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Outline

Gamma Sources — ELI-NP Project
* Overview and Machine Layout
* RF system of the ELI-NP Linac
* RF Sources and FAT
* RF Accelerating Structures:
 C-band TW accelerating structures (tuning, low and high power tests and beam
loading calculations)
* RF-gun (low and high power tests)
Gasket Clamping technique
* Design of a LINAC implementing the gasket clamping technique
* Electromagnetic design (cell, coupler and splitter)
* Mechanical design and assembly procedure
* 10 cell TW S-band structure prototype

Conclusion and future work
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ELI-NP Gamma Beam Source

* Source of Gamma-ray photons under A _ High _energY
construction in Magurele (RO) Interaction point
* y-rays generated by Compton back-
scattering in the collision between a high
quality e beam and a high power laser pulse

Low Energy

~2 electronvolts Dump

Low energy
interaction point

Electrons

Laser photons

C-band (5.712 GHz)
booster

electronvolts

Sana e photoinjector Electron energy 75 - 740 MeV
Bunch charge 25-400 pC
Energy 0.2-20 MeV Bunch distance 16 ns
Spectral density 0.8 — 4 « 10% ph/(s+eV) Bunch length 100 - 400 pm
RMS bandwidth <0.5% Energy spread (RMS) 0.04-0.1%
Peak brilliance > 10?0 ph/(s*mm?smrad?+0.1%) Norm. emittance 0.4 mmemrad
Spot size 10-30 um RF Rep. rate 100 Hz
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RF System of ELI-NP

( . . )
Increase the total flux Increase the # of collision per second: «  Damping of HOM
100 Hz I:> «  Compensate the beam loading effects
of photons + Multibunch (32 bunches) -
L *  Accurate thermal design )
4 )
\Compact system =) High gradient, high frequency > S-band injector + C-band booster y
RF Power system: 13 units (ScandiNova solid fWaveguides network: S-band: WR-284 \ RF structures:
state modulators + Toshiba klystrons) (0.02 dB/m) C-band: WR-187 (0.03 1 x SW S-band RF-GUN
1 x 45 MW S-band RF unit; dB/m). 2 x TW S-band SLAC type structures
2 x 60 MW S-band RF units; 2 x SW S-band RF deflectors
10 x 50 MW C-band RF units. SF6 Network: Isolator, Attenuator, Phase 12 x TW C-band accelerating structures
thfter, 2 x RF switch j
S-Band C-Band
e _ . L — —
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RF Sources: Klystron and Modulator

3x Solid State modulator K2-3 for 45MW and 60MW S-band klystron E3712

[
10x Solid State modulator K2-2 for 50MW C-band klystron E37210 P— [l ! !
e — [T
Features: N : :
* Completely in Solid State Technology: - : \ S | Ioad
* Operating voltage 1kV (high reliability) : :
| |

* Personal and equipment safety

Solencid | Current

o CCPS SU Transformer tank !
* Improve power efficiency
* Compact | External Water | Water Tlow
*  Modular (easy to upgrade and to repair) SOOI Sy o Limin | | o | Vacuum
* High amplitude and phase stability Switching Units fﬂdmy.n | Pump [tnteriock

i Modulator Solenoid E . PSs# Interlock
i __=10L/min =X Limin +—— 2856 / 5612MHz BE-
.--____..-.........l.}.._._._ EE—— I Amplifie
——— w1 9., EAEEENE N S| ¥
- ! | water Cooling Distributi : ; K2Solid & RF
= : State ;
| e F R e ! Modulator | RF-
| k2 ; ; wedulator . Source
L o E__:_:"::__
R = vl
\ 5 |2phase HWVPS W 1
v L = #1-N ff_f_ _ | g
| T AR | I |
A s 3 F ey i -
N = ﬁ H———=——= : £
\ S ol A | e I g
N\ S 5 I * ! :
N S g =L16 2z
\ &
S I -

NN

Control System Unit |

&
\g

]
| Safety Interface

Pulse Transformer
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ELI-NP RF Sources: Factory acceptance tests

These tests were performed at the ScandiNova
factory (Uppsala, Sweden).

