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LHC RF SYSTEMS

16 Superconducting cavities (400.8 MHz, CW)

installed in the tunnel in Point4, =150 m

underground

4 Power converters (100 kV, 40 A) from LEP
on the surface, one per cryomodule (4

cavities/cryomodule)

« Power distributed to 4 HV bunkers
underground, each equipped with 4

modulators + fast protection system

* LLRF systems in 2 Faraday cages

underground
1 LLRF system, 1 klystron / 1 cavity scheme

Additional beam control equipment located

on the surface
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UX45 cavern

LLRF Faraday Cages

Cavities

HV Bunkers

Klystrons + RFDS
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HVPS for LHC klystrons

Power from Power converter distributed to 4 modulators (MAC10) per bunker,

providing modulating anode and cathode voltage/current.
1 crowbar (Thyristor) and smoothing capacitor in each bunker

Tetrode TH5186 used to control the anode voltage
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LHC RF System: RFDS

All REDS in WR2300 HH, to individual

cavities

3 13 14 14 14 é
N 1

A

Lines with different lengths (19 to 30 m)

1 klystron - 1 circulator + load (ferrite) per

cavity

Circulators and loads rated for 330 kW

power

Longueur cables HT: 31m
Longueur quides d’onde: 27.4m

Circulator equipped with TCU to provide
stable match for the klystrons (RL<28 dB)
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LHC klystrons

Thales TH2167, 400.8 MHz, 300 kW CW

Vertical orientation, triode gun with air tank

on top
5 cavities, including 1 second harmonic

Original specifications included 3 modes of
operation: 46, 54, 58 kV (200, 300, 330 kW),
only 2 used today (50 kV, 58 kV)

Output cavity coupled with water cooled

loop to coaxial window + T-bar transition to
WR2300

Power [kW] 300, 220
Frequency [MHZz] 400.8
Gun microPerIveance 1.65
=
Beam microP?rveance 0.7
Py = %319/2
Cathode voltage [kV] 50, 58
Anode Voltage [kV] < 35
Beam current [A] 7.4,8.5
Efficiency [%] (mode 2) | 60
Gain [dB] > 37
Bandwidth [MHZz] +/-1
Group delay [ns] 130
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LHC klystrons: main (past) issues

16 klystrons installed in LHC + 13 spares (3
underground) and 1 in SM18 test stand

Collector issue (before 2010): 1 klystron broken due to
vacuum leak after 16000 hours due to collector failure;

overheating damages observed on all klystrons
Cooling jacket redesigned and replaced (2010-2014)
Operating point changed (from 54 kV, 9 A to 58 kV, 8.5
A)
Multipacting observed on S/N 2 at low output power (60-90

kW) on output coaxial. Corrected with extra cooling.

“Minor” issues: gun arcing, solenoid connector overheating,

shorted filament...
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LHC klystron operation
The LHC “cycle”:

Most power required during injection: klystrons at 58 kV, 8.5 A
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TH2167 S/N 17 "FAUNES"

LHC klystrons: current performances -

Klystron efficiency (at saturation) on average around
60% b

Klystron efficiency at operation point...less than 40% 0
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Pdrive (W)

w=ll==\fcath=57 .9 kV lcath=9.05 A

Can we do better (in terms of efficiency?)

LHC Klystron Data
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L1B2 raw 2022
-— L1B2 raw 2023

...reducing HV helps;
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Impact of RFDS and circulator to be further
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Efficiency (%)

investigated

Running in saturation and regulating with mod-

anode???....

C. MARRELLI - HIGH EFFICIENCY KLYSTRONS FOR HL-LHC 10

|
|




HL-LHC

Klystron saturation power at 58/54* kV
350

Beam intensity to reach 2.3*10"" p/b after LS3 (2030) 2
Capture of higher intensity beams from SPS challenging °
...many klystrons hit saturation limit during injection 1
(half-detuning scheme); 0

m Calorimetricin LHC wmCernB112 m Thales FAT

(=1
(=]

L
(=]

L=
(=]

(%
(=1

(=]
(=]

(%
(=]

With present system 2.0*10"" p/b capture possible with

cavity pre-detuning + Q| / frequency adjustment for

When Np dsps ViHC  Pgen,opt

2018 1.4x10" p/b 3.74x10~* 4MV  84kW
Run3  1.8x10'' p/b 4.59x10™* 6MV 161kW
Run 3 1.8x10" p/b 4.95x10™* 7MV 183kW
klystrons could reach 340 kW! HL-LHC 2.3x10'"' p/b 5.32x107* 7.8MV 265kW

individual cavities -> no margin!

