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ScandiNova

A full product range for a variety of applications

K-SERIES M-SERIES PG-SERIES E-SERIES

L o
l & W ‘ = EsErEza %i
b f
Klystron RF Units Magnetron Modulators Pulse Generators E-gun Modulators
Up to 100 MW RF Peak Power Up to 5 MW RF Peak Power Up to 36 MW Peak Power Up to 30 kV

A standardized modular concept, adaptable for specific needs
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ScandiNova

Deliveries
SR 2024

April

Installations:

320

(3220 modulators delivered)
Countries:

50

Operation Hours:

4071047

o ScandiNova
Q Agents and representatives
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ScandiNova goup

A wide range of high-end critical sub systems

High-voltage pulse modulators RF and microwave amplifiers Power amplifiers and Magnets and coils

and RF-systems precision power supplies

L)
ScandiNova Q microwave amps SCANDITRONIX
Excellence in pulsed power A ScandiNova Company A ScandiNova Company A ScandiNova Company
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ScandiNova group

Increase offering

ScandiiNova

Excellence in pulsed power
@A ScandiiNova Company 3 RF unit

Solenoid

Power supply Modulator

a4
SCANDITRONIX ,
A ScandiNova Company Q microwave amps
A ScandiiNova Company
Electro magnets RF amplifier
‘\\‘
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Modulator technologies

PFN
 Approved technology

Inverter DC [[] Modulator Oil Tank

High Volt HV probe =
T p— o coll P @=400) cﬁg; * Very robust
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| * Bulky
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* ACcooling

Charging Cycle

17 msec
8 49 KV
(=]

Time

y C-band Klystron

Pulse

Tran::‘osrmor " g %h;;umm ® F I a t n e S S

E
e

Core Bias Cathode  Current Voltage
DCE6A Heater Monitor Monitor
AC370 W (Ik) (Vk)

* Fixed pulse duration

@ Klystron Cathode

i

4.5 usec/ | ach
|310 A
v

2.5 usec

* Need impedance matching
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Modulator technologies

ScandiNova

Solid-state pulsed power technology

K300 RF Unit

Parallel Switching™
Switch modules

Integrated
Klystron and
Solenoid
CCPS

Splitcore™
Pulse Transformer

ScandiCAT™
Control Systems

Pulse to Pulse Control™

10

Approved technology

Robust

Compact and fully integrated
Water cooling

Flexibility (pps, pulse duration)
Low insertion loss

Low voltage

Many parts
Need expert to install and maintain

ScandiiNova

ScandiNova Systems



11

Pulse signals
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Studie of pulse signals

Pulse PFN modulator

PFN modulator PFN modulator

Courtesy A. Chauchet, S. Curt
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Studie of pulse signals

Pulse ScandiNova modulator

BT

stron voltage

. ™

ScandiNova modulator ScandiNova modulator

Courtesy A. Chauchet, S. Curt
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Studie of pulse signals

Beam power losses

dulator /7. 5 % Of the bea@c@ﬂW‘Nova modulator
produces RF

RF pulse, 3.5 Us
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Efficiency

CERN case #1

Equipment

lon pump

Klystron heater

Solenoids

Thyratron heater

Thyratron

Water flow

RF amplifier
Air cooling

Modulator

ScandiNova modulator: TH2100 — 10 Hz
0.1 nA—3-5kV

DC:23.1A-26.5V
Total = 0.6 kW

Ibucking: 18.3 A—-4V
IfocalA: 183 A—-25.6 V
IfocalB: 133 A—17.2V
IfocalC: 165 A—-21.3V

Total = 10.5 kW

Body: 13.7 L/min

Solenoid: 11.4 L/min
Collector: 108.4 L/min

CCPS (1-4) and SU: 8.3 L/min

200 W RF peak

255 A — 252 kV -> Electric power= 24.6 MW

RF 4 us, 10 Hz -> RF power=35%
(+ cooling)

PFN modulator: TH2100 — 10 Hz

0.1 nA—-3-5kV

AC (primary): 3.1A—-258 V
Total = 0.8 kW

Ibucking: 18.3 A—4V
IfocalA: 166 A—21.6 V
IfocalB: 148 A—19.2 V
IfocalC: 160 A—-19.9V

Total = 10.0 kW

4A—-147V (86.4A-6.3V)
Total = 0.6 kW

200 mA — 39 kV
Total = 7.8 kW peak

Body: 13.7 L/min
Solenoid: 11.4 L/min
Collector: 108.4 L/min

200 W RF peak

Needed

293 A — 288 kV-> Electric power=37.6 MW
RF 4.5 us, 10 Hz -> RF power=22%

(+ cooling)

e1ep NYID WOJ) pal1del1x]
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Courtesy A. Chauchet, S. Curt
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Studie of pulse signals

Energy saving for the RF pulse

Let’s consider a klystron producing 40 MW, 4 us RF and operating at
100 Hz.

