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SPARC_LAB: A MULTI-DISCIPLINARY TEST FACILITY

:>SPARC_LAI.3 is a multi-discipli-nary test facility of the C-Band structures and
INFN Frascati Labs based on 2 pillars: PWFA chamber

* aconventional RF photo-injector (SPARC)
* a multi-hundred TW laser system (FLAME)

—>The experimental activities cover various fields such
as FEL, THz radiation production, Thomson scattering,
beam dynamics and beam diagnostics studies.

=>In the last years plasma acceleration research, in the
self-injection and external injection (both particle and
laser driven) modalities, has become a relevant part of
the SPARC_LAB scientific program.

Energy 6J
Duration 23fs
Wavelength 800 nm
Bandwidth 60/80 nm
Spot @ focus 10 pm
Peak Power 300 TW

Capillary Discharge
at SPARC_LAB

Contrast Ratio 10"
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EuPRAXIA@SPARC_LAB: A COMPACT FEL SOURCE

EuPRAXIA@SPARC_LAB project is a proposal for a new
national facility as an expansion of the SPARC_LAB
activities, based on the combination of a high gradient
compact linac and high-power lasers for plasma
acceleration oriented to FEL with user beam line at 3
nm wavelength, synergic with the EU EuPRAXIA
Design study.

EuPRAXIA is a design study which goal is to
demonstrate the feasibility to drive an FEL with a beam
accelerated in a plasma stage.

1§ 5 mI Klystrons and modulators
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Injector and linac
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M. Ferrario et al., EUPRAXIA@SPARC LAB Design study towards a compact FEL facility at LNF, NIM A 909 (2018) 134-138
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EuPRAXIA@SPARC_LAB: LAYOUT AND PARAMETERS

Linac0 Linac 1 Linac 2 Plasmastage  yndulator
. Sband band BC band JF -
s kN A
Lee=12m  Lpe=6m |L=10m Lpe=10m L=10m L=40m
Rss=18 mm
100 MeV  250-400 MeV 0.5-1 GeV 1-2Ge) Compton Source
L=5m

Linac Tunnel Undulator Hall

Units Full BF case LWFA case PWEA case

Electron Energy Ga¥ 1 1 1
Repetition Rate ] He W M 10
{RMS EversvSpread 00| o5 T
Jreak Correne ] kA LTS 2 20
iBunch charpe ______ o S W00 _: | I 1
RME Bunch Length pm (f5) 16.7 [55.6) 214 (7.1) 3832 (127
RMSE normalized Emittance i mmrad (.5 047 ™
Slice Longth pm 1.66 1341 1.2
Blice Charpe p G.6T 18.7 2
Slice Energy Spread a 0.2 (Lo1s (LK
Slice normalized Emittance (x/v) mum mrad 0.35,0.24 0,45 /0465 0.537/0.615
Undulator Pariod T 15 15 15
Undulator Strength K () 0.978 (0.7) 1.13 (0.8) 1.13 (D.8)
Undulavor Length m 30 30 0
LD ] weE . L55f138 2168 _______25/18
i Radiation Wavelength ___________________ nm (keV) 287 (0.43) __25(0.44) 293 (0.42)]
Photon Enerpgy .l 177 40 6.5
{Photonper puse k00 9S8 4y 0
Fhoton Bandwidih a 046 04 0.9
Photon RMS Tramsverse Size pm 2 145 10
Photon Brilliance per shot (smm® mrad® bar{0L1%))" 14 = 10°7 1.7 = 10°7 0.8 = 1077

C. Vaccarezza et al., EUPRAXIA@SPARC _LAB: Beam dynamics studies for the X-band Linac, NIM A 909 (2018) 314-317
EuPRAXIA@SPARC_LAB Conceptual Design Report, Tech. Rep. INFN -18-03/LNF, 2018
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CompactLight: a compact & cost effective FEL facility

The key objective of the EU CompactLight Design Study is to demonstrate, through a
conceptual design, the feasibility of an innovative, compact and cost effective FEL facility
suited for user demands identified in the science case.

The goal is to design a Hard X-ray Facility using the very latest concepts for:
* High brightness electron photoinjectors

* \Very high gradient accelerating structures

* Novel short period undulators
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http://www.compactlight.eu
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CompactLight: PARAMETERS AND PRELIMINARY LAYOUT

Main Parameters of the CompactLight FEL Main Electron Beam and FEL Parameters

Parameter Unit  Soft X-ray  Hard X-ray Parameter Value

' Photon energy keV 0.25-2.0 2.0-16.0 i i Max energy 5.5GeV @100 Hz |

i Wavelength nm 5.0-0.6 0.6 -0.08 i i Peak current 5 kA i

| Repetitionrate  Hz 1000 100 j i Normalised emittance 0.2 mm.mrad |
Pulse duration fs 0.1-50 I - 50 ‘Bunch charge <100pC i
Polarization Variable, selectable RMS slice energy spread 10—+
Two-pulse delay fs +100 +100 Max photon energy 16 keV
Two-colour separation % 20 10 FEL tuning range at fixed energy X2
Synchronization fs <10 <10 Peak speciral brightness @16 keV 1033 ph/s/mm?2/mrad?/0.1%bw

Preliminary RF Parameters

EEHG - -
EER(G SEED \ MODULATORS  prrr por VAR POL . Parameter Unit Value
SXR BYPASS LIME — - i Frequency GHz 11.9942 |
GU"';TE I;;JUEEE:' S i Phase advance rad 2 )3 |
51-2 GeV - i Average iris radius (a) mm 3.5 |
(Totallength m__...99
- [IMING CHICAN RF pulse S 1.5
M ]";:IEK:; L -‘\\ /zl e LA EE'—: SEEDING VAR POL. '}SEEII‘%_‘@&_B}}ME """"""" g’d’\"ﬁﬁ""ﬁi""""
%, CHICAME L ~Sradenl oMY L '
BEAM L Group velocity e 4.5-1.0
TWIN P1 LASERS SPLITTER - .. Filling time ns 140
E":‘"’;ILE':-RF * Prelimina ry |ay0Ut I Input power per structure MW 9.8
F Structures per module - 4

Task in WG4 (RF systems): design and optimization of an X-band SLED + accelerating
sections system.

G. D'Auria et al., CompactLight DESIGN STUDY, JACoW-IPAC2019-TUPRB032 (2019)
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OUTLINE

* Design and optimization of accelerating structures
and power distribution network
e EuPRAXIA@SPARC LAB



RF MODULE DESIGN WORKFLOW

Define the average accelerating gradient

Average iris radius (determined by beam dynamics calculations and
simulations)

RF sources and pulse compressor characteristics

Electromagnetic parametric study of the TW cell

Analytical design of the structure to have the highest effective shunt
impedance (constant impedance and constant gradient)

Effective shunt impedance optimization by a 2D numerical scan of the
total length and the iris tapering

Check the expected Breakdown rate (modified Poynting vector values
@ nominal gradient)

Design a realistic RF module (including power distribution network)
Design the input and output couplers

Wakefields and BBU calculations

EM simulation of the whole structure

Mechanical drawings and thermo-mechanical simulations of the
structure

18/02/2020 marco.diomede@uniromal.it 10



X-BAND LINAC PARAMETERS

S-Band Gun

!
rEEE s/ s

!

3S-Band TW
structures

100-170 MeV

Bunch
Compressor

550-1060-1450 MeV

.

\_Y_)

Plasma stage

The RF X-band linac layout is based on klystrons with SLEDs that feed several TW accelerating

structures. The operating mode is the 2n/3 mode at 11.9942 GHz.