For 2.3*10"" p/b required peak power from the

As it is today, LHC RF System is not ready for High-Luminosity
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LHC Power Limitations: ongoing studies

Power calibration and Q, measurement campaign

Cavity voltage -> calibrated with beam, good accuracy (=3%)

Cavity Q,
measurement with beam affected by bunch length

change during measurement time (10-17 min);

measurement from voltage decay influenced by

Circulator S22 and waveguide match -> to be checked

Cavity FWD and RFL power
RF measurements have limited accuracy due to coupler

directivity + uncertainty on calibrations -> to be re-

checked;
calorimetric measurements available for Klystron FWD

power but needs better measurement of cathode

current C. MARRELLI -
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HE klystrons for CERN

Take advantage of the developments of the High Efficiency Klystron
activity at CERN to retrofit the present LHC klystrons to HE version ->
350 kW output power, n,,,,,=67%

Operating point compatible with present HVPS
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TH2167 TH2167HE

Power [kW] 300 350
Frequency [MHz] | 400.8 400.8
Gun 1.65 1.65
microPerveance

p =10

g = ,3/2

Via
Beam 0.7 0.7
microPerveance
Iy

Py = Vks/z
Cathode voltage | 58 58
[kV]
Anode Voltage <35 <35
[kV]
Beam current [A] | 8.5 9
Efficiency [%] 60 2> 67
Gain [dB] > 37/ > 37/
Bandwidth [MHz] | +/- 1 +/- 0.7
Group delay [ns] | 130 <250
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From TH2167 to TH2167HE
) Pt

o p—

1 8 Y

- '

FERT
|
Ly
9, ) b.' | . "’

s S

| .

5 R .
T
|

TH2167 TH2167H

- Same triode gun as the TH2167, compatible with
modulator

- Operating point for 350 kW at 58 kV, 9 A

- Same output circuit as TH2167

- Re-use frame, gun tank, HV connectors,
electromagnet and coax to WG transition from
existing klystrons.

Solenoid slightly modified (displacement of 3 coils, two
power supplies)

Modified collector/boiler to increase safety margin
Frame modified to accommodate the new tube

X-rays shielding modified to meet the new RP standards
Replacement of the interaction circuit with new CSM
design from CERN: 6 cavities, including one 2nd and
one 3rd harmonic

Same circuit length
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Bunching methods for High Efficiency

Bunching techniques for High Efficiency Klystrons

Core Oscillation Method (COM):

core of the bunch

core of the bunch periodically contracts

and expands (space charge guided

process)

Outsiders monotonically go to the center

of the bunch outsiders

Long interaction length

Oscillatior_{ of the core

Bunch Align Collect (BAC) method:

Tuning of the cavities . — =

——————
|II

(inductive+capacitive) creates “artificia

oscillations

i (B) - Bunchin/g /
La rge number of cavities (A) - Alignment velocities J

(C) - Collecting '""outsiders"’
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Core Stabilization Method (CSM)

"Harmonic” bunching:

Harmonic cavities used to introduce non-linear components in the electron transit time from input cavity to output; 2"d

harmonic cavities have been used since the 70s (E. L. Lien), but higher harmonics had never been used.

The harmonic cavities push peripheral particles towards the center of the bunch, while the core forms sub-bunches
(depending on the number of harmonics used). For higher harmonic number the core is stabilized around the
center.

This process allows to get very good bunch saturation over a short interaction distance.
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Previous CSM studies

Only simulation work! .
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LHC-HE, 57.7 kV, SA

CSM for LHC

350000 3.60E+01
300000 JA0E+01
3.20E+01
H . 250000 .
DeS|gn at CERN s 3.008+01 §
= 200000 s
& 280E+01
Simulation and optimization done with KlyC, showing 70% 150000 —
. . . 100000
efficiency at saturation 2408401
50000 2.20E+01 eV
1.05e+05
Beam imported in CST TRK to simulate beam transport, e v e wow we w0

80000
60000

focusing (field distribution from 3D B-field simulation) and

. . . 40000
collector power dissipation

20000

0.356

PIC CST simulations: beam transport under imported B-field,
RF interaction with measurement of body losses, intercepted x

and reflected electrons to cathode, body, collector, in order

Courtesy of .Syratchev, Z. U. Nisa, A. Baig
Yy

o o v:
to calculate balanced efficiency.

1D Results\PIC Phase Space Monitor\pic phase space monitor 1

- ] ] - . 2e+08
Cavity tuning in PIC done with short bunched beam train eros
Je+ 1
Predicted efficiency in CST:70% [
—  Se+07 1
Stability and performances checked for different input power = 0
levels, frequency, magnetic field 3 Set07
-1e+08 - ]
Option to adjust current on the last two coils to control body 1.50+08 ;

0 1000 1500 2000 2400

dissipation and reflected electrons Postion [2] / mm
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TH*2167 HE Manufacturing started in 2022 after validation of CERN

design at Thales

TH2167 S/N 01 “St. Paul” was sent back to Thales after being
removed from LHC due to poor vacuum; parts have been re-

used for the HE prototype.
Tube currently under test at Thales
Simulated efficiency confirmed by tests

Repeated iterations of measurements and simulations: BW,

power and phase transfer curves accurately reproduced by
KlyC

More details on

manufacturing and factory

testing in tomorrow's

presentation by Thales!
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Next Steps

01

FAT at Thales in
October 2024

02

Delivery to CERN
and installation in
the TH2167 test
stand

C. MARRELLI

03

Phase 1:test on
present test stand to
confirm factory
performances and
compare with
TH2167

04

Renovation of the
test stand

HIGH EFFICIENCY KLYSTRONS FOR

05

Phase 2: testing on
renovated test
stand: focus on
efficiency
measurements and
soak test

HL-LHC

06

Production of series
klystrons and
installation during
LS3

20
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