FAT Protocol:

Test in Diode Mode

RF Test (Forward, reverse, pulse length)
Long Run Test (8 hours)

Interlock test (temperature, water flow,
arcs, reflected power, external, emergency,
filament V and |, subsystem )

Radiation Measurements

C-band 50 MW unit

\\

omm  FWD 50 MW h

Param. unit MSB1 MSB3 (45MW) MCB3 MCB4
Output Pulse Voltage kv 375 345 347.4 360
Output Pulse Current A 430 371 323 324
Mod. Average power kw 69 51 30.2 30
Peak Beam Power MW 161 128 112 116
Pulse top flatness % 0.58 0.47 0.73 0.74
Pulse rep. Freq. Hz 100 100 100 100
RF Pulse length (top) us 2.5 2.5 1 1
Pulse to pulse stability % 0.004 0.0022 0.004 0.0033
Rate of rise kV/us 442 423 414 431
Rate of fall kV/us 379 405 362 366
Kly filament DC current A 30.28 30.2 18 19.5
Kly filament DC voltage \Y 11.7 11.8 15.5 17.3
S-band 60 MW unit
430 A FWD 62 MW ——

TELEDYNE LECROY

72602015 857 14 A0

i

REV 0.6 MW
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ELI-NP C-band structure

Travelling Wave (TW) C-band (5.712 GHz) sections, 211/3 phase Waveguides for

advance per cell, 1.8 m long: . }

- HOM damping by means of 4 waveguides + SiC absorbers [ on HOM damplng
each cell;

- Irises shaped to have a quasi-constant gradient [? (38 + 28 MV/m

- 33 MV/m average):
Constant impedance (gradient in the first cells > 44 MV/m) - Breakdown

?é?\slizg'f;’radient (ir!ses aperturg too small) - increase of the dipole | ‘ q.._.. S|C absorbers
mode effects, reduction of pumping speed. »
RF frequency GHz 5.712
Rep. Rate Hz 100
Number of cells 102 + in and out coupler
Working Mode 2mn/3
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 °C 30
Total length m 1.8
Iris aperture mm 6.8-5.78 (Half apert.)
Type Quasi - Costant Gradient
Filling Time s 0.31 d = : -
Shunt Impedance MQ/m 63-67 [1] D. Alesini et al. WEPFI013, Procédings of IPACZlé, p.2726

[2] D. Alesini et al. THPRI042, Proceedings of IPAC2014, p.3856
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C-band structures: tuning (l)

After realization structure has to be tuned (constant phase advance per cell 27/3):
Bead pull perturbation technique (Steele 1) + tuning alghoritm trough

PC with LabView |G&P8

interface local reflection coefficient calculation
2Py, - (T, —T,) = —jwk - |E,|? E
in* Ip —la JWKsteele * |1E2 7 | Afreq of each cell
VNA R&S ZVB 20
Motor ....... L I = Before Tuning 0% 1 After Tuning
controller L ; 02 0.2t '
= weight 20.157 20.15—
5 C-Band structure _— % 01t % 01t
bead - -
Ste e B L Il L
m;tgr / E 0.05 0.05
% 05 1 15 05 1 15
distance [m] distance [m]
160 j j ' ' o o ——before Tuning
1501 Phase advance per cell = o m— L
140} g -10 L
1300 \ [ g o=
= iyl 5,20 001
ﬁ 12004 Ll b A R ;GC_)‘ (D:
b @ o0
% 110 ® .5 | E
% 100} .é gLl
90¢ +1° 5 a0l | -0.02
120 + 1 : o
80+ H o : ¢ /
70l % -50r | ——before Tuning -0.04 DAY
2 —after Tuning < -25dB @2856MHz 004 002 _ 0 002 004
&0 20 20 80 80 00 (¢ -60 . . T Re(S,y)

56 562 564 566 568 57 572 574
frequency [GHz]

[3] C. Steele 1966 IEEE T. Microw. Theory 14 70, [4] D. Alesini et al. 2013 JINST 8 P10010

cell number




C-band structures: tuning (ll)

Network Analizer njotor Step Motor

R&S ZVB 20 controller

-
/ 2 D i ’f/,'/:'//'/’,,;’,//,
. < ’//// /

- - “/

=

7

S/
9,

- Bead
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C-band structures: High power tests

Starting conditions: Goal: Results after 4 weeks of conditioning (190 h):
P=0W P =40 MW (pulsed) P =40 MW (pulsed); pulse length = 820 ns
pulse length = 100 ns t pulse = 800 ns rep. rate = 100 Hz
rep. rate = 10 Hz rep. rate = 100 Hz BDR =3 x 10®bpp/m
directional
“ A i caupler:t RF window
g 60MW J
il — - - Klyst
Y s q - ystron \
il ] = ’I ;*3;’ f lon pump 2
B W v g
LI s =
{ ; . ' - lon pump 1

The current of three ion pumps connected around the
structure and the RF signals from pickups were monitored.