X-Band LINAC parameters
16

L [m]
PWFA
E, [MeV] 100
E, [MeV] 550
Egain [MeV] 450
<G> [MV/m] 20(L1)-36(L2)
Charge [pC] 200(D)-30(W)
o, [um] 3.82 (W)
€ [mm mrad] 0.47 (W)

18/02/2020

LWFA FullRF  Ultimate
170 170 170
550 1060 1450
380 890 1280
20(L1)-27(L2) 57 80

30 200

2.14 16.7

0.47 0.5

marco.diomede@uniromal.it

Klystron parameters
(CPI VKX-8311A)

Frequency [GHz] 11.9942
P, [MW] 50
t, [us] 1.5
PWFA: particle  driven plasma

acceleration

LWFA: laser driven plasma acceleration

Full RF: no plasma acceleration, only RF
Ultimate: Full RF with double power (a

factor of V2 in terms of gradient)

11



MINIMUM AVERAGE IRIS RADIUS OF THE STRUCTURE

The critical part is the LINAC1, where beta is high and the gradient is low.

The minimum average iris radius has been calculated fixing the growth rate of the
beam breakup instabilities due to wakefield kick from head to tail.

| PwRA | Ruld

<G> [MV/m] 20 57
<B>[m] ~30 ~30
E, [MeV] 102 171
E.; [MeV] 222 502
o, [um] 50 112
Charge [pC] 200 200
Y 2 2
<a> [mm] 3.2

Alex Chao, “Physics of collective beam instabilities in high energy accelerators”, 1993
Karl Bane, “Short-range Dipole Wakefields in Accelerating structures for the NLC”, SLAC-PUB-9663, 2003
Alexej Grudiev, talk at INFN-LNF, Frascati, December 2016
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DESIGN OF THE CELLS

d
a [mm] 2+5
b [mm] 10.155 + 11.215
d [mm] 8.332 (2r/3 mode)
ro [mm] 2.5
t [mm] 2
r/r, 1.3 (Min S, ., for a=3.2 mm)

18/02/2020

marco.diomede@uniromal.it
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Single cell parameters (R, vg/c, qQ,
Scmax/ E2acc) @s @ function of the iris radius
calculated with HFSS for structure design.
The iris has been designed with an
elliptical shape to minimise S_ ... /E%, ..
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ANALYTICAL STRUCTURE LENGTH OPTIMIZATION

Assuming constant values for Q, R/Q, we calculated the structure attenuation constant
(t5) that maximises the effective shunt impedance R, (Cl and CG cases). This allows to
calculate the structure length L_ (for a given iris aperture).

500 r r r 3
e 8 | el 8 /
] e CG /]
p— 2 B
E
=3
(@]
_Im 1 L
0 1 1
2 3 4 5
Ts a [mm]

L
r, = [a(2)dz
a(z) = f(w,R/Q,v, Q) Lopt cc=0.58 m

The obtained results are used as a reference guideline in a numerical optimization.
B. Spataro, INFN-LNF technical report, L-87 (1986)
P. M. Lapostolle, A. L. Septier, Linear Accelerators, North-Holland, Amsterdam (1970)

T. P. Wangler, RF Linear Accelerators, John Wiley & Sons (2008)
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NUMERICAL EFF. SHUNT IMPEDANCE OPTIMIZATION

R/Q variation with iris aperture is not negligible and CG concept does not apply for not-
flat RF pulses (SLED). For this reason we have developed a numerical tool able to
calculate the main structure parameters (effective shunt impedance, modified Poynting
vector, E, field profile) with an arbitrary cell-by-cell iris modulation along the structure

itself. [
o 7o in---LLLLL
TTII
L,
linear iris tapering
420 - - 6
i =T B
£ 400 : I gf !
G e L =0.4 m — E
= — = Peak val
et e =L =0.5m eak value
380 s x4l I
e L =0.667 m £ 10°° bpp/m
S 8]
360 : : : Y 3 - - =
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
0°] 0[]

As a reference design of the structure, we have considered 0.5 m long structures
with 0.1 deg tapering as a good compromise between modularity, R, and iris
tapering.

M. Diomede et al, Preliminary RF design of an X-band linac for the EUPRAXIA@SPARC LAB project, NIM A 909 (2018) 243-246
M. Diomede et al., RF DESIGN OF THE X-BAND LINAC FOR THE EUPRAXIA@SPARC LAB PROJECT, JACoW-IPAC2018-THPMKO058 (2018)
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RESULTS OF RF MODULE OPTIMIZATION

X-band booster parameters

a first-last cell [mm)]

L, [m]

No. of cells N,

L, [m]

No. of structures N
Klystron pulse length t, [ps]
SLED Q, (SLEDX)

SLED Q,

v /c [%]

t, [ns]

Section attenuation T
Shunt impedance R [MQ/m]
Rs [MQ/m]

Net kly. power [MW]

<G> [MV/m]

Egain [MeV]

P [MW]

Peak input power [MW]

Input power averaged over
the pulse [MW]

No. SFKIr8RY N,

sl

3.629-2.771 KLYSTRON 1 \, : KLYSTRON 2
> MODULATOR HALL Ny o)
60 . _____ MW MODE CONVERTER ____
6 ! O e
- LINAC HALL MODE CONVERTER
1.5
180000
19300
2.76 - 1.03
100 |
0.534 8 structures per module
105-130
410 The basic RF module of the
=40 EuPRAXIA@SPARC_LAB X-band linac can be
Full RF Ultimate conveniently composed by a group of 8 TW
57 80 sections assembled on a single girder and fed by
912 1280 one or two klystrons by means of one pulse
127 250 compressor system and a waveguide network
30 58 splitting and transporting the RF power to the
21 42 input couplers of the sections.
4 8marco.diomede@uniromal.it 16



RF POWER COUPLERS DESIGN

As first case, we have considered a z-type coupler because of its compactness with
respect to the waveguide and mode launcher ones. A dual feed allows to completely
avoid the dipole magnetic field component. Racetrack geometry has been
implemented in order to compensate the residual quadrupole field components.

The calculated pulsed heating on the input coupler is <25 °C (in the 80 MV/m case),
the obtained reflection coefficient is <-30 dB.

7 cells model

.....
zzzzz

H
-

V. A. Dolgashev, High magnetic fields in couplers of X-band accelerating structures (2003)
L. Laurent, Experimental study of rf pulsed heating (2011)
18/02/2020 marco.diomede@uniromal.it 17



Slot coupler (z-type, input, a1=3.629 mm)

Equivalent focusing/defocusing quadrupole kicks on the x plane along the coupler:

30 ' v ' " |—E w/o racetrack
: : ——B w/o racetrack
20 F i i - - —-E w/ racetrack
i i - - —-B w/ racetrack

.| Coupler region |
0 20 40 60 80 100 120 140
Z [mm]

G,coupler = f (gp + gg)dz [T]
coupler

w/o racetrack: G=0.0554 T
w/ racetrack: G=0.0051 T (a factor 10 less)

D. Alesini et al., 10.1103/PhysRevAccelBeams.20.032004 (2017).

18/02/2020 marco.diomede@uniromal.it 18



3 CELLS AND STRUCTURE PROTOTYPE

i
8
'
a |
c 2 ,H, |
o S
= o
u -
o Q :
|
3 £
© r :
oD = m
) e |
£ & y
E 5 B \
° C + r///A--/// =
2 )
o
O
)
c
T
E o)
Q
=
r ¥
©
=
(7))
c
Q
)
Re)
@
- N MV\ N
Py 4w 2 & %
..W m y NI AN v N
4 )
@ = B = B
s 8
o o
vV un Q r
© 0 L %
T c o S
~ \
B : ___
-b -
© O A
=
o Wo ‘
U —_—
o
<< O

Collaboration with Valerio Lollo (INFN-LNF)
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OUTLINE

* Design and optimization of accelerating structures
and power distribution network

 CompactLight



390 55
——0.8m
A T et (1 bpp/m
380 T J—07m
N T~ = =10 bpp/im| ™ ~|
=i Fe \\ ——09m -
Rl [I<a>=3.5mm 3 4\ O\ - = 105 bppim|_ "
o’ 360 f S \ |
350 |
340 , 2

STRUCTURE OPTIMIZATION

Initial main parameters are an average accelerating gradient of 65 MV/m and an
energy gain of 5.2 GeV. Starting from the work already done for
EuPRAXIA@SPARC_LAB, the preliminary optimal structure length and the irises cell-by-
cell tapering have been calculated. In this case, the average iris radius has been fixed
equal to 3.5 mm for beam dynamics considerations.

