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Present status of SuperKEKB RF system



SuperKEKB RF system

« 30 RF stations in total:
v LER (e*)
» 16 stations for 22 normal-conducting (ARES) cavities
v HER (e")
» 6 stations for 8 normal-conducting cavities
» 8 stations for 8 superconducting cavities
» RF station = Cavity(-ies) + Klystron + low-level RF (LLRF)
v 1:1 configuration: a cavity driven by a klystron
v 1:2 configuration: two cavities driven by a klystron
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RF-related parameters
HER LER HER LER HER LER

Energy (GeV) 8.0 3.5 7 4 7 4
Beam current (A) 14 2 | 2.6 3.6 | 1.35 17
Number of bunches 1585 1585 2500 2500 2346 2346
Bunch length (mm) 6-7 6-7 5 6 ~6 ~6
Total beam power (MW) ~5.0 ~3.5 8.0 8.3 ~3.6 ~3.3
Total RF voltage (MV) 15.0 8.0 15.8 9.4 14.2 9.12
Cavity type ARES SCC  ARES ARES scc ARES ARES scc ARES
Klystron : cavities 1:2 1:1 1:1 1:2 1:1 1:1 1:2 1:1 1:2 1:1 1:1 1:2 1:1
Number of cavities 10 2 8 20 8 8 8 14 4 4 8 8 14
RF voltage (MV/cav.) 05 15 05 05 15 0.5 0.40 0.45 1.35 0.40 0.45
Beam power (kW/cav.) 200 550 400 200 | 600 400 200 600 | 200 220 300 180 250
., HER beam current
* The RF system of KEKB was reused for SuperKEKB with | ” [
reinforcement of high-power sources, etc. s> ER beam current ﬂ
» The large design beam currents are major issues for the RF system. " | [
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Accelerating cavities = 508,876 MHz

* In the SuperKEKB main ring, two types of RF cavities have been used. R/Q 15 Q (11/2 mode) 93 Q
Vc 0.5 MV/cav. 1.3—1.5 MV/cav.
* Normal-conducting ARES cavity _ _ _
> ARES: Accelerator Resonantly-coupled with Energy Storage * Slngle-cell superconducting cavity (SCC)
» Three-coupled-cavity system » Used only in HER with ARES cavities to supply large RF voltage.
» Storing large energy in the energy-storage cavity, coupled-bunch » Higher-order modes (HOMs) are heavily damped by ferrite dampers in the large-bore
instabilities caused by acc. mode are suppressed. beam pipes.

> LBP: $300 mm
» SBP: $220 mm
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Low-level RF control system (LLRF)

« During the upgrade to SuperKEKB, some analog LLRFs for ARESs were replaced to digital ones.
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» We still use analog LLRFs.

New LLRF System for SuperKEKB
ne-cavi nit)
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HER (7GeV) LER (4GeV)
8 x ARES 22 x ARES

8 x SCC D5

for operation with EPICS
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D38

Digital LLRF

Analog LLRF frr = 508.9MHz

T. Kobayashi, et al., in Proc. IPAC14, WEPMEOQ71 (2014).



Upgrade plan in LS2



Beam current limit caused by RF system
* In the present RF system, the following factors limit the beam current:

Upgrade plan in LS2

v'Delivered RF power to beam

v'HOM power in SCCs



Upgrade on high-power system



K. Akai, et al., in Proc. PASJ2024

Estimation of delivered power to beam (LER) WEPO75 (2024).

 Limiting factors of delivered power:
v Practical klystron output power: ~800 kW (considering linearity)
v" Input power to the SCC coupler: ~400 kW (empirical limit)

« Optimizing the beam loading ratio (phase difference) between 1:1 ARESs and 1:2 ARESS,

LER: present rf system Ad, = 0 deg Ap,=11deg
______ 1:1 ARES ——— 1:1 ARES
1000 1:2 ARES 1:2 ARES
Without phase difference S 800 Py, practical limit (ARES) |,
I
—
---- 1:1ARES = |
o 600 '
1:2 ARES 2
Q.
x, 400
. . ] ] o >3.6 A
With optimized phase difference 200
1:1 ARES
1:2 ARES

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
1

Beam current (A)



K. Akai, et al., in Proc. PASJ2024

Estimation of delivered power to beam (HER)  wepos (2024,

+ Limiting factor of delivered power

v Practical klystron output power: ~800 kW (considering linearity)
v" Input power to the SCC coupler: ~400 kW (empirical limit)

* |In HER, the present RF system cannot reach the design beam current
even though optimizing the loading ratio.