This test has been performed at the ELSA Facility @ Bonn
University (Germany).

LT:T_I Port1

/ Conditioning of the \

SPARC_LAB C-band
structure:

P =38 MW (pulsed); t
pulse = 165 ns
rep. rate = 10 Hz
BDR =2x 10~ bpp/m
[5] D. Alesini et al. NIM A

K 837 (2016) /

directional
coupler 2 RF load

lon pump 3

C-Band structure

+— directional
+— coupler 3

Rl

ﬁ RF load
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C-band structures: Beam Loading

A first order study on the wake-fields excited in the quasi-constant gradient C-band TW structures by the 32 electron
bunches has been performed. Assuming each bunch to be a point-like charge, the wake generated by a single bunch

1 r E? Z
W(Z):E(URFEZCZUQT r=|d_P=%
dz

Since the filling time of the structure is ~ 314 ns and the bunch separation is T, = 16 ns, the wake reaches a steady
state after the passage of 20 bunches.

Every 16 ns a new bunch arrives and consequently a new wake is produced, travels and is attenuated along the
structure. After the passage of 20 bunches the structure is “fully loaded”

Wake propagation in the structure (20 bunches)
150 42

/ ' ' In order to have a net average
/_ﬁ

——————————— “ accelerating field of 33 MV/m (design
e I T

Input pulse shape

value), the structure has to be pre-

N loaded with a tailored power pulse to
E compensate for the BL transient

. Sl | effects.
2

-
o
o

43}
o
T

Bandwidth limitations (backend -16
MHz, klystron/modulator - 10 MHz)
might limit compensation
effectiveness, which has to be studied

, , , , by means of a integrated test of LLRF-
300 00 (n-;)oo 0 1% Modulator-Klystron system.

Wake potential (V/m-pC)

37r

0 05 1 1.5 3
z (m) foo

[6] L. Piersanti et al., proceedings IPAC16, Busan, Korea, May 2016, MOPMWO006.
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ELI-NP RF Gun

1.6 cell gun of the BNL/SLAC/UCLA type with new features:
- elliptical shaped irises with larger aperture

« tunable by deformation

« coupling hole rounded to reduce the pulsed heating

- cooled cathode

- fabrication without brazing using the clamping gasket technique

RF frequency GHz 2.856
Rep. Rate Hz 100
Working Mode . mode (SW
2 (SwW) Beam tube
Max Rf input power MW 16 )
il pumping port =~
RF peak field at the
cathode IR 120
Average dissipated KW 15
power
Unloaded Q factor 15000
Coupling coefficent B 3
. o 33-
Working temperature C 34
Filling time ns 420
Shunt Impedance MQ/m 1.64
Type of cathode copper

[7] D. Alesini et al., PRST-AB 18, 092001 (2015)

waveguide

cathode
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RF Gun: low power measurements

2
Parameters Design Measured 0
5 2f Y W( | Measurements
Working m-Mode freq. 2856 MHz 2855.62 MHz -4 ] . - )
- < > ] ambient conditions:
0-Mode freq. 2816 MHz 2814.26 MHz = 8 .
& 12000 9990 D 4ol Af > 40 MHz 4 Tqir = 22.9°C
_127 4
1} Tgun = 21.8°C
Q 3625 4115 A8 1 ] o
8% 24 282 283 284 285 286 P == 99 ,2 Pa
Coupling B 3 2.643 frequency [GHz]
<0 . : ‘ H =52,4%
Freq. Separation 40 MHz 41.3 MHz 0- mode Tr—mode
Field flatness < 3% ~2% 0l \
)
Temperature 34°C 22.9°C Z 0
5]
Conditions Vacuum Air 80,
-90
PC v:lr:tt:rl;zlzzlew il VNA R&S ZVB 20 .109.8 2.81 2.82 . 2.83 (Gﬁé; ’2.‘65 24‘36 "-mOde
requenc Z, H H
; - normalized electric

12

(o)
ooo

field profile

= 10
Motor J Slater perturbation technique il

controller -
Af > 6f
I 7 4Uf (HoHE — &E§) dV =y

RF Gun R /
1/2 L
we | G- j IO

0 -
bead
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RF Gun: High power test

Starting conditions: £
e M
P=0W &
%05
pulse length = 100 ns 2 . |
rep. rate = 10 Hz =0 50 100
<100 ; ‘
L
# Goal: ) g 50W“m
P =16 MW (pulsed) & ‘ |
120 MV/m on the cathode 0 50 100
t pulse = 1.5 us =10
\_ rep. rate = 100 Hz Yy, g 500
g | ,
directional 0 50 100
time [hours]
coupler 1
| | RF window
oMW VAN — isolator  — ———
Klystron T | — 2|
RF window ——pump 4 |
lon 2 =
lon pump 1 i N directional €
-_ | coupler2 o
]

RF Gun

lon pump 3

Gun probe

lon pump 4

Il 1
0 50 100 150
time [hours]

This test has been performed at the ELSA Facility
@ Bonn University (Germany).