0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
0 1[°] 0 [°]

The 0.9 m solution with 0.1 deg tapering allows to have a good power distribution in a
4-structure module.

18/02/2020 marco.diomede@uniromal.it 21



Low-Energy RF MODULE (up to 300 MeV)

The preliminary RF module is then made up of 4 TW structures fed by 1 klystron with 1
SLED.

1TkHz@6MW Bower - 100Hz@50MW
Klystron/Modulator Switch Klystron/Modulator
Mode converters
+ circular WG

Splitter
Quad contains
BPM&Corrector
Sector Conn.
valve
X Acc-Structure Acc-Structure Acc-Structure Acc-Structure
Two WFM per AS
with pumping
-
10cm 103cm 5cm 12cm Module length: 5.10 m; RF-fill factor: 71%

Collaboration with Markus Aicheler (HIP)
18/02/2020 marco.diomede@uniromal.it 22



Medium-Energy RF MODULE (up to 1.7 GeV)

The preliminary RF module is then made up of 4 TW structures fed by 1 klystron with 1
SLED.

1kHz@6MW Power
Klystron/Modulator Switch

100Hz@50MW
Klystron/Modulator

Mode converters
+ circular WG

Splitter

Quad contains

BPM&Corrector
Sector valve
X Acc-Structure Acc-Structure Acc-Structure Acc-Structure
Two WFM per AS
with pumping
-+ > > - P Gt
10cm  103cm 5cm  103cm  5cm 12cm Module length: 4.76 m; RF-fill factor: 76%

Collaboration with Markus Aicheler (HIP)
18/02/2020 marco.diomede@uniromal.it 23



High-Energy RF MODULE (up to 5.5 GeV)

The preliminary RF module is then made up of 4 TW structures fed by 1 klystron with 1
SLED.

1kHz@B6MW
Klystron/Modulator Switch

100Hz@50MW
Klystron/Modulator
Mode converters

+ circular WG

Module length: 4.59 m;

RF-fill factor: 78%
Splitter

Quad contains
BPM&Corrector

Sector valve

X Acc-Structure Acc-Structure

Acc-Structure Acc-Structure

Two WFM per AS
with pumping

- - e i el
- Ll 2 T L I ) »Tre

>
> —

10cm 103cm 5cm 103cm 5cm  103cm 5cm  103cm  5cm 12cm

Collaboration with Markus Aicheler (HIP)
18/02/2020 marco.diomede@uniromal.it 24



HIGH REPETITION RATE OPERATION

The high repetition rate operation is limited by two effects:

The average dissipate power in the structure: is

e e . : . something manageable.
The main limitation for the rep rate increasing comes

from the power released on the tube collector P,

which can not exceed a limit value corresponding to

the nominal working point (with some margin). The amount of rep rate increase obtained by
reducing the pulse duration depends very much
on the actual value of the dead time t,,,,, which
is a characteristics of the modulator.

Klystron efficiency vs. power derating

45 | | | | | | | | |
e B s
O\o H H H H H V '
Prr Rl R R e e e - e
~ sat : : : : : : : : :
Peoy = (Tflat top T Ttrans)frep E =p . 4 B ceeEeTi - R
U o Y i T
(&) H H ] H ' H H H H
B 085 brre S G i aa @ pllsiesprandiegniesey 2
_ b= A g e
The klystron operational rep rate can D 5o 5 ' s : 258 Sivasgrs
. - oenede e Ao e CP| VKX8311A
be increased at expenses of the o : / :
saturated RF power (by decreasing the I3 B gyttt —— Canon E37113
tube HV) and/or the pulse dura.tlon 90 k- {/ Canon E37212 (C-band)
The amount of rep rate increase : i i i i | | | | |
obtainable by reducing the HV and the U 0.2 0.4 0,6 08 1
RF saturation power Ppp . is limited by P /P
sa rf max

the tube efficiency decrease.
18/02/2020 marco.diomede@uniromal.it 25



HIGH REP. RATE 1%t SCENARIO: PULSE
SHORTENING WITH HIGH PEAK POWER
KLYSTRONS

Operation probably possible with an
Ref. CPI VKX-8311A optimization of the modulator rise/fall times

50 MW, 1.5 ps, 100 Hz 50 MW, 150 ns, 250 Hz

KLYSTRON Y KLYSTRON Y

MODE CONVERTER MODULATOR HALL MODE CONVERTER MODULATOR HALL

CIRCULAR WAVEGUIDE

MODE CONVERTER

CIRCULAR WAVEGUIDE

MODE CONVERTER
SLED bypassed

LINAC HALL LINAC HALL

1 klystron x LINAC Module 1 klystron x LINAC Module
<E,.> = 65 MV/m <E,.> = 32 MV/m

Accelerating gradient and Linac energy reduced by a factor ~2 @ 250 Hz rep rate;
The SLED has to be bypassed;

Klystron operated always at its nominal working point (good!);
Max rep rate very much dependent on modulator rise/fall times t,,,,,,

18/02/2020 marco.diomede@uniromal.it 26



HIGH REP. RATE 2" SCENARIO:
LOW POWER HIGH REP. RATE KLYSTRONS

Reference RF source CANON
Commercially available

Specifications | units |

E37113
RF Frequency 11.9942 GHz
Peak RF power 6 MW
RF pulse length 5 Hs
Pulse :jf;tition 400 Hy
Klystron voltage 150 kV
Micro 1.5
perveance

10 MW, 1.5 us, 1 kHz, operation
probably possible in the near future

18/02/2020

10 MW, 1.5 us,
1 kHz

MODE CONVERTER MODULATOR HALL

CIRCULAR WAVEGUIDE

MODE CONVERTER

SLED
LINAC HALL

<E,.> =30.4 MV/m @ 1 kHz

1 kHz rep rate capability, with linac energy up to = 47% of the max value;
R&D activity in progress @CANON and CPI on high rep. rate klystrons towards 10 MW, 1.5 ps, 1 kHz

27
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HIGH REP. RATE 34 SCENARIO:
COMBINATION OF HIGH REP. RATE AND
LOW REP. RATE KLYSTRONS

Reference RF source CANON

Specifications | units |

E37113

RF Frequency 11.9942 GHz
Peak RF power 6 MW
RF pulse length 5 Hs
Pulse :c;{:)eetition 400 Hy
Klystron voltage 150 kV

Micro 1.5
perveance

10 MW, 1.5 us, 1 kHz, operation
probably possible in the near future

18/02/2020

10 MW, 1.5 Hs, 50 MW, 1.5 s,
1 kHz RF smart combiner / switch 100 Hz

CPI VKX-8311A

MODE CONVERTER MODULATOR HALL

CIRCULAR WAVEGUIDE

MODE CONVERTER
SLED

LINAC HALL

<E,.> = 30.4 MV/m @ 1 kHz
2 klystrons x LINAC Module
<E,.> = 65 MV/m @ 100 Hz

Switching 2 sources would preserve high gradient at low rep rate;

marco.diomede@uniromal.it
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BASELINE: DUAL MODE

Single rf source
single linac run in two operating modes

EEHG

EEHG SEED \
MODULATORS  £ven poy VAR POL.
SXR BYPASS LINE

Cheapest PO e
Limited increase in repetition rate (SLED by- X-BAND
100 Hz [IMING CHICANE
SELF SEEDING VAR POL.
passed) /N /\ KICKER CHICANE
BEAM

Linac optics needs to operate at two gradient i eiasess e
Dipole

Parameter LINAC1 LINAC 2 TOTAL

CPI Number of structures 32 60 92
KLYSTRON Number of modules 8 15 23
Number of klystrons 8 (CPI) 15 (CPI) 23
Linac active length [m] 29 54 83
oD Rep. rate [Hz] 100 (250)
<E,.> per struct. [MV/m] 65 (32)
<E,.> = 65 MV/m @ 100 Hz Energy gain per module [MeV] 234 (115)
<E,.> =32 MV/m @ 250 Hz Max. Energy gain [MeV] 1872 (921) 3510 (1728) | 5382 (2649)