HER: (a) present rf system | 4¢s=0deg A¢, = 0/21/25 deg
w===== ].] ARES 1:1 ARES
1000 12 ARES 122 AR!:.\W
------ SCC _ SCC
Without phase difference g 800 P,,, practical limit (ARES)
- === 1:1ARES = gl
L
1:2 ARES g
Q. R
-—-=-- SCC 29
(a2
With optimized phase difference
1:1 ARES 22A
1:2 ARES 0.0 0.5 1.0 1.5 2.0 2.5
SCC 12

Beam current (A)



K. Akai, et al., in Proc. PASJ2024

Estimation of delivered power to beam (HER)  wepos (2024,

« Limiting factor of delivered power
v Practical klystron output power: ~800 kW (considering linearity)
v" Input power to the SCC coupler: ~400 kW (empirical limit)

* The design beam current in HER can be achieved

HER: (b) with two klystrons added Ag = 20 deg
—— 1.1 ARES
1000 — X
; 800 P, practical limit (ARES)
=
—
9_: 600
z >2.6A
a. P, practical imit (SCC)
B 400 .
o /
With optimized phase difference
200
1:1 ARES
0.0 0.5 1.0 1.5 2.5
SCC 19

Beam current (A)



Plan to increase RF stations in HER

« We will replace the 1:2-configured stations in D04
to 1:1-configured ones.

« This upgrade requires:

f—»«— X -

: D04 area

D10

v Two klystrons

v'One HV power supply

J\,
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- HV power supply
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K. Watanabe

D4 power supply building

RF ions workin rive 8 ARE viti
(Feb 2026) =) | 6 stations working to drive 8 S cavities
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LLRF (Digital) Build one type-A KPS (For D04-C and -D)
-> Build a new Digital system (with wiring reconnection work)
S Build two klystron and waveguide system (D04-B and -D)
5 (with re-assembly work for waveguides to modify from 1:2 to 1:1
LLRF (Digital) . AT
*The Cooling system for HPRF was already built until 2016 (Phase1).

-> Do not need any budget for it.



Digital LLRF  _Analog LLRF,

Replacement Of LLRFs in D04 stations @esent .’- :
[

» There are both digital and analog LLRFs in present D04 D04 arealvv
control room. :

 To obtain the required space for new stations, we need to
replace all the analog stations to digital ones.

v Totally five LLRF units will be installed.

o Two LLRFs for new stations
o (Additional) three LLRFs for replacement of existing stations




Upgrade on SCC HOM damper



Femte HOM Damper

Estimation of HOM power (M. Nishiwaki)::: ‘; P & e

Cooling Frequency tuner
HOM damper HOM damper
(LBP)

« At the number of bunches of 2346, the HER beam current F =

will be limited up to ~2 A. - U " 3
» To achieve higher beam current, the reinforcement of SCC P Vg

HIPped Ferrite (thickness: 4mm ¥ |

Ferrite damper Wcaa U — s

HOM damping system is required.

Limited by cooling capacity of chiller for each module : 2.07A
Nb=2346 2R A 244 20A Nb=2346 P2 2

50 L | T T T T T T T T T 50 L T T T T T T T T T T T

' D10 - D11

D1 O%%OC/E/

>
N
~---}to
>

IS
o
IS
o

e N el el o R

w
o
w
o

.|._____-_____

 chiller 27kW
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LTI Ferrite HOM Damper
Present distribution of SCC HOM dampers—"" 7, .. 7 & 3
SCC has two ferrite dampers in SBP and LBP. R I [ ey T “ & N

Cooling
» Ferrite dampers are cooled by a common chiller (cooling capacity ~25-27 kW).

« During the upgrade to SuperkKEKB, two SiC dampers were newly installed ™1 | s
between cavities.

» Reduce propagating power to downstream cavities.
» Mitigate power load of ferrite dampers.

HIPped Ferrite Ghickness:4ﬁwﬂ) '
Ferrite damper
M. Nishiwaki, et al., SRF2023, pp. 38-42.

* In the present layout, D10A and D11D stations located downstream get largest power load. - dam,p.e-r 1

» The main limit for HER beam current.
» Upgrade required.

« Thanks to cooperation with Magnet group, the SiC dampers were able to be cooled by their
cooling water since 2024c in D10 and 2025c in D11.

