L e e o el

W

1T

-
-
-
e

e

- -
o
-

0.4 0.5 0.6 0.8 0.9 1.0

Zetr (MQ/m)

Advantages:

o Simpler geometry

o Less sensitive to
material

Challenges:
o Multipactor
o Fabrication

102 1

———
-
-

-
—
-

DDA structure with
D50 material for

D9, DDA
D16, DDA
D50, DDA
D9, DAA
D16, DAA
D50, DAA
CCL-HG

B=0.4isa
promising solution.

1.0

16



Dielectric Disk Loaded Accelerating (DDA) Cavity

Pros:

dB(H Field)

Max: -72.990

-72.0
l -80.1
-88.2

-96.3
-104.4
-1125
-1206
-128.7
-136.8
-144.9
-153.0

Min: -152.990

O O O O O

Cons:
Coupling can be adjusted easily o Mode launcher needed.
Low coupling to other modes
Low magnetic field in coupling cavity Laboratory output:
Low electric field on coupling metallic iris. Rectangular waveguide
More symmetry.
i i

Cavity input:
Circular waveguide

TMyq
B LLIT LI
sl
o ,!,f_f,, 22
(SESSARY" 1 1ig; Trammaad
Input power gammes. i i Tmmmm
b g o i .
< , Z S aaes S
EEEEEai: .. .., s00008%0
oeeesdidiiiiRRReeeT
e
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Mode Launcher

l Input power

o Minimize reflection: S(1,1)

o Minimize transmission to TE;4: S(2:1,1)

o Maximize transmission to TMy;: S(2:2,1)

_10 -

-20 A

Output -30 1

power

S (dB)

1T — s(11)
— 5(2:2,1)
=70 4 — s5(2:1,1)

2.9900 2.9925 2.9950 2.9975 3.0000 3.0025 3.0050 3.0075 3.0100
T f (GHz)
150




Conclusions and next steps

 DAA results are promising but difficult to realize.
o Paper published!!
(J DDA prototype designed: good performance and easier fabrication

Next steps:
o Multipactor mitigation

o Material testing and structure fabrication

o Mode launcher fabrication

19



Conclusions and next

L DAA results are promising but difficult to
o Paper published!!
J DDA prototype designed: good performar

Next steps:
o Multipactor mitigation

o Material testing and structure fabric:

o Mode launcher fabrication

New year resolution: Write PhD thesis
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Non Linear effects

Field Emission

O Electrons are emitted by tunneling due to High surface electric
fields following Fowler-Nordheim equation.

RF Breakdown

O Electron currents burn protrusions evaporating ion
atoms.

O lons and electron cloud interact with electromagnetic
fields prouducing reflection effects.

O Electrons interaction with walls translates into high ® . " W

radiation dose due to bremsstrahlung photon emission. —\IU\/-— _M/—-




Field emission

JF (A/m?2)

L Work function ¢: depends on material and geometry.

Fowler-Nordheim equation: Electrons are emitted through tunneling due to high surface electric field.

154 x 1075 x 1049207 B2

Jr = 5

1025 4

10%° A

1015 4

100 4

105 4

100 1

10—5 4

10710 L—

E (V/m)

[ 6.53 x 107¢"
exp | — 7

o

Surface roughness: :
Local enhacement factor B for
different geometries of
idealized metallic
microprotusions: E;g=B - E

—.-.l-—h ]
i

Fior Ellipsoid |s:'5h- 1

;
,e:f’?w“ 2:4'_1"
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High-Gradient limitation

1 Surface magnetic field
Pulsed surface heating produced material fatigue -> cracks.

AT o« HZ [¢,,
AT 0y = 50°C

[ Field emission due to surface electric field

= RF breakdowns; Electron emission initiates vacuum arcs. The exact
mechanism is still unclear.

= Breakdown rate (BD/pulse.m) -> Operation efficiency;

" Local plasma triggered by field emission -> Erosion of surface;
= Dark current capture -> Efficiency reduction, detector backgrounds.

MV
E, =200—
m

O RF power flow

RF power flow and/or iris aperture has a strong impact on
achievable E,.. and on surface erosion.

Modified Poynting vector:
S = |Re(S)| + z 1m(S)]
5 MW /mm?