18/02/2020 marco.diomede@uniromal.it 29



UPGRADE-1: DUAL SOURCE

* Single linac with two sources

EEHG

EEHG SEED
® SXR@ 1 kHZ SXR BYPASS LINE \ MODULATORS  pyxep poL. VAR POL.
GUN & INJECTOR O e —— -
® HXR@ 100 Hz UPTO 300 MeV s126ev /. £5.5GeV
* SXR and HXR CANNQOT run in parallel X-BAND \
II M 100 Hz IMING CHICANE_ _ VAR POL.
KICKER
CHICANE
BEAM

HIGH REP. RATH
KLYSTRONS
(ref. CANON)

CPI
KLYSTRON

<E,..> =30.4 MV/m @ 1 kHz
<E,..> = 65 MV/m @ 100 Hz

acc

18/02/2020

TWIN PILASERS

SPLITTER -
Low freq. RF +
Dipole

Parameter LINAC

Number of structures 92

Number of modules 23

Number of klystrons 23 (HRR) + 23 (CPI)
Linac active length [m] 83

<E_.> per struct. [MV/m] 30.4 (@1 kHz), 65 (@ 100 Hz)
Rep. rate [Hz] 100-1000

Energy gain per module [MeV]

109 (@1 kHz), 234 (@ 100 Hz)

Max. Energy gain [MeV]

2507 (@1 kHz), 5382 (@ 100 Hz)

marco.diomede@uniromal.it
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e HXR@ 100 Hz
SXR@ 900 Hz and HXR@ 100 Hz running in
parallel

HIGH REP.
RATE
KLYSTRONS
(ref. CANON)

SLED

UPGRADE-2: DUAL LINAC

two distinct linacs with different rf sources
e SXR@ 1 kHz

SXR BYPASSLINE

EEHG

GUN & INJECTOR £ ———
UPTO 300 MeV

21-2 GeV f, £5.5GeV|
X-BAND

100 Hz
M KICKER
BEAM

TWIN PILASERS SPLITTER —
Low freq.RF+

Dipole

Parameter

LINAC1

[IMING CHICANE

EEHG SEED \
MODULATORS  £ven poy VAR POL.

SELF SEEDING VAR POL.
CHICANE

LINAC2 TOTAL

KLYSTRON

SLED

<E,..> =30.4 MV/m @ 1 kHz <E,.> = 65 MV/m @ 100 Hz

18/02/2020

marco.diomede@uniromal.it

Number of structures 68 60 128
Number of modules 17 15 32
Number of klystrons 17 (HRR) | 15 (CPI) 32
Linac active length [m] 61 54 137
<E,.> per struct. [MV/m] 30.4 65 -
Rep. rate [Hz] 1000 100 -
Energy gain per module [MeV] 109 234 -
Max. Energy gain [MeV] 1853 3510 5363
31



OUTLINE

* Design and optimization of accelerating structures
and power distribution network

* Joining the projects



COMPARISON BETWEEN EuPRAXIA@SPARC_LAB AND CompactLight
e paa@wARC_ 15 | Compaciigh

Frequency [GHz] 11.9942

RF pulse [us] 1.5

Net kly. power [MW] =40

Average iris radius <a> 3.2 3.5
Iris radius a [mm] 3.6-2.8 4.3-2.7
Average gradient <G> [MV/m] 80 MV/m 65 MV/m
Linac Energy gain E_,;, [GeV] 1.3 5.4
Structure length L, [m] 0.5 0.9
Linac active length L, [m] 16 86
Unloaded SLED Q-factor Q, 180000

External SLED Q-factor Qg 19300 23000
Shunt impedance R [MQ/m] 105-130 90-131
Effective shunt Imp. R, [MQ/m] 410 387
Structures per module N, 8 4
Klystron power per module Pk_m [MW] 54 39
Peak input power [MW] 58 68
Input power averaged over the pulse [MW] 42 44
Total number of structures N, 32 96

18/02/262@' number of klystrons N, marco.diomede@uniromal.it 8 24 33



Using the CompactLight accelerating section for
EUPRAXIA@SPARC_LAB

The X-band linac baseline shown in the EUPRAXIA@SPARC_LAB Conceptual Design Report is based
on 4 modules hosting 8 x 50 cm long TW cavities each (16 m of active length), powered by 4 or 5
klystrons in total. We are proposing to change this baseline for a new one based on 5 RF modules
of the type designed for Compact Light, hosting 4 x 90 cm long TW cavities (18 m of active length).

The proposal has been approved in a recent collaboration meeting @ LNF

Potential advantages are:

Simplified waveguide distribution network (less accelerating sections per module)
Linac filling factor improvement (active length / real length)

Wider average iris radius (3.5 mm vs. 3.2 mm, better beam stay-clear)

Higher operational gradient (65 MV/m vs 57 MV/m)

Higher final energy (1170 MeV vs. 1102 MeV)

Fully synergic with CompactLight design study

Potential Drawbacks are:

Longer active length (18 m vs 16 m)



EUPRAXIA@SPARC_LAB RF MODULE LAYOUT

5. SLED

4. CAVITY BPM

3. QUADRUPOLE
2205

2. X-BAND ACC.
STRUCTURE \

PN —
Estimated waveguide
power attenuation

L) L L L] (including circular
overmoded waveguide):
11%

Preliminary layout of the RF module (collaboration with CERN)

Collaboration with Gianluca Di Raddo (INFN-LNF)



EUPRAXIA@SPARC_LAB RF MODULE LAYOUT

Collaboration with Gianluca Di Raddo (INFN-LNF)

18/02/2020 marco.diomede@uniromal.it
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WAKEFIELDS IN THE 90 CM LONG STRUCTURE

Using the ECHO code , the structure wakefield has been found fitting the Bane’s formula

az=50um 02=112,um
80 120

— = ECHO — | |===ECHO
£ | |===Bane ] g 100 == Bane
~ 60 ) ~
E Bane fit € got Bane fit
. £
Wake potential S 40 g 60} |
S
> > 40f
- 20t [
= = 207
0 il M 0 ’ )
0 200 400 600 0 500 1000 1500
z [pum] z [pum]
O'Z=50[_Lm az=112ﬂm
120 ; . 200 . .
| |===Bane ] == Bane
100 === Bane fit 150 } [=———Bane fit

Wake function

W [V/pC/mm/m]
3

w_ [V/pC/mm/m]
S

40 |
50|
20}
0 . . 0 . .
0 200 400 600 0 500 1000 1500

z [pm] z [um]
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WAKEFIELDS IN THE 90 CM LONG STRUCTURE

Fitted formula w | (z) _ 4ZDC':ZEA {1 _ (1 1 \/E) e f_z]

ma 59

a=3.5mm
A=1.48
S, =9.948 x 10>

0.00 050 1.00 130 200 2,30 200 3.30 4.00 4350 3.00 250

vvvuvuvuvy
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THERMAL ANALYSIS WITH CST CODE

Pdiss=9 W Pdiss=19 W Pdiss=19 W

w
=3
o

BRERRURBRER , 8884 ¢
LhihouboB o

E—

32.39
32.2
32.1
32
31.9
31.8
31.7
31.6
31.5
31.4
31.3
31.2
31.1
30.92

100 Hz 1 kHz 1 kHz

Water temperature: 30° C

Total detune of the structure: 3.5° in phase advance
(reduction in terms of accelerating gradient <0.5%)

Collaboration with Luigi Faillace (INFN)
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CONCLUSIONS

The design of the RF linacs of EUPRAXIA@SPARC_LAB and CompactLight has been
completed. Thermal analysis has been performed and the mechanical design of the

cell has been done. A preliminary study on high repetition rate operation has been
performed.

NEXT STEPS

For both the projects
* Integrate in the optimization tool an exact solution algorithm
(Shumail-Dolgashev) and perform simulations with particle tracking
codes like ELEGANT to calculate the transverse dynamics of the beam
along the linac.