* The RF average power is 16 kW.
Let’s consider that the klystron has an efficiency of 45%

If it operates 10 hours/day and 5 days a week
After 1 year the consumption is 64 500 kWh/year

A PFN modulator will consume 93 500 kWh/year
A ScandiNova modulator will consume 79 000 kWh/year

Efficiency

Beam power losses

18

54.5 % of the beam power produces RF
PFN modulator

77.5 % of the beam power produces RF
ScandiNova modulator

ScandiNova

ScandiiNova
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Studie of pulse signals

Energy saving for the cooling

Let’s consider a klystron producing 40 MW, 4 us RF and operating at 100 Hz.
It operates 10 hours/day and 5 days a week

e PFN modulator is air cooled
* A ScandiNova modulator is water cooled

ScandiNova modulator PFN modulator

Average modulator heat 6.1 kW 24.8 kW
Air conditioning* 0.3 tons 9 tons
Water cooling* 1.7 tons 0  *Aton refers to the amount of heat it takes to completely melt a ton of ice

A PFN modulator will consume 90 500 kWh/year
A ScandiNova modulator will consume 22 300 kWh/year

https://energyusecalculator.com/electricity_airconditioner.htm
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Studie of pulse signals

Cost

Development of electricity prices for non-household consumers, EU,
2008-2023

(euro per kWh)

0.22
0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06

0.04
0.02
0.00 -

=&-prices including taxes —4—prices excluding taxes

—a—200881 prices including taxes adjusted for inflation —#—-200851 prices excluding taxes adjusted for inflation

eurostati

Source: Eurostat (online data codes: nrg_pc_205)

ScandiNova modulator PFN modulator

Energy consumption to produce
the RF pulse

79 000 kWh/year 93 500 kWh/year

Energy consumption to cool down
the system

22 300 kWh/year 90 500 kWh/year

Total consumption 101 300 kWh/year 184 000 kWh/year

21 300 €/year

39000 £/year

Saving 46 %

20
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Efficiency

Klystron modulator — K300 and S-band klystron

. : e CvD: 148.4 kV
Detail Total = o - CT: 104.2 A

Total Power Percentage
400 Vac, 178 A, cos=0.92  113.4 kW 1 Togala help

Trigld
15/11/2023 20:11:31:606 18013 Trig

RF power 7.5 MW, 10 ps, 500 Hz 38.0 kW 33.5%
Wasted beam power Klystron efficiency is 44.7% | 47.0 kW 41.4 %
Power dumped in the collector
. Spal Cumset
Wasted pulse power .Magnetlizatlon 1900 W 16.2 kW 14.3 % n . o Sosl Eurhead
Power which doesn’t contribute to the RF Rise/Fall Time : 15300 W .
pulse . CCoilvoltRead
i QS ;oo
Charglng losses 1250V x 2 cores x 64 turns — RF 7.6 kW 6.7% .

Losses in the transformer and tuning power — Wasted beam

elements 3 CoalFwdl smpRead
BaodWinRirFsad

ColRinTempRead &

Auxiliary power supplies Klystron heater: 150 W 4.6 kW 4.1% |
il pump: 750 W ERANCN | FroutFwhmiand

Solenoid: 3060 W o ——
Counter coil: 3.2 W i 4.8 Ifm Ry SwiRAEa0

EILnFwhmBesd

Controllers: 600 W

S-band

Calculation inspired by DOI: 10.1109/PAC.1997.749775

SC&I’)dINOV& ScandiNova Systems



Efficiency

Wasted beam power

Total Power

RF power

Detail

400 Vac, 178 A, cos$=0.92

Total

113.4 kW

7.5 MW, 10 ps, 500 Hz 38.0 kW

Percentage

8-10 MW

Voltage, kV
Current, A
Frequency, GHz
Peak power, MW
Sat. gain, dB
Efficiency, %

Life time, hours

Solenoidal magnetic
field, T

RF circuit length, m

22

Retrofit design

Wasted pulse power ‘Magnetization: 300W | 16,2 kW 14.3 %
Power which doesn’t contribute to the RF Rise/Fall Time : 15300 W
pulse
Charging losses 1250V x 2 cores x 64 turns — RF 7.6 kW 6.7 %
Losses in the transformer and tuning power — Wasted beam
elements
Auxiliary power supplies Klystron heater: 150 W 4.6 kW 4.1 %

Oil pump: 750 W
Solenoid: 3060 W
Counter coil: 3.2 W
Controllers: 600 W

VKX-8311A

E37113 at
factory
154 154
94 94
11.994 11.994
6.2 8.1
49 48
42 56.4
30000 30000
0.35 0.42 THALES
we can all trust
0.127 0.127
VKX-8311A
Voltage, kV 420 420
Current, A 322 204
Frequency, GHz 11.994 11.994
Peak power, MW 49 59
Sat. gain, dB 48 59
Efficiency, % 36.2 66
Life time, hours 30000 85 000
Solenoidal magnetic 0.6 0.37
field, T
RF circuit length, m 0.316 0.316