» Further upgrade is not required for cooling of SiC dampers.

N . M. Nishiwaki, et al., PASJ2018,
» Upgrade cost was quite reduced. /Large power IOadw
Ferrite Ferrite - —— -_——— = -

DIOD  SBP _ D10C LBP D10B ( DA D11A D11B D11C ( pip O
/si | SiC | '
N N sic o _ P .l _ s _ _
— - ‘ L | — I . B B | B I~ :
— | — | — = I _‘ — _. — _. — I Im | —
= - B \ =8 ) capacity — 8B - = | e )
27kW 48kW 27kW = 2m 7 of chiller ~ = =6
Water-cooled chillers :
Cooling Water for Magnet
19

Distribution of HOM dampers and cooling channels



Plan to upgrade SCC HOM damping

» To mitigate power load of ferrite dampers, SiC dampers must be installed between all cavities.
» Six SiC dampers (+ two spares) will be fabricated.
» All the SiC dampers will be cooled by the magnet cooling water system.

» The chillers cooling the ferrite dampers should be upgraded to larger capacity types.
» Eight 40-kW-class chillers (+ two spares) will be required.

Upgraded Newly installed
/
/

D10OD - =~ D10C D10B ;— ==+ DI10A Pl

. _ s | I _ - AN — | - — |
— _ | B m s W —— D11
” ]~k F =z ol |- 4 zl | = T_L_L (Similarly to D10)

Capacity
of chiller

D11A D11B D11C D11D

Cooling Water system for Magnet in tunnel 20




Upgrade schedule

* We need to start the preparation ~4 years before the LS2 starts Operation
(spec. drafting, public bidding, ...). Shutdown resuming

LEPELEEE X-3 X—2 X—1 X
fiscal year

Fabrication of klystrons with

|

|

socket coils Assembly |

|

High power | Production of HVPS :
|

|
|
|
|
|
|
|
|
|
Production of waveguide system Assemlbly |
| High power test
1
|

Building cooling systelkn )
~|
Prototype production and test : :
| LRF < —— Production of units : nstaliation

Fabrication of SiC dampers (2 setsl/y.)

Tunnel work for installation
SCC D =

Purchase of chillers



Summary

* In the present RF system, the HER beam current is limited up to ~2 A.

« The upgrade of RF system:
v'High-power system in HER

o Increase two klystrons + one HV power supply in D04
o Installation of digital LLRFs

v'SCC HOM-damping system
o Increase SiC dampers

o Reinforce the cooling system



Back up



KEKB | Beam Power/Cavity: ~200kwW | Drive Power: ~350kW/ ARES
D4 1L I 7 o7 \ / D10 N',KKO D11 N
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- =1l :I T’I‘JJ’%%F‘%LIHI‘ : —
¥ KLYSTRON + LLRF {. :r ,5, ,,,,,,, . I = SCC
= B A O O T
| ARES Some ARES Stations | | o K P @ 4 ARES E / k E / I = ARES
DS still 1:2 configuration
—————— LI 1

BN - 4cev, 3.6A

il

One-to-one configuration is required|
for most of ARES Station

For HER, all ARES stations should be
1:1 configuration for the deign current. \ ------------ A '

-1-------

add 2 SC |optTon) Drive Power:

....................
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-
"
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IIUHUL" SuperKEKB (Ultimate Case for the Design Current) Beam Power/Cavity: ~600kW |
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Operation Status of LLRF Control System

(Since 2018, No significant changes in the system conflguratlon

MTCA-based
Digital LLRF
for ARES & DR

MTCA-based Digital LLRF Systems, e
which was developed for SuperKEKB,
are applied to 10 RF-stations for ARES & DR. D11 Dscc

P I:l NCC. (ARES)

D10

In the other stations,
NIMBIN-Based Old Analog LLRF Systems,
which had been used in KEKB era, are still used.

' e-

CAMAC System is also still used for remote \_‘ 58
control of the old systems. %T" ”3":

. . . L. . NIM-BIN-based
 All LLRF systems, including the reference signal distribution and Old Analog LLRF

instability-dampers are woking well without fatal problems. for SCC&ARES

» Beam instabilities attributed to accelerating mode are successfully suppressed by the CBI damper
and the Zero-mode damper. (CBI : Coupled Bunch Instability such as y=-1 mode )

» Recent concerns are increase of failures of NIM-bins and the modules due to aging of the old systems including CAMAC.