17-10-2016



Gasket-Clamping technique

The accelerating structures generally are realized by a
brazing process following all cleaning procedure of the high
gradient technology. But brazing process:

Air side
copper /

requires large vacuum furnace
is very expensive

=
:> .
= poses a not negligible risk of failure. Gasket Mechanical tolerances
—
—

at the end of the process the copper is “soft”. / h 07 - L
Avoiding it is possible to decrease the BDR
4
New technology developed at INFN-LNF and used for copper
the realization of two S-band RF Gun: L ARLR }?
0,25
«  Gasket made of copper, realized with high precision lathe RF contact / N~
*  Compression of 0.2 mm after clamping Vacuum
* Simultaneously guarantees the vacuum seal and the RF :
. g side +0.02
contact avoiding sharp edges and gaps. 1.3 20,01

.. . . [8] Int'l patent application PCT/IB2016/051464, D.
|:> Realization of an entire Linac (S/C/X band) Alesini et al. “Process for manufacturing a vacuum

without brazing and radio-frequency metal gasket and structure
incorporating it” assigned to INFN

Design and realization of an S-band prototype:

1) Electromagnetic and mechanical design = 2) Gasket test (vacuum) on a single copper cell 2 3) Low power
electromagnetic test on a symplified prototype made of aluminum or brass = 4) Vacuum, low and high power tests on a
OFHC copper structure
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LINAC electromagnetic Design: Single cell

g 1%, ' ' '
g
Single cell design: 3
Nﬁ

* Parametric analysis of the single .
cell through Ansys HFSS Sl

* Iris half aperture 13 mm for -
good pumping speed and

o [1/m]
o
/

performace comparable to a § . : .
. 8 9 10 11 12 13 14
SLAC-type section a[mm]
* Internal edge rounded to W ' ' L L
. 0.02f 1
increase the Q factor and % //
. . . 0.01¢ -
simplify the mechanical 0. , . | | |
H H 8 9 10 11 12 13 14
realization i
* Elliptical shape of the iris with
4/3 aspect ratio to decrease the 20— — — — —
. Parameter Sensitivity
peak surface field 28701 :
e Costant impedance (Cl) ety 1 Cell radius -80 kHz/um
H . 2850}
* 2p|/3 phase advance: gzm Iris radius 22 kHz/um
d=34.99mm g
* 2830 Cell length -5 kHz/um
2820+
Iris thickness 10 kHz/um
2810
2800

| L L | | | | |
0 20 40 60 80 100 120 140 160 180
phase [deg]
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LINAC electromagnetic design: Coupler

Input/Output coupler: Coupler tuning through the «short circuit» method!®!

* Coupling through an using |, w and Rc
aperture H 1 L
* Rc, w and | optimized to /,;‘:f‘*;\;\\\ t ] s
match the waveguide mode 7 ¢ — \ = -
TE10 to the accelerating  / R X Froe
one TMO1-like I Ny | i
- Pulsed heating evaluation \ By /
« Dual feed (no dipole field) 7 i
* Racetrack profile with a ANy il B o
‘cut’ to facilitate the - — i
machining and compensate ‘ H Compensation of the quadrupole field component
the quadrupole component 42 , , , , , J , ,

4.1

H Field [A/m]

2, 8811E+005
. 2,5931E+205
2., 4203E+205
2, 2475E+205
2,8747E+205
1. 9919E+205

1,7291E+805

1,5563E+205
1, 3835E+205
1. 2107E+205

1,0379E+205

Strong rounded coupler

to reduce pulsed heating _ 38
o £

(< 17 C) 33'7
=

8. B515E+20Y4
6. 9235E+204

5. 1955E+004
3, 467SE+E0Y4
1, 7395E+20Y4
1.1513E+202

3.5r [—circular coupler : 5
——racetrack coupler| N
=AYy =-1mm

3.3 |=—Ay = -2mm s ........