For EUPRAXIA@SPARC_LAB
e 3 cells and structure prototypes will be fabricated.
* A high power test station will be installed this year at LNF.



Thank you for your attention!



Traveling wave accelerating structures

Propagation Y ¢ Phase
== | i =v,=—F——=>c i
constant c b o) velocity
- [_]
[y
dipendente dalla geometria
Cavity | |Cavity della guida
1 2 e dal modo considerato
180° phase v
shifter n | 3-dB Hybrid
i) o CEEtly | ‘ ot L Phase advance
klystron Accel. Section / o=pc W
®=fD=—D=—0D
vp h C
from RF
Source L
; . ! LA 2a (0 2b @ @
Input | Output ==
coupler " coupler ¢ >
3n/D 27D D 0 © D 20D 3D B D

armonica  armonica
spaziale O spaziale 1

Basically, a TWAS is a circular waveguide loaded by irises in order to slow down the wave
phase velocity. The spacing D between the irises determines the phase advance per cell.

They are mainly used to accelerate electrons.
Courtesy of A. Gallo and D. Alesini
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Pulse compressor: SLED

A pulse compressor is a component that allows to increase the peak power at the section

input by reducing the pulse length. In a SLED, this is obtained by combing the power
reflected by 2 high-Q cavities.

Example: compressed pulse of 100
ns with a Q, of 20000

CAVITY | — = ~=—— CAVITY 2

-=t——3 dB COUPLER

—

G | £ — | | | |
KUYSTHON f"__/ == jccel BRATOR V ) 0.5 1 15 2 2.5 3
-l - t[us]
to
K + e e
Eu 5 Q Sl Qs e
M (t)=ye ** —(a-1) t<t<t, Q =0 y=gl2-e® |=23|2 ¢%
E« 1+ .
E _(t2*t1)0) _(t*tz)w 2
—M(t)=|ye ** —ale **, t>t E.,
Eq O=|7 “ ? Pout_SLED (t) =P (t=0) E—t(t) [1]
K

Z. Farkas, et al., SLED: A method of doubling SLAC’s energy, Proc. Of 9th Int. Conf. On High Energy Accelerators, 1974, p. 576.



Pulse compressor: BOC

For a BOC (Barrel-shape Open Cavity) the equations are the same but it’s possible to obtain
higher values of the unloaded quality factor. This allows to obtain better performances.

BOC

¢+ Cavity 1s surrounded by rectangular
waveguide to couple power.

% Power is coupled through coupling
apertures.
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Cell and structure parameters

Quality factor
w

Q = wgF
Pdiss
It measures the merit of a

cell as a resonator

Time - dependent accelerating gradient: |E,..(z,t') =G(z,t") =G,[t'-7(2)]9(2)

dzl , Fillingtime: t; =z(L,);
¢(7)

t=t-t;

Shunt impedance per
unit length

_ Ecc [ ]
pdlSS

It defines the efficiency of
an accelerating mode

v4(0) Q(0)

Go(t')ZG(Z:O,t'):\/L R(O) m S( ) \/ Q |n S(t) \/EBP (t 0) out (t)

Voo Q

with R shunt impedance per unit lenght and Q quality factor

1 dvg

Attenuation per unit lenght: «(z) = %{_

Group velocity

Po | M
v, =10 | —
= [5]

It is the velocity at which
the RF energy flows

R upon Q
R Eécc [ ]
It is a quallflcatlon

parameter of the cavity
geometrical design

(4)

Vio 2QV(Z)

Hyp: % constantalongz = g(z) = |——e
v

Section attenuation: 7, = Ia(z)dz

18/02/2020

LS
Accelerating Voltage: V, = fdz'G(z',t'ztf =t,-t);

0

V 2
Effectiveshuntimpedance: R, = —2——[Q/m]
P (t=0)L,
Vi, (G

Total Power : P, = t°tR< )

S

1 d(R/Q)+ 0]
v, dz  R/Q v,Q

e [0 R@DQO) Q(O)e—iivg(z.;g(z,)dz.
v, (2) V1 Q(z) R(0)
gO r(z)
v, (z

It defines the efficiency
of the structure

A. Lunin, V. Yakovlev, A. Grudiev, PRST-AB 14, 052001, (2011)
R. B. Neal, Journal of Applied Physics, V.29, pp. 1019-1024, (1958)

marco.diomede@uniromal.it
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18/02/2020

Single cell formulas

E -eWRFCdz‘ single cell accelerating voltage [V]:

average accelerating field in the cell [!]
m

P, = j %Re(ﬁxﬁ*j-ids average input power (flux power) [W]
Section
Piss = 1 R, HHtan “ds average dissipated power in the cell [W]

cavity
wall

/ 1 .
R, = Hee to = surface resistance [(2]
(o2 O

5= skin depth [m]
M ge 1100
Pdiss [ - W
Paiss = D average dissipated power per unit length [E]

w- |

cavity
volume

W=—
D

energy density

(%\E\Z%AHF)W stored energy in the cell [J]

average stored energy per unit length [%]

quality factor [arb. units]

marco.diomede@uniromal.it
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Breakdown

The major obstacle to high gradient is RF breakdown. It is a phenomenon that abruptly
changes transmission and reflection RF power directed towards the structure. A local field
guantity which predicts the high gradient performance of an accelerating structure is the
modified Poynting vector S_:

_ [wl 1
S. = Re{S} + g, Im{S} [W‘ , with g, = ‘

The dependence of the modified Poynting vector on RF pulse length t; at a fixed
breakdown rate (BDR) has a well established scaling law observed in many experiments:
515t5

¢ P —const

The BDR is defined as the probability of having a breakdown and it is typically measured
in breakdown per pulse for 1 m long structure. As design guideline for a new RF structure,
S. should not exceeds 4 MW/mm? if the structure is supposed to operate at a breakdown
rate smaller than 10°® bpp/m and a pulse length of 200 ns.

A. Grudiev, S. Calatroni, and W. Wuensch, PhysRevSTAB.12.102001 (2009)
K. Sjobak, E. Adli, A. Grudiev, MOPP028, Proc. of LINAC2014 (2014)
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Breakdown

Maximum value of normalized modified Poynting vector

a=3 mm

HamedExpr
2Z67E-BE3
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COUPLER MAIN PARAMETERS

For couplers, an important parameter is the RF pulsed heating. It is a process by which
a metal is heated from magnetic fields on its surface due to high-power pulsed RF. The
temperature rise is defined as (for copper):

AT[°C] = 127|Hy [MA/m]|* | Far [GHZ]. |t [s]

As a general experimental rule, if the pulsed heating is below 50 °C damage to the
couplers is practically avoided.

Coupling slots introduce a distortion in the field distribution and multi-pole
components of the field can appear and affect the beam dynamics.

The multi-pole field components in the coupler are completely dominated by the
magnetic field asymmetry. Odd components can be avoided with a symmetric feeding.

First order development of the azimuthal magnetic field near the beam axis:

B(l) (7", (P; Z) = AO(Z)T + z An(z) COS(nqb) yn—1
n=1

The quadrupolar component is the component associated to the term with n=2 and

the gradient of the quadrupole component is exactly the term A,.
V. A. Dolgashev, High magnetic fields in couplers of X-band accelerating structures (2003)

L. Laurent, Experimental study of rf pulsed heating (2011)
D. Alesini et al., 10.1103/PhysRevAccelBeams.20.032004 (2017).