(The most devices are discontinued, and the spares are not enough.)
Even the digital systems with FPGAs&linux, which was developed in 2012, are becoming out-of-dateness.

(Upgrade of the old ones to new digital system is required, but it is difficult because of insufficient budget and time.)



Digital LLRF Control System

Digital LLRF control system has been newly developed for high accuracy and flexibility in 2012

Block Diagram
New LLRF System 16-bit ADC x 4ch, ‘_ LLRF System of FB & Tuner Cont.
for one klystron 16-bit DAC x 2ch i
i 1 E ] PTG : Pulse Train Generator ‘ Tuner Driver ‘
i % g FPGA
m iy Y _ RF Reference 11'?:15 E = M°:): ::Hz > il vs‘gc'm §'M) ) Tuner ARESICaVRY,
TCA-platf j Loied ) i ' tor Yac. Teme- ) |
PLC U — 'FPGA Boards. o - ) R | RF:508.9 MHz 1Q Mod. D e [N\ e
(located at the mrv?J (AMC Card) EPICS-IOC embedded @ : ) {9’ - KLY
”_I';E««K' I t ; | w— (O] | L | I J uTCA-Based FPGA boards ' T 1 y Dl/
lj crate PC'8 for opeeation with EPICS 2 Tuner DAC FB Pt ple RN e,
o] || Vil e | [f) BEw | B8 &
Bio == i : FF-1 FF-Q
y%fﬂ?,:“:d‘:m'} kj » ' . NINT 1 . CLK—: P-gain Pglaln -’m— <— DCCT ]
. NA‘) ":-: | [ ,..u i LO&éLK 84.8 AL A® ‘_:)’ ‘ Pl - Cont. l Monitor Signals RegUIatlon Performance
Il \\ I+ Distributor MHz | (s-9) @) Tore o e 508.9 MHz »
(Swmaeaver | ] . Rtt Rt : Oha ARES Cavity FB Control Stability
ﬂlj"- TR i o ral1a 1 measured by external “outside-the-loop” monitor
Down Comverter Uit / | y CGLK-—x[Heg] [sg] [A5g] [Ans Rot.|  Rot. in high power test.
(10ch BPF & Mixer) - - 114 MHz A U’(L l ,Q ‘ Am Iltude = Phase e
= : NEPEX % CLK =»ADC @ ,Q Delectlon| = soes p _ ]
Ry R E Lo 5 % o jan I.‘
.(‘;"‘;:"g:_‘,“’""i | é;—lm—m: 1o|sMHz Lo (S trou o Emm tr? ‘11'17 ;‘ 201 de
. : o rolfer L : 519.5 z Lo : D : A-Cav PigkUp (a) :-f 9065; E
: C-Cav PickUp (c) g 9060 =
' o ©ms:002%  rms: 002 deg.
@‘ Cav-| Inpu((g) ’ 0 05 1 {Izn‘:[":]S 3 35 4 0 05 1 :":"‘:IS 3 35 4
* Consisting of yTCA-platformed FPGA boards (AMC), & PLC. * It is dominated by uTCA-platformed FPGA boards for higher accuracy and flexibility.
* EPICS-IOC with Linux-OS is embedded in each of them. * In this system, 1/Q components are handled by FPGA for vector control instead of amplitude and phase.
* Common hardware for both of ARES & Superconducting Cavity. * The good performance was demonstrated in the high power test with ARES cavity., The regulation
* Klystrons (LLRF) : Cavity unit =1 : 1 (SuperKEKB) stability was 0.02% in amplitude and 0.02 deg. in phase.

Completely remote controllable
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Most stations are still operated by old analog LLRF systems,
which had been used in KEKB operation.

Old Analog LLRF Control System

\ A-cav
- S-cav |
Power Supply 1( \\/C cav .
for Klystron k i
Analog LLRF Block Diagram of Analog LLRF | (s | ;
- - I :
used since KEKB operation k] [f Pl |
combiner @(_2/ witch || 4 'g 7 ‘ g 5+1/4 Ai
station /7 g Xs > % driver  yvstron !
phase — 4 Y !
/7 ‘_é; 4 ‘\ \ | &
| / \ Freq.conv/ \ /
—/ ! \ AGC |
from ' Phase det | -cav_ |
:'ie:]feerence ! I@ ALC \\\ \\ H +7~/4*ﬁ S cay :A(‘;ﬂ
ref : : I:FB \cont ‘ | FB cont |
: // | *{}—————77777774‘ 3
Freqoonv/ | (g oot ‘
PLe:S:?evt F\B cont Klystron Out
A ‘ B
Ve-PLL ref Cavity Voltage
D)
V combiner
SW|tch < ( =4 éff K5
Direct RF Feedback [%v 4 i N
for tuner etc

*These systems are composed of combination of NIM standard analogue modules.