34

: : : : , ‘ i i
320 20 30 40 50 60 70 80 90

deg
[9] D.Alesini et al., Journal of Instrumentation 8,10, (2013).
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LINAC electromagnetic design: Results

10 cells TW S-band prototype[10]:

Parameter Value

pulse length)

[10] F. Cardelli et al.,

Frequency 2856 MHz

Cell phase advance 2n/3

Structure type Cl

Number of cells 10+ 2

Period 34.99 mm

Structure length 55 cm

Iris Radius 13 mm

Q, 14200

Group velocity (vg/c) 0.02 1
Field attenuation 0.11m* o8l
Shunt impedance 55 MQ/m i
Series impedance 11.67 MQ/m g |
Eace/\[Pin 3.4 MV /m/NMW 5o
Pulsed heating .l
(@ 40MW and 1pus <17 °C

Electric field module

ARmmEmREh

+-192

1384

Phase [deg]

n
=~
=

-1-768

960

proceedings IPAC16, Busan, Korea, May 2016, MOPMWO005.

-20

-30

S,, [dB]

-40

-50

@2856 MHz -

S$11=-59dB

oo 2400 2600 zs'oo.

3000 3200 3400 3600

Frequency [MHz]

Magnetic field
module

Pulsed heating
<1°C
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LINAC mechanical design

In the overall design a continuous feedback between the electromagnetic design and the mechanical model has been
necessary to match electromagnetic and mechanical constraints.

The prototype is composed by an input coupler, ten accelerating cells and an out coupler with the final closing cap.

Each cell has eight screw holes disposed at 45° to one another to provide homogeneous force on the gasket when the cells
are clamped together.

Each parts will be fabricated from cylinders of Oxygen Free High Conductivity (OFHC) copper using high precision lathe and
milling machines. The Mechanical design is ready for the machining. The manufacturing will be done at mechanical

workshop of INFN-Romal.
plans for external

Single cell  cooling system Input Coupler Output Coupler
/S

Vacuum channels

To clamp to the previous cell To clamp to the next cell

Gasket seat Gasket seat

Mechanical design with Autodesk Inventor.
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LINAC assembly procedure

M8 screws Output waveguide

gaskets
Output coupler

Bidirectional tuners

The structure will be assembled
starting from the input coupler
stacking up one cell after the
other, inserting the gaskets
between them and fixing each

part with the previous one by
screws, up to the closing cap.

High vacuum

oven used for

structure brazing
g2 (INFN-LNL)
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1) Vacuum and tuner test on a single cell

2) Low Power RF measurements
on a brass/Al simplified prototype

RF-loads

3) Vacuum and high power test

4) Extention of this technique to C-band structures with HOM absorber integrated for multibunch operation

Is not possible to use waveguides for HOM damping 1) 2)
Structures under study: /
1. Choke mode structure (modified) /

RF absorber

2. Rods structure RF absorber

Electromagnetic and wakefields simulations
with HFSS and CST Particle studio.

17-10-2016



Conclusions and Future Work

Gamma sources based on RF linacs require high gradients, high repetition rate and multibunch operation this implies a
challenging design for the overall RF system and accelerating structures

This work has been done in the frame of activities of the RF and Vacuum group of the Frascati laboratories of INFN and in
particular in the scope of the ELI-NP GBS project.

The actual state of the commissioning of different RF devices and components has been presented:

* Modulators and klystrons: Factory acceptance tests
* C-band sections: Realization, tuning, low power tests and conditioning, beam loading calculations

* RF-Gun: design, realization and low and high power tests

The gasket clamping technique is a new technique for the realization of RF structures that allows to avoid brazing process
and all his drawbacks. This technique has been succesfully used for the realization of two S-band RF gun.

* The possibility to extend the use of this technique to the realization of a Linac (S/C/X band) has been investigated
through the design and realization of a prototype.

* The electromagnetic (cell, coupler and splitter) and mechanical design of a 10 cell TW S-band prototype have been
presented together with the assembly procedure.

* This prototype is ready for machining. Each parts will be realized at INFN Romal workshop. Next steps are:
* Vacuum and tuning test on a single OFHC copper cell clamped
* RFtestona 10 cells symplified Brass/Al prototype
* Low and High power tests on a OFHC copper 10 cells prototype

The design of a C-band TW structure realized with the clamped-gasket technique implementing HOM absorber for
multibunch operation has been started.
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Thank you for the attention.
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