Analytical study:

-Constant impedance w/ and w/o pulse
compression
-Constant gradient w/ and w/o pulse
compression



Constant Impedance (Cl) AS formulas

v (z)=Vv 7(2) = J 0z ‘
v (Z) VgO
t'=t—t, rS:aLsz C L oto=z(l)= L, _ 207, [5];
gOQ Vo 0,

Vyo _56”_ —rsl_zs N R =
9(z) = V(Z) =€ 1Go(t)—\/ LSP(t—O) (t')

G(Z,t'):\/ZrSLBPK(t ) Eou (t —(2))e L

S

[5] T. P. Wangler, RF Linear Accelerators, John Wiley & Sons, 2008



Constant Impedance (Cl) AS — With pulse compression

t'w

o o (U R IS (S o A
EL”I(t'):ye 2% (o -1) G(z,t')—\/errPK(t—O)Lye R _(a-1)le b =Gy ye' T —(a-1)e -

K S

L, _grs
Va:IdZ'G<Z"t'=tf=t2—t1)=\/PK(t:0)RLSF y Ql [efs—eQL J+(a—1)(efs -1)|= /P t=0)RL, \/% [6]
0 TS 7_1

L
2

R V7 [2 1 L o .
e S W— N - s _p & e -1
R P (t=0)RL, 7, 71 Q 1 (e ° }r(a )(e )

L

[6] J. Le Duff, High-field electron linacs, CERN 95-06, (1995)
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Constant Impedance (Cl) AS — With pulse compression
Gradient after 1 filling time

normalized by its mean value

400 g 120
343 — A
I > _
g % 2110
S i
E 200 ¢ 3 100 |
X X
® 100/ % 90!
i ‘I:u.
0 ' ' | 5 80 |
s ZlLs
Reference formula Reference formula
= 201, e :
(1_ QQIJ [QQI[Z_e . p)]J L Q G(z,t'=t,) = o R P —rs /L
Rs =2TSR € (:L_efs )+ e [e “Q, —eTSJ Vg
TS
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Effective Shunt impedance in Const Gradient (CG) AS

} 7(2) = f

wl
v, (2) =

Q  (t-e™)

a(2)dz; t—r(L)—ZQT I5];
a

v(z) @

O'—-.l_

9(2) =1 | Gy(t') = \/LB P (t=0)1-e )%(t') [5]

S

G(z,t) = \/Lﬂ P (t=0)(1—e 2 )% (t—(2)) = G, EEOUt (t—(2))

K

[5] T. P. Wangler, RF Linear Accelerators, John Wiley & Sons, 2008



Constant Gradient (CG) AS — With pulse compression

E _to
24 () =re ** ~(a-1)

K

to 20 to o
G(z,t') = \/Lﬂ P (t=0)1—e?" ){7/ e_zQ{l— (I )ﬂ * (a —1)} - GO{ye 2 {1— (1—e" )ﬂ * (« —1)}

S S

L .
V, = [d2'G(z t'=t; =t,~t) = P (t=0)RL,[1—e >} ye ©
0

o[ o

|
—
Q
|
[HEN
~—

Q
&: Va2 :< a2 )<}/e_QQLTS 1—(8_2751 ZQLJ —(a—l)
L 2Q |
*270 _%
G( ’ t- TsoJ ye & {1—(1—8_2 0)5} —~(a-1)

[1] Z . D. Farkas et al. SLED. A METHOD OF DOUBLING SLAC's ENERGY, Proc. 9t Int. Conf. on
1High2Exergy Accelerators, Stanford; #8974 ,o(St&C Stanford, 1974). 55



Constant Gradient (CG) AS — With pulse compression

Gradient after 1 filling time
normalized by its mean value

400 = 130
344 A
- 300 53 120
EE ‘JL110
= 200 O
'—"D v 100
14 _ o
100 l\m 90 L
*p
0 ' (‘D’ 80 |
0 0.50.596 1 0 0.5 1
TS Z/Ls
Reference formula Reference formula

Q Q - 2Q, ) \1-1, 1+7,

1-7, 1 Kl+ T, jl o } {1+ 2Q | (147, -z Lz ) @ 2—exp _o -1
. _ _ B Qe 1—2'S 20
21%/0]2'/292/02(?' 1 L marco.diomede@uniromal.i ! 56
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Ls=0.5m (60 cells), Ns=32

4.2
—0
4F ——0.02]
0.04
3.8 ——0.06 | |
0.08
3.6 0.1
——0.12
341 ——0.14]
Slope from 0° to 0.2° E . ——0.16
. £ 3.2 < 0.18 1
(step 0.02°) © . 02 -
3 -
28
26
2.4
2.2

1 Il 1 Il 1 Il 1 Il |
0 005 01 015 02 025 03 035 04 045 05
z [m]

With an
active length
of 16 m we
can have 32
structures of
0.5m

Fixing the length of the structure (60 cells for example) and the
slope of the tapering (from 0° to 0.2° for the moment, <a>=3.2 mm)
it is possible to find the iris radius of each cell (every - is a cell) and
then the related values of vg, R, Q, normalized modified Poynting

vector using the polynomial fits.



v [m/s]

Ls=0.5m (60 cells), Ns=32

6
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With a linear tapering there is a non-linear behavior of the group velocity along z.



Ls=0.5m (60 cells), Ns=32
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Since now we have the parameters of every cell it is possible to apply the
general formulas in order to find the optimal slope for every fixed length
(finding for each slope the optimal value of Qe for the SLED).



G, (t.2)/VP,

Ls=0.5m (60 cells), Ns=32,

Q0=180000
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G(t,z)/VP,

Ls=0.5m (60 cells), Ns=32, Q0=180000

Normalized gradient vs z
after 1 filling time

%104

3.6

—0 |

3.4r ——0.02| ]

0.04

16 | 1 | | | | | | |
0 0.05 041 015 02 025 03 035 04 045 05

z [m]

It is possible to observe that for
each slope we obtain different
profiles of the gradient.

0 Do
Slat)=Gilt, ~#(@g(@) = | T TR = 1, () /XQEZ; |20 90t



<G(tf,z)>/\/P0

2.64

2.63

2.62

N
(o2}
=

N
o

2.59

2.58

2.57

Ls=0.5m (60 cells), Ns=32, Q0=180000

Average normalized gradient Effective shunt impedance

4
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0 1°] 0 [°]
2 L

=V V, = [drG(z,t=t,)
POLs 0

Considering the average (normalized to the input power) gradient or the effective
shunt impedance we find that the optimal slope is 0.8° (corresponding to an iris
radius variation from 3.5 mm to 2.9 mm).
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Ls=0.5m (60 cells), Ns=32, Q0=180000

Filling time
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n
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Input power for each structure
(in order to obtain 57 MV/m)
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Ls=0.5m (60 cells), Ns=32, Q0=180000, <G>=57 MV/m

Modified Poynting vector (calculated at the first cell)

obtained value
scaled limit

The modified Poynting vector
should not exceed 4 W/um? in 4.5
order to have BDR below 1x10%°
bpp/m at pulse length of 200 ns

I e

For each slope we are below the
scaled limit (for an average
gradient of 57 MV/m)

.0 0.62 0.64 0.66 0.68 0.I1 0.I12 0.I14 0.I16 0.I18 0.2
01°]
With this formula we take into 1/3
, (200 ns)

account the fact that for every slope  Sc¢ =4W /lum 2 [4]
the filling time is slightly different tp

[4] A. Grudiey, S. Calatroni, and W. Wuensch, New local field quantity describing the high gradient limit of
accelerating structures, PhysRevSTAB.12.102001 (2009)

scaled
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STRUCTURE NUMERICAL OPTIMIZATION
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MINIMUM IRIS RADIUS

Growth rate of the BBU due to wakefield kick from head to tail (Alexej Grudiev):
1

(B

th Ne?W/ (s)

* ko~
0 4RBE(Z) z p

,=|-

all (PWRA
Wi(s) = 420651 Il — <1 + \/:%) e_\/g]** <G> [MV/m] 20 57

at
<B> [m] ~30 ~30
/ S
AWL(s) _ 2Zo¢ -5, E, [MeV] 102 171
ds Ta*
, E., [MeV] 222 502
. dWi(s) 2ZyC
WL(Gz) = ds s=00z = ) O, o, [um] 50 112
eN [pC] 200 200
E(z) =E, + eGz y 2 2
_ Zoc eNoy(p) (E, a [mm] 3.2
T 2ma* aic E,

The critical part is the LINAC1, where beta is higher and the gradient is low.