*They are controlled remotely via CAMAC system.
*All systems are barely working without serious troubles.

However, some NIM modules failed during operation. They were replaced with spares.

*The most devices are discontinued, and the spares are not enough.



Estimation of Growth Rates
of Coupled Bunch Instability (CBI)

LER HER

Normal operation (Solid) / A cavity parked (Dashed)

Normal operation (Solid) / A cavity parked (Dashed)

1000 u=-1mode e mm . ) 1000 '“ —-1mode —— / = = = = Design Beam Current
u = -2 mode [ === Design Beam Current W=-2Mode == / = ===« .
u =-3 mode [ == - u:-imoge—j---- .
u =-4 mode / =.1 u=-4 mode ——— /- --- ] Dashed line:
u = -5 mode / g=- I i = -5 mode /
100 } rad. damp. rate 1 100 + rad. damp. rate =—— _ : one SCC parked
p=-1__
|

Rad. Damping Rate, - -~—~— __..---

-
-
-

- , J_/fs;v(v ~ -44 kH7 @ 2.6A

L
.Q

Growth Rate [s'1]
o

Growth Rate [3'1]
o

1 = 1 ‘: -!/_,
; LER (22 x ARES) : " HER (8 x ARES + 8 x SCC)|
: ,l ’ I : W
0.1l Ll 2 =W 01605 1 15 2 25 35 4
0 05 1 3 385 4 ' Beam Current [A] '

15 2 25
Beam Current [A]

Threshold currents for u=-1 mode are quite below the design current.
When there are parked cavities, u=-2 mode also has no margin.
New CBIl damper system has been developed and installed.

K. Hirosawa et al., Nucl. Instrum. Methods. Phys. Res. A 951, 163044, 2019.



CBI damper

CBIl Damper System

K. Hirosawa et al., Nucl. Instrum. Methods. Phys. Res. A 951, 163044, 2019.

The damper system is installed to ARES

i ! 7 Beam
station with digital LLRF system. RTSSSTRRRINWRRRRE,, . .. ROUSOMRRERRpA—— -
2 egeen t i S« PSP : B
RF Source v 13 - g
@— c;'leFys. Calvity
f4=508.9 MHz e + '
SW S g FB loop test result of the CBI mode
= ' filter for a simulant cavity
" Pickup Sig, I |
Gain Adj. BI Mode Filter}e {1] = [ IMHz | b
The damper system can correspond to W ,
—1 . _ : Phase Adj. =1 = 9000
=-1, -2 and -3 modes in parallel. 5 - M ISHraiate CEAE)
1/Q-Demod. Iowpass Dlgltal 1/Q-Mode. 101 u--2 N
Dov\.m Conv. filter | BPF Up Conv. 151
' \k-90° 4 | S, v
; - .(%-20- "/\
b | [Sir|[-90° : O /
j;;mmg IS 25.
—~< Skl é)l— " Loop gain = 35 dB
i u=-1,-2,-3 damping
: : -35- . : " . .
| M 508.2 5084 508.6 508.8 508.9
A P L Al _ Frequency [MHZ]
Single Sideband Filter Impedance at the frequencies corresponding to p =-

1, -2 and -3 modes are suppressed by the damper.
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Zero-mode Instability related to
Robinson Stability

K.Akai, PRAB 25, 102002 (2022).

In high current operation, synchrotron frequency reduction is expected due to coherent oscillation (zero-mode).
To mitigate the beam-loading effect, Direct RF feedback (DRFB) and Zero-mode damper (ZMD) are working.

Calculated coherent oscillation frequencies with
simplified one SCC for various Q, (without FB

for instabilities)

HER

Q1~4x104

Q1~6x10*

\

0.5 1.0 1.5 2.0 2.5 3.0

Q1~7x104

9 9O = = NN
O 00 O o O O

)
o

Synchrotron frequency [kHz]

Beam Current [A]

Synchrotron frequency reduction depends on Q.