International Workshop on Future

/ Linear Colliders

High Efficiency Klystrons project at CERN: Status and updates.
I. Syratchev for HE project team at CERN & Lancaster

ScandiiNova

ScandiNova Systems



Efficiency

Wasted pulse power

Total Power

Detail

400 Vac, 178 A, cos$=0.92

Total
113.4 kW

Percentage

RF power

7.5 MW, 10 ps, 500 Hz

38.0 kW

33.5%

Wasted beam power
Power dumped in the collector

Klystron efficiency is 44.7 %

47.0 kW

41.4 %

Charging losses 1250V x 2 cores x 64 turns — RF 7.6 kW 6.7 %
Losses in the transformer and tuning power — Wasted beam
elements
Auxiliary power supplies Klystron heater: 150 W 4.6 kW 4.1 %

Oil pump: 750 W
Solenoid: 3060 W
Counter coil: 3.2 W
Controllers: 600 W

23

Klystron RF pulse

pulse

Present
RF pulse

ScandiiNova
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Efficiency

Charging losses

Detail Total
Total Power Percentage
400 Vac, 178 A, cos$=0.92  113.4 kW

RF power 7.5 MW, 10 ps, 506 Hz 38.0 kW 33.5%

Wasted beam power Klystron efficiency is 44.7% | 47.0 kW 41.4%
Power dumped in the collector

Wasted pulse power ‘Magnetization: 300W | 16,2 kW 14.3 %

Power which doesn’t contribute to the RF Rise/Fall Time : 15300 W

pulse

Aux|||ary power Supp“es Klystron heater: 150 W
Oil pump: 750 W

Solenoid: 3060 W

Counter coil: 3.2 W
Controllers: 600 W

4.6 kW

4.1%

24

Use of DMPS (Digitally
Modulated Pulse Shaping,
also known as Softgating)
on all the modulators

ScandiiNova

ScandiNova Systems



Efficiency

Auxiliary power supplies

Detail Total
Total Power Percentage
400 Vac, 178 A, cos$»=0.92  113.4 kW

RF power 7.5 MW, 10 ps, 500 Hz 38.0 kW 33.5%

Wasted beam power Klystron efficiency is 44.7% | 47.0 kW 41.4 %
Power dumped in the collector

Wasted pulse power ‘Magnetization: 300W | 16,2 kW 14.3 %

Power which doesn’t contribute to the RF Rise/Fall Time : 15300 W

pulse

Charging losses 1250V x 2 cores x 64 turns — RF 7.6 kW 6.7 %

Losses in the transformer and tuning
elements

power — Wasted beam

SCANDITRONIX

A ScandiNova Company

" electromagnetic focus
~_megawatt klystron Is a

1996
EXPERIMENTAL NLC KLYSTRON

Six Cavities, two windows,
5-cell traveling wave output,
Periodic Permanent Magnet (PPM) Focusing

Frequency: 11.4 GHz
Beam voltage: 454 kV
Beam Current: 200 A
Pulse length: 600 ns
Power output: 55 MW
Efficiency: 60%
[N 55dB

The NLC requires annroximatalv 40.000
75 MW klystrons. Bec 0.5T, NC solenoid for CPI VKX-8311A
to beam efficiency is 8 4

unacceptable. PPM

~The Klystron's"
attributed both to the

(0.6 micropervs) as ot .
bunching Under the A b .qq
design will be modified g o \ \WEier cooling

20 kw average power (cf. 4kW RF average power)

25

Use permanent magnets or
superconducting magnets

0.5T, HTSC (MgB,/28K?) solenoid for CPI VKX-8311A

ACCELERATOR-INDUSTRY CO-INNOVATION

WORKSHOP

CERN Globe
Geneva

3-4 MAY
2022 N

High efficiency klystrons.
I. Syratchev CERN

ScandiiNova
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Efficiency

Efficiency issue in C-band klystron-modulator system for linear collider
. ° J.S. Oh; M.H. Cho; W. Namkung; T. Shintake; H. Matsumoto; K. Watanabe; H. Baba
p I I I I I Z e l I l O e Proceedings of the 1997 Particle Accelerator Conference

Table 4: Power distribution of a C-band system.

Detail Total Power =51,371 W
Total Power Percentage 1. RF Power 12,488 (24.3%)
A00Vac, 178 A, cos¢=0.92 2. Wasted Beam Power 15,263 (29.7%)
RF power 7> MW, 10ps, 500 Hz | 38.0 kW 33.5% 3. Wasted Pulse Power 12,071 (23.5%)
Wasted beam power Klystron efficiency is 44.7% | 47.0 kW 41.4 % 4. Charging Loss 7,072 (13.8%)
Power dumped in the collector Wