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Bunch charge 250 pC

Number of bunches 32

Bunch distance 16 ns

C-band average 
accelerating gradient

33 MV/m

Norm. emittance 0.4 mmmrad

Bunch length <300 m

RF rep Rate 100 Hz

An advanced Source of Gamma-ray photons will be built in Magurele
(Bucharest, Romania) in the context of the ELI-NP Research Infrastructure by
the "EuroGammaS" Association. The photons will be generated by Compton
back-scattering in the collision between a high quality electron beam and a high
power laser. The machine is expected to achieve an energy of the gamma
photons tunable between 1 and 20 MeV with a narrow bandwidth (0.3%) and a
high spectral density (104 photons/sec/eV). The machine is based on a RF Linac
operated at C-band (5.712 GHz) with an S-band photoinjector delivering a high
phase space density electron beam in the 300-720 MeV energy range. The
repetition rate of the machine is 100 Hz and, within the RF pulse, up to 32
electron bunches will be accelerated, each one carrying 250 pC of charge,
separated by 16 ns. The linac booster is composed of 12 TW C-Band disk loaded
accelerating structures, each structure, 1.8 m long, is a quasi-constant gradient
structure with 2π/3 field phase advance per cell.

The "EuroGammaS" Association is composed by the INFN,
the "Association leader", the University of Rome "La
Sapienza", the CNRS, ACP S.A.S., Alsyom S.A.S., Comeb Srl,
ScandiNova Systems AB.

ELI-NP GAMMA BEAM SYSTEM



MOTIVATION OF THE ACCELERATING STRUCTURES CHALLENGES  IN 
THE ELI-NP GBS PROJECT

To increase the gamma
flux we need to
increase the number
of collision per second

100 Hz repetition 
rate 

Multi bunch

To reduce the
accelerator overall
dimensions: compact
system

High gradient

-Damping of HOM in RF structures to avoid BBU
instabilities

-Compensation of beam loading effects

-accurate thermal design (high average
dissipate power)

S-Band injector

C-Band Booster

-C-band LINAC combined with an S-band
Injector is the best compromise between BD
and compactness of the system



ACCELERATING STRUCTURES FOR ELI-NP GBS

1 S Band gun (fabricated by COMEB)

2 TW S Band accelerating structures SLAC-type (fabricated by RI)

12 TW C-band damped accelerating structures+ 1 prototype (fabricated by COMEB)

2 RF Deflectors (fabricated by RI)



BEAM BREAK-UP WITH C-BAND CAVITIES

TRANSVERSE EFFECTS  Cumulative beam break-up (BBU)

LONGITUDINAL EFFECTS  beam loading

The ELI-NP GBS LINAC operates in multi-bunch mode. The passage of electron bunches through accelerating structures
excites electromagnetic wakefield. This field can have longitudinal and transverse components and, interacting with
subsequent bunches, can affect the longitudinal and the transverse beam dynamics. Those related to the excitation of the
fundamental accelerating mode are referred as beam loading effects and can give a modulation of the beam energy along
the train while transverse wakefields, can drive an instability along the train called multibunch beam break up (BBU)..

Injector S-band

Booster LINAC (C-band)

Ideal axis

Normalized Courant Snyder Invariant at
the exit of the linac for an initial
displacement of all bunches of 500 m
w/o HOM damping

yOUT

y’OUT

Phase space @ 
LINAC exit

1st bunch of the train

Other bunches

Equivalent beam 
emittance increase



MITIGATION OF MULTI-BUNCH EFFECTS WITH DAMPED STRUCTURES

C-band non damped
SPARC energy upgrade

DAMPED STRUCTURES



Advantages

1. Strong damping of all modes above 
waveguide cut-off
2. Possibility of tuning the cells
3. Good cell cooling (100 Hz, multi-bunch)

Disadvantages

1. Machining: need a 3D milling machine
2. Multipole field components (octupole) 

but not critical at least for CLIC 

Advantages

1. Easy machining of cells (turning)
2. 2D geometry: no multipole field 

components

Disadvantages

1. Critical e.m. design: notch filter can reflect 
also  other modes.
2. Not possible to tune the structure
4. Cooling  at 100 Hz, long pulse length (?)

DAMPING OF DIPOLE MODES CHOICE

Dipoles modes 
propagate in the 
waveguide and dissipate
into a load 

CLIC structures X-band, high gradient
C-Band structures Spring-8



w

w=7 mm

w=13 mm

First dipole mode 
passband

C-BAND STRUCTURES DESIGN: HOM SUPPRESSION
Since the ELI-NP linac operation is multi-bunch, in order to achieve the requested
photon flux, the structures have been designed with an effective damping of the
HOM dipoles modes to avoid BBU instabilities. The solution adopted for the ELI-NP
structures is based on a waveguide damping system. Each cell of the structure has
four waveguides that allows the excited HOMs to propagate and dissipate into silicon-
carbide (SiC) RF loads. The SiC tiles have been optimized to avoid reflections and are
integrated into the structure. Electromagnetic simulations have been done using the
frequency domain code HFSS and the time domain code GdFidL to design the cells
and to optimize the waveguide coupling aperture.

Transverse wake per unit length (a) and transverse 
impedance (b) obtained with GdFidL (20 cells plus 2 

couplers, z=5 mm, mesh step 500 m). [D. Alesini et al., WEPFI013, Proceedings of IPAC2013, p. 2726 ]



C-BAND STRUCTURES DESIGN: QUASI CONSTANT GRADIENT STRUCTURE

Each structure is fed by a single klystron with a constant RF
input pulse and the apertures of the irises have been shaped
to have a quasi-constant accelerating field (from 38 to 28
MV/m). It has been decided to adopt such a design with
respect to a constant impedance structure because, in this
last case, to achieve an average accelerating field of 33
MV/m, the accelerating field in the first cell has to be
increased to more than 44 MV/m, giving potential problems
from the breakdown rate point of view. On the other hand a
perfect constant gradient structure requires very small irises
at the end of the structure with a consequent increase of the
dipole mode effectiveness, reduction of the pumping speed
and beam clearance. The final profile of the accelerating field
on axis is given in the figure.

[D. Alesini et al., THPRI042, Proceedings of IPAC2014, p. 3856 ]



C-BAND STRUCTURES DESIGN: COUPLERS
The input and output couplers have a symmetric feeding and rounded edges to reduce the pulsed heating on the
surfaces. The input coupler integrates a splitter to allow symmetric RF feeding while the output one has two
symmetric outputs connected to two RF load. The couplers have been designed with a race-track shape to
completely suppress the quadrupole field components induced by the presence of the waveguide hole apertures.
In the plot below there are reported the amplitudes of the multipole magnetic field components in the center of
the coupler cells as a function of the race-track thickness. The final coupler race track dimensions have been
chosen to completely suppress the quadrupole components in both the input and output couplers: x=6.3 mm and
x=5.2 mm for the input and output coupler respectively.

Multipole magnetic field components in the center of 
the input/output coupler cells.

Race track profile

[D. Alesini et al., THPRI042, Proceedings of IPAC2014, p. 3856 ]



C-BAND STRUCTURES: THERMAL ANALISYS AND VACUUM PERFORMANCES

A detailed thermal analysis with ANSYS has been
done to demonstrate the feasibility operation of the
structure under the 100 Hz operation with a 2.3 kW
average dissipated power. The temperature
distribution along the structure is given in the figure
and the resulting mechanical deformation does not
give significant detuning of the structure. Each
structure has 14 cooling channels: 2 for the input
coupler, 2 for the output coupler, 8 for the structure
and 2 for the output loads. The total water flow is 66
liter/min.

temperature distribution along the C-Band structure 
(assuming a water temperature of 22 C).

pressure profile along the axis of the structure for two 
different values of the specific outgassing rate

Vacuum calculations have been performed to evaluate
the vacuum pressure along the structure. Two pumping
units are foreseen in the structure one at the entrance
and one at the end. The pressure profile along the axis
of the structure is given in the figure for two different
values of the specific outgassing rate of the copper and
of the SiC absorbers.

[V. Pettinacci et al., THPRI043, Proceedings of IPAC2014, p. 3860 ] [D. Alesini et al., THPRI042, Proceedings of IPAC2014, p. 3856 ]



C-BAND STRUCTURES FINAL PARAMETERS
RF frequency GHz 5.712

Repetition frequency Hz 100

Number of cells # 102+1in+1out coupler

Working mode 2/3 TW

Phase velocity /c 1

Group velocity /c 2.5%-1.4%

Attenuation constant Neper 0.7

Max RF input power MW 40

Average accelerating gradient MV/m 33 (38-28)

Average dissipated power kW 2.3 

Unloaded Q factor 8800

Working temperature Degrees 30

Operating vacuum pressure Mbar 510-9-10-8

Filling time sec 0.31

Shunt impedance M/m 67-73

Max RF pulse duration sec 0.82

RF pulse duration for beam sec 0.51

Total length m 1.8

Iris aperture mm 6.8-5.78 (half aperture)

type Quasi CG



SiC absorber

C-BAND STRUCTURES: MECHANICAL DESIGN
Each cell of the structure has four waveguides that allows the excited HOMs to propagate and dissipate into silicon-carbide
(SiC, EKASIC-P) RF loads. The cells have four tuners and eight cooling pipes to sustain the 100 Hz operation. A thorough
optimization analysis of the mechanical and electromagnetic design has been carried out to simplify the mechanical
drawings and the fabrication procedure thus reducing the overall cost of production maintaining, at the same time, the
structure performances. In particular the geometry of the SiC absorbers has been strongly simplified as shown in the
figure. In each stack of 12 cells there are four SiC long absorbers, each stack is brazed and all stacks are finally assembled
and brazed with the input and output couplers.



C-BAND STRUCTURES: FABRICATION
The manufacturing of the cells required several steps:

1) Rough machining
2) Stress relieving treatment in a vacuum furnace at 500°C

for 1 hours
3) Milling of the cell (in particular waveguides apertures

and pre-machining of the irises)
4) Ultra-precise manufacturing of irises and cells with

lathe (precision ±3 m and roughness ≤ 50 nm)

Manufacturing of the input and output couplers:

1) Rough machining
2) Stress relieving treatment in a vacuum furnace at 500°C

for 1 hours
3) Milling

Cleaning of the machined components:

1) Removal of the machining oils with neutral soap
2) Removal of copper oxidations with weak acid (citric)
3) Almeco 19 at 48-50 degree for 5 minutes 
4) Rinse with raw water
5) Ultrasound cleaning with ngl at 50 degrees
6) Rinse with raw water 
7) Demineralized water in ultrasound at 20 degrees for 10 

minutes
8) drying with nitrogen flow 
9) packaging

Machining and brazing
have been done by
Comeb (ELI-NP partner)
and in the INFN-LNL oven
under LNF supervision



The structure has been brazed in several steps:

1) Modules of 12 cells (8 for each structure) and input/output
couplers have been brazed with Palcusil 10 at 850 degrees
and vacuum/mechanically tested after brazing.

2) The SiC absorbers have been inserted in the cells.

3) Brazing of two sub-assembly (6 modules+output coupler
and two modules plus the input coupler) with Palcusil 5 at
810°C.

4) The two sub assemblies have been joined with Cusil at
780°C. The last two brazing steps have been performed in the
INFN LNL–LEGNARO oven.

C-BAND STRUCTURES: BRAZING



Fundamental mode

Fundamental mode

HOM

C-BAND STRUCTURES: RF MEASUREMENTS

TE modes

The measurements show the
effectiveness of the SiC absorbers
since the HOM disappear after the
insertion of the absorber
themselves. The remaining modes
are TE-like modes that have a
negligible transverse and
longitudinal impedance.

RF test at low power have been performed in the single 12 cell
module with and without the SiC absorbers. The transmission
coefficient between two antennas coupled with the structure
modes have been measured.



C-BAND STRUCTURES: TUNING
Electric field into the structure has been measured using the bead pull technique
and the structure has been tuned using the local reflection coefficient technique
(J. Shi et al., Proc. of LINAC 2010, Tsukuba and D. Alesini, et al., 2013 JINST 8
P10010).