But, changing Q. of SCC should be avoided due
to the need for vacuum work and the risk of
surface contamination.

Block diagram of LLRF with DRFB and ZMD
(Focused on SCC station in HER)

from

RF reference line HER RF n
{Zw'u—llr de Damper |~—4
D11 (SCC) ol o
P, : :
’O\—‘ DI11A station ‘/ ,'""" . Llys[ron f
o g
| var. att | att
“ V FB Inr ]ocp s for kly.
c.ont : Phare 11
FB cont i \\ro(;“(om /
DB\ P : :
DIIC  \ Veref. | | T -
D11D o b
D10 (scC
\
%}L & U‘)/ =
——> D4 (ARES)
;";'L')'{ """"" d-ALC | Direct RF FB
> D7 LER RF VePLL
> D8 (dllARLh)

Effect|ve impedance of cavity and beam loading are

reduced by DRFB. ZMD is tuned its phase to
suppress the coherent oscillation.

Synchrotron frequency [kHz]

Calculated and measured coherent oscillation
frequencies in actual HER (ARES + SCC) with
DRFB Off, -6.0dB and -4.5dB

- DRFB OFF

30 1 . - SCC (-6dB), ARES (oft
2.8 P - SCC (-4.5dB). ARES (off)
2.6 _""‘;ZZ[E‘*::;_, _____ O DRFB OFF
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24 ;] = R o O DRFB 4.5dB
2 (| SRR LMl o700 1 M. "N
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[ Sl E'GOdB ............
16 bt TAIID
14 e Calculated v,:.';",-,-..n_v.v‘:-'.":::
1.2 O Measured (Beam Study)
10 ¢

400 600 800
Beam current (mA)
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4 The higher beam current can be stored stably by DRFB and ZMD in beam study.
€ There is no discrepancy between the quantitative analysis and the beam study results.
4 Coherent oscillation instability is not a problem with the DRFB and ZMD so far.



Super

s RF Reference Distribution System

* RF reference signal is optically distributed into 8 sections by means of “Star” topology configuration from the central control room (CCR).

* For the thermal phase drift compensation, variable optical delay line (VODL) is controlled digitally by using uTCA board at CCR for all transfer lines. The
VODL is a mechanical type. The stepping motor is controlled by the uTCA boards with pulse train outputs like cavity-tuner control.

* For the phase monitor, direct sampling method is applied by using 14-bit ADC boards. It is under sampling at 212 MHz for 509-MHz RF signal.

Qptical Transmitter System (19" Rack) PSOF
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Damping Ring (DR\)\ -—-—-—-’ Optical Signal VDM : Wavelength Division Multiplexing (Add/Drep) D
g b Q, — % Elcctrical (RF) Signal PSOF : Phase Stabilized Optical Fiber i pTCA-based FPGAs
R N = VQDL : Variable Optical Delay Line
{00%./500, $300%.%400 \‘%\ % """ »  Clock EJO . OJE : Optical Transmitter and Receiver for the VODLs control
e —— ¢ C\ o R »  Pulse Train PTG : Pulse Train Generator ; . -
W3 : An.. 4
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Short term stability (time jitter) : < 100 fs (rms)
Long term stability (pk-pk) : +0.1° @508.9MHz = +0.55 ps
(attributed to property of the optical delay control)

. o

sampling method is
applied for 509-MHz RF.
MHz)

It is working successfully without troubles, and also
completely reproduces the RF phases and the collision point
for restart after long shutdown.

WVariable Optica Delay Direct
Lines (VODLs)

Variable Optical Delay Line 4 for 8 transmissions

(Mechanical type) ) TRl ‘“”r .
P =)




Statistics on klystrons (M. Yoshida)

Number of klystrons

Lifetime of klystrons

Total klystron operation time after 2024ab run year: 1986-2024
MR + DR + AR + spares: 41 klystrons Total # of klystrons: 38 (E3786: 30, E3732: 8)
year: 1986-2024 13
8
12

ia negative spike (E3786 : 164, E3732:0)
BHZ1)—4 (E3786: 94, E3732: 5&) B
fiE%LI (E3786 : 54, E3732 : 27&)
E—4%—#k (E3786: 14) 7

(x 20)
E3732 (x 21)

Number of klystrons

01112

0 12 3 45

0 1 2 3 4 5 6 7 8 7 8 9
Total operation time (LV or HV) [X 10,000 h] Total operation time (LV) [X 10,000 h ]