* 7AI2ex Czhoao, “Physics of collective beam instabdilities in high enelrgEy accelerators”, 1993
A I?a/lzgane, “Short-range Dipole Wakefields in Acce gr@ﬁﬂéosrpc?u'c' ures for the NLC”, SLAC-PUB-9663, 200%6



STRUCTURE DESIGN & OPTIMIZATION

Charge Structure length
Bunch length STRUCTURE | Irises tapering
Acc. Gradient - DESIGN & : Qe of SLED

RF sources OPTIMIZATION

RF module
Pulse compressors

EM simulations of the regular cell
Wakefields
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MATLAB code

SLED plot f(tf,Q0,Qe)
Import cell parameters from HFSS
Cl w/ SLED (analytical)

* Contour plot Rs/r=f(Q,Qe) -> Qe_opt=f(Q)

e Contour plot tau=f(Q,Qe) -> tau_opt=f(Q,best Qe)

* (w/ HFSS data) Finds Rs max, tau_opt, G profile, L_opt, Ns, Ptot, Nk, Sc_max for
every <a>

CG w/ SLED (analytical)

* Contour plot Rs/r=f(Q,Qe) -> Qe_opt=f(Q)

* Contour plot tau=f(Q,Qe) -> tau_opt=f(Q,best Qe)

* (w/ HFSS data) Finds Rs max, tau_opt, G profile, L_opt, a first/last cells, vg
first/last cells, equivalent linear tapering theta_opt, Ns, Ptot, Nk, Sc_max for
every <a> (book and Grudiev’s formulas)

e Grudiev’s formulas: new definition of tau that allows to plot vg vs tau



MATLAB code

Numerical Approach

Fixed parameters: avg. iris radius, no. of cells, kly. Power, wg attenuation, avg.
gradient

Design parameters: Qe, theta of the linear tapering

It calculates the values of a, b, R, Q, vg, Sc vs theta for every cell

It calculates the mean value of b between two cells, the tau(z) and then the
filling time, alpha(z), tau_s, Pout/Pin, g(z) for every slope

It calculates EG_SLED(Qe), GO(tf,z,Qe), GO(tf,z,Qe) and the Qe that maximize Va
and then Rs for every slope

It calculates the slope that maximise Rs and the corresponding Sc_max, Kly.
Power needed (considering attenuation) and peak Rf power in input of the
cavity, the loss of SLED_EG due to binary tree wg distribution



BEAM DYNAMYCS SIMULATIONS

We have performed beam dynamics simulations with the tracking particle code
Elegant. As a first approach, we have considered Constant Impedance structures with
wakefields calculated with Bane’s formulas.

The energy spread and the distribution of the energy and current along the electron
bunch obtained with the simulation at the linac exit satisfy the requirements*.

Next step: more accurate calculations considering the real tapering of the structure
with Shumail-Dolgashev’s algorithm**,

*C. Vaccarezza et al., EUPRAXIA@SPARC_LAB: Beam dynamics studies for the X-band Linac, NIM A 909 (2018) 314-317
**M. Shumail and V. A. Dolgashev, Exact solution of multi-bunch instabilities for ultra-relativistic constant energy bunches in particle accelerators,
Phys. Scr. 94 065208 (2019)



COUPLERS DESIGN

Also a waveguide coupler has been designed. A tapered waveguide has been
implemented in order to minimize the residual quadrupole field components.

The calculated pulsed heating on the input coupler is <11 °C (in the 80 MV/m case),
the obtained reflection coefficient is <-30 dB.

Work in progress:

* Calculate the equivalent quadrupole gradients g; (and g¢) along z
* Calculate the integrated gradients
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RF MODULE

The waveguide distribution is fully symmetric. This means that all
cavities are filled simultaneously while the beam transit time
between the first and the last cavity is 14 ns.

25| 90 cm structure —> .
| <—— 50 cm structure
|
|
05— |
|
|
|
1
\I\ —
/// : \\\
Phd I o
- 1 SA - .
asl- early injection M late injection i
optimal
injection
| | . | |

t[ps]
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RF MODULE

24 T

Average gradient gain = 2.3
Max gradient gain = 2.35 -7~
=~ 2 % reduction oo

23

225

~=-- -

Multiplication::
Factor of _
SLED

215

Average gradient gain = 2.02
A Max gradient gain = 2.06
Lo e ~ 2 % reduction

21

The plots represent the average gradient gain for bunch injection timing errors in the £20 ns range for the
2 considered modules: 8 x 50 cm (without magnets and diagnostics) and 4 x 90 cm structures. It is
obtained by integrating the SLED compressed pulse in a sliding time window whose width is constant and
matches the structure filling time (100 ns and 130 ns respectively). The module average gradient is slightly
reduced because of the timing errors (=2%).
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COMPARISON BETWEEN EuPRAXIA@SPARC_LAB AND CompactLight

Frequency [GHz]

RF pulse [ps]

Net kly. power [MW]
Average iris radius <a>
Average gradient <G> [MV/m]

Linac Energy gain E__.. [GeV]

gain
Structure length L, [m]
Linac active length L, [m]
Unloaded SLED Q-factor Q,
External SLED Q-factor Qg

Iris radius a [mm]

Group velocity v, [%]

Section attenuation T,

Shunt impedance R [MQ/m]
Effective shunt Imp. R, [MQ/m]
Filling time t; [ns]

Structures per module N,

Klystron power per module Pk_m [MW]

Peak input power [MW]

Input power averaged over the pulse [MW]

Total number of structures N,,

Total number of klystrons N,

18/02/2020
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11.9942
1.5
=40
3.2 3.5
80 MV/m 65 MV/m
1.3 4.5
0.5 0.9
16 69
180000
19300 23000
3.6-2.8 4.3-2.7
2.8-1.0 4.7-1.0
0.534 0.767
105-130 90-131
410 387
100 144
8 4
54 39
58 68
42 44
32 80
8 20
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Towards higher rep rate operation of the RF power sources
(by Alessandro Gallo)

Any klystron model is optimized by design to be operated
in a specific working point characterized by 3 parameters:

* Max RF power in saturation Pgr_ ;
* Pulse duration 7,5 + Ttrans (flat top + transient);
* Repetition rate f,.,,.

PRFsq¢
Vg

and it is maximum when the tube is operated at the

nominal working point.

The tube efficiency is definedas: 1 =

The klystron operational rep rate can be increased at
expenses of the saturated RF power (by decreasing the
tube HV) and/or the pulse duration.

The main limitation for the rep rate increasing comes from
the power released on the tube collector P.,;; which can
not exceed a limit value corresponding to the nominal
working point (with some margin).

P
P, =V, 1, =410kV -310 A=127MW; 7, = R;max 7 40%

0
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OPERATIONAL PARAMETERS
Unit Value
RF frequency MHz 11 994
RF peak power (max) MW 50
RF average power (max) kW 5.0
Modulator peak power MW 127
Modulator average power
(max) kw 3.2
Operational voltage kv 0-410
Operational current A 0-310
PRF range Hz 1-100
Pulse length (top) Ms 05-20
Top flatness (dV) % <x0.25
Rate of rise kV/us 300-450
Pulse to pulse stability ppm <50
Trig delay MS ~1.2
Pulse to Pulse time jitter ns <#5
Pulse width time jitter ns <+8
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Trig pulse

Irig delay

-

P, =V, 1, =410kV -310 A=127 MW

Pulse Lenght (FWHM)

P
=2 [140%
P

Load Peak Voltage

77k|y o
0 — Pulse Length (top) NG
Y. - R }::::: """"""""""""""""
dv 1» """" o e
l‘{mc of Rise
Pt =Ueon Ty = T [V (D)1 (t)dlt = 0| [ V(D)1 (t)dt+ [ V (1)1, (t)dt
tin trans flattop
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300 T T T \ ) \ )
;% standar?deviation _____ Y Y

250 ey - Scandinova

200 E mOdu/GtOI’ = VOIOTtrans = VOIOTP‘LLlSB
£ pulse for C-
£ 1
f w band klystron With Tygns = —— f V() L(t)dt ~ 0.5 + 2us
- Volo

50 . trans

[ . -
= Flattop=1.4us
- - Transient= 12, equivaient It mainly depends on the modulator characteristics

110° 210° 310° 410° 510°

0
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Klystron collector power limits are conservatively specified by manufacturers assuming transient

durations longer than those provided by state-of-the-art solid state modulators. Canon (formerly
Toshiba) specifies tubes (E37113 - X band and E37212 — C band) assume Typgns = 2.5 US.