<-25 dB



C-BAND STRUCTURES: VACUUM
After a very moderate bakeout at 110-120 deg for 12
hours the structure pressure reached 8x10-10 mbar. The
RGA showed just the presence of: H2, N2, CO2.



C-BAND STRUCTURES: HIGH POWER TEST SETUP
The structure has been tested at high power at the Bonn University under RI responsibility.

C-BANDScandinova RF Unit based
on Solid State modulator
K2-2 adapted for 50MW
C-band Toshiba klystron
E37210

Ion pumps

RF waterloads

DC

Ceramic 
window



C-BAND STRUCTURES: HIGH POWER TEST RESULTS (1/2)
The aim of the RF conditioning is to reach 40 MW at the input coupler at 100 Hz repetition rate and 820 ns pulse width. The
conditioning started at 10 Hz, 100 ns input pulse and minimum power. The forward/reflected power signals at the input
coupler and output coupler were measured using diodes from INFN and an oscilloscope. These readings were recorded to
the Labview GUI which calculates the corresponding power levels.
The conditioning of the structure started on 18.03.2015 and ended on 23.04.15. The klystron power was progressively
increased (by increasing the HV of the modulator) and the current of three ion pumps connected around the structure and
the RF signals from pickups were monitored.

The conditioning procedure was semi-automatic
and the switch-off on the HV were caused by:

(a) operators;
(b) threshold on the ion pumps current absorption

(>1x10-7 mBar)
(c) reflected power to the klystron exceeding a

certain threshold.

The RF conditioning for the first RF structure lasted
about 190 hours



C-BAND STRUCTURES: HIGH POWER TEST RESULTS (2/2)



CONCLUSIONS

1. In the ELI-NP GBS, the high gradient, the high repetition rate and the multi bunch
operation required a challenging design for the C-band accelerating structures;

2. The structures integrate a damping system to suppress the HOM based on waveguides
and SiC absorbers.

3. The overall electromagnetic and mechanical design has been focalized to guarantee the
required performances and to reduce cost and risk of failure in the realization phase

4. The first structures have been fabricated and successfully tuned

5. Also high power test have been successfully done showing the feasibility operation at
the nominal gradient (33 MV/m), full repetition rate (100 Hz) and full pulse length (820
ns)

6. The structures are now under fabrication according to the ELI-NP GBS time schedule.
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MORE SLIDES



The main effects of the beam loading is the decrease of the accelerating field gradient in the
structure since the effective field can be assumed as a superposition of the RF field and induced
wakefield. The BL can be compensated with a proper shape of the input RF power. The
monitoring and the tuning of this power shaping is of fundamental importance.

C-BAND STRUCTURES: BEAM LOADING COMPENSATION

With compensation

W/O compensation







50 MW C-Band RF Unit

29

Scandinova RF Unit based on Solid State modulator K2-2 adapted for 50MW C-band 
klystron E37210



50 MW C-Band RF Unit
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OPERATIONAL PARAMETERS

RF Frequency 5712 MHz

RF peak power 50 MW

RF Average power 5 kW

RF driver power 300 W

Operational Voltage range 0 – 370 kV

Operational Current range 0 – 340 A

Modulator Peak power 111 MW

Modulator Average power 32 kW

Repetition rate 1-100 Hz

Beam Pulse length (top) 2 μsec

Top flatness (dV) <±0.5 %

Amplitude stability <±0.005 %

Pulse to pulse time jitter <±4 ns

Rate of Rise 250 – 300 kV/us



C-band Klystron
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Klystron Model Toshiba E37

Frequency 5712 ±1 MHz

RF output peak power 50 MW (52 Max)

RF pulse repetition rate 100 pps

RF pulse width 1 μsec

Beam voltage 368 kV

Beam current 340 A

Heater Voltage 16 V (24 Max)

Heater Current 18 A (24 Max)

Peak cathode current 325 A

VSWR 1.2:1 (1.5:1 Max)

Radiation level at 1m
from the tube

< 100 μSv/h