Cell wa

-Hsurf/Eacc [mA/V]

. 4.100
3.514
2,929

2.343

ﬁ 1.757

1171

0.586
0.000

Esurf/Eacc | o
2,000 |

1750 |

1500 |

1250 |

! 1.000 |
" 0.750

0.500

0.250 [
0.000

[W. Wuensch et al. Phys. Rev. ST
Accel. Beams 12, 102001 (2009)]
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RF breakdown criteria

O Kilpatrick’s Criterion. O Local Power Coupling
—8.5 .
f = 1.64[MHz]|(E;[MV /m])? exp( ) Peak power demand during
E[MV /m]
breakdown onset!
o Underestimation 4 voltage / current
Q Pr/C /
vgaQ 2 . ..
= jﬁEacc C: Circumference of iris
o Only valid for travelling wave . time
\ J\_ J\_ J
' ~" '
d Modified Poynting Vector: S, < 5 MW/mm? Field emission, Fully formed plasma
S. = Re(S) + llm(S) no plasma, tiny currents Voltage collapse
6

Onset of breakdown

o Exceptions found (Crab cavity) and plasma formation

25
Jan Paszkiewicz, CERN. HG2021: https://indico.fnal.gov/event/22025/contributions/209953/



DAA cavity single cell design

Resonant frequency for the mode depends on the combination of a4, b4, ¢;: _
U Scan for a4, c; and we look for the value of b; that makes f = (3000 + 2) MHz. i, 03d
O Look for the values of a4, by, ¢; that maximizes Z,¢¢, Q

a;|bq|cq

Example for ideal material: €, = 16.66,tané = 0 and f = 0.6 re re

To Ty

500000 | 1400
400000 1200

1000 &

300000 _ S

154 =

800 &

5

200000 N
600
100000 400
0.2 0.3 0.4 0.5 0.6 0.7 0.8 : 200

0.2 0.3 0.4 0.5 0.6 0.7 0.8

ai/A
o a]_/Ao



DAA cavity single cell iris optimization

Scan in iris thickness: dy = Ao/ (4+/€;)

doé €, = 16.66, = 0.6 o
| . > | Iris thickness = d ;¢
68000 A - 2200
- 2100
66000 A
- 2000
€
S L 1900 90
64000 A %
L 1800 N
62000 - 1700
- 1600
60000 A - 1500
110 112 114 1j6 118 210 212 214
3
TABLE I
LIST OF DIELECTRICS STUDIED IN THE OPTIMIZATION
Material Acronym Ep tan 0 _
CVD Diamond  Diamond 57 = ﬁ - {0-4, 0-5' =y 1}
MgO D9 9.64 6 x 10—6
MgTiO3 D16 16.66 3.43 x 10—°
BaTiO, D50 50.14 8 x 10—9° .

High Power Test Results of X-Band Dielectric Disk Accelerating Structures. Ben Freemire



DAA cavity single cell solution

Electric field Electric Energy

V/m
5.06e+07

5748

5000 i

moy E is constant
1st: Parallel boundary -[

High D inside dielectric

27 : D is conserved along the dielectric
1500
i D is constant

3" : Perpendicular boundary —|:
High E in vacuum
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Coating losses

{ =—— corner real
1 —— rounded
104 4 —— rounded external
] —— rounded internal
1 — No coating
103 4
5 ]
Surface Loss ... Z
Wim2] .
2.2137E-08
2.0661E-08 102 E
1.9185E-08 ]
1.7710E-08 :
1.6234E-08
1.4758E-08
1.3283E-08 1
1.1807E-08 10 1
I1.0332£—os ] ——rrrrrt ——rrrrrt ——rrrrt ——rrrrt
8.8560E-09 102 103 104 105 106 107
7.3804E-09
5.9047E-09 Rs (Q per O)
4.4291E-09
2.9535E-09
1.4778E-09 .
—— corner d |
2.2137E-12 I ea
105 H—— rounded
—— rounded external
rounded internal
104 =
o 103 4
e 2
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DDA prototype

Electric coupling Magnetic coupling

Rectangular
waveguide

Circular
waveguide




Dielectric Disk Loaded Accelerating (DDA) Cavity

Metallic

wall

Electric coupling |

dB(H Field)

Max: 117.625

120
. 109
98

87
76
65

32
21
10

Min: 10.580

Coupling cell

Regular cell

Coupling can be adjusted easily
Low coupling to other modes

High magnetic field in coupling
cavity: lower Q

High electric field on coupling
metallic iris.

Mode launcher needed.

Input power
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Dielectric Disk Loaded Accelerating (DDA) Cavity

Magnetic coupling

Low magnetic field in coupling
cavity:

Low electric field on coupling
metallic iris.

No need for mode launcher.

Low coupling to mode
Similar coupling to other modes
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Dielectric Disk Loaded Accelerating (DDA) Cavity

Electric coupling Il

Qo (total)

dB(E Field)

Max: -11.377

-11.0
B
=272

-353

-434
-515
-596
-67.7
-758
-83.9
-920

fros = 3.0063 GHz

Min: -91.377

D50, = 0.4,e, = 50.14,tan§ = 8x107°> & = 1.5, gap = 0.2 cm,a = 45°, 7 = 0.1 cm

Eigenmode solver

Qo (regular cell)

21503
22070
11380
23494

= 11197

3.0088 3.0090 3.0092 3.0094 3.0096 3.0098 3.0100

Input power