Assuming the same 7,4, Value for the CPI VKX-8311A klystron (to be verified with CPI), we got:

Peoy = Vblko(lflattop +'Ttrans)ﬁ'ep

lPRFsat

\

(Triat cop + Terans) frep £ T 127Mw - (1.5us + 2.5us) - 100Hz = 50.8kW

‘-------------’

Since the limit imposed by P.,;; can not be overcome, the rep rate can only be increased at the

expenses of the RF saturation power (HV working point) and/or RF pulse duration.

The amount of rep rate increase obtainable by reducing the
pulse duration depends very much on the actual value of the

dead time t,,,,,, which is a characteristics of the modulator.

The amount of rep rate
increase obtainable by
reducing the HV and
the RF  saturation
power Pgp . is limited
by the tube efficiency
decrease.

18/02/2020

klystron efficiency [%]

45KIystron efficiency vs. power derating

i i i | I I L I
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max
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VKX-8311A CPI klystron

P, =45kw

e 1.5 us - -------------------- —
- frep @ 50 MW

- frep @20 MW
- frep @ 10 MW _
- frep @ 5 MW
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Towards higher rep rate operation of the RF power sources

The main limitation for the rep rate increasing comes from the power released on the tube

collector P.,; which can not exceed a limit value corresponding to the nominal working point
(with some margin).

The klystron operational rep rate can be increased at expenses of the saturated RF power (by
decreasing the tube HV) and/or the pulse duration.

PRF
~ sat
Peoy = (Tflat top T Ttrans)frep
45KIystron efficiency vs. power derating
The amount of rep rate increase obtainable by il I R T S R 9 e
. . 3 e T T T 2
reducing the HV and the RF saturation power 5
. .. Rk R T S R R T §
Ppg,,, is limited by the tube efficiency S e :
decrease. g o1 L I el
"_E‘ 15 e ‘ /»"‘ """ —— Canon E37113
x 10 |- // """" """" —— Canon E37212 (C-band) ]|
5 % i i i 1 1 1 l 1
0 02 04 06 08 1
P /P
f max

The amount of rep rate increase obtained by reducing the pulse duration depends very much on
the actual value of the dead time t,,,,,, which is a characteristics of the modulator.
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15t scenario: pulse shortening
rep rate increase limited by modulator dead time (=1.5 us)

50 MW, 1.5 ps, 100 Hz 50 MW, 140 ns, 220 Hz

KLYSTRON Y KLYSTRON Y

MODE CONVERTER MODULATOR HALL MODE CONVERTER MODULATOR HALL

CIRCULAR WAVEGUIDE

MODE CONVERTER

CIRCULAR WAVEGUIDE

MODE CONVERTER
SLED removed ——

LINAC HALL LINAC HALL

1 klystron x LINAC Module 1 klystron x LINAC Module
<E,.>=65MV/m <E,.> =30 MV/m

* Linac energy downgraded to = 45% of the max value @ 220 Hz rep rate;
* Not flexible: as soon as the SLED is removed the gradient is reduced by a factor =2.2;
* Klystron operated always at its nominal working point (good!);

* Max rep rate very much dependent on modulator dead time t, .,
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2"d scenario: klystron peak power reduced
rep rate increase limited by klystron inefficiency at reduced HV values

1.5 ps, 10 MW, 200 Hz
1.5 us, 5 MW, 250 Hz

KLYSTRON Y l

MODE CONVERTER MODULATOR HALL

50 MW, 1.5 ps, 100 Hz

KLYSTRON Y I

MODE CONVERTER MODULATOR HALL

CIRCULAR WAVEGUIDE

MODE CONVERTER

LINAC HALL LINAC HALL

1 klystron x LINAC Module
<E_.> =65 MV/m

1 klystron x LINAC Module
<E,..> =29 MV/m @ 200 Hz
<E,..>=20.5MV/m @ 250 Hz

* Linac energy downgraded to = 30% of the max value @ 250 Hz rep rate;
* Flexible: different compromises between rep rate and RF peak power explorable;
* Klystron operated in a wide range of working points (realistic?)
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3"d scenario: high rep rate — reduced peak power klystrons
rep rate increase based on dedicated tubes, in substitution of or in addition to
high peak power ones

6 MW, 1.5 ps, _
Canon E37113 klystrons H 50 MW, 1.5 ps,

1 kHz 100 Hz

RF smart combiner / switch

Scandinova solid state modulators Canon E37113 CPI VKX-8311A
| Parameters | Specifications | units
£37113 MODE CONVERTER @ MODULATOR HALL
RF Frequency 11.9942  GHz CIRCULAR WAVEGUIDER  _ ___
Peak RF power b MW VIODE CONVERTER
RF pulse length 5 s LINAC HALL
Pulse repetition 400 Hz
rate
Klystron voltage 150 kv
Micro e 2 klystrons x LINAC Module
perveance . <E_..> =65 MV/m @ 100 Hz
6 MW, 1.5 us, 1 kHz operation probably possible <E,.»> =23 MV/m @ 1 kHz

e 1 kHz rep rate capability, with linac energy up to = 35% of the max value;

* Switching or combining 2 sources would preserve high gradient at low rep rate;

* |f source combination is possible, gradients > 30 MV/m available at rep rates < 250 Hz;

e CPIl will probably announce a new tube capable of delivering 10 MW, 1.5 ps, 1 kHz
(gradient of 30 MV/m)
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average gradient [MV/m]

3"d scenario: high rep rate — reduced peak power klystrons

rep rate increase based on dedicated tubes, in substitution for or in addition to
high peak power ones

6 MW, 1.5 s, 50 MW, 1.5 s,
70 ; ; ; R 1 kHZ 100 Hz
' | Lo b & Canon E37113 CPI VKX-8311A

RF smart combiner / switch

CPI VKX 8311A -

Canon E37113 .. MODE CONVERTER MODULATOR HALL
IMERN] CIRCULAR WAVEGUIDE

MODE CONVERTER

LINAC HALL

1 T | | S| S— G 1 WL a
5 5 R RE] 2 klystrons x LINAC Module
0 i i AR S S <E,..> =65 MV/m @ 100 Hz
100 1000

rep rate [Hz] <E,.> =23 MV/m @ 1 kHz

This study is very rough and need to be continued more rigorously, but we need:

more precise requests and specifications by FEL users
more technical data from klystron producer
more experimental data from existing power plants (high rep rate tests @ Xboxes?)

maybe new creative ideas to better exploit the existing hardware...
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ACCELERATING STRUCTURE AND MODULE: PARAMETERS

Parameter Value

Frequency [GHz] 11.9942 Rep. rate [Hz]
Phase advance per cell [rad] 271t/3

Shunt impedance R [MQ/m] 90-131 Average gradient <G> [MV/m]

Effective shunt Imp. R; [MCQ2/m] 387 Max klystron available output power 50 50 10
Group velocity v, [%] 4.7-1.0 [MW]

Pout/Pin 0.215 Required input power per module P, 39 425 85
Filling time [ns] 144 [MW]

Number of cells per structure 108 RF pulse [ps] 15 015 15
Unloaded SLED Q-factor Q 180000  SLED ON _OFF ON
External SLED Q-factor Q; 23000 Av. diss. power per structure [kW] i 031 22
# structures per module N_ 4 Peak input power per structure [MW] 68 106 143
Module active length L,__, [m] 36 Av. Input power per structure [MW] 44 106 9.6
Average iris radius <a> 35 Module energy gain [MeV] 234 115 109
Iris radius input-output [mm] 4.3-2.7

Structure length L, [m] 0.9

Accelerﬂj@g/ﬂﬂblength [mm] 8.332 marco.diomede@uniromal.it 83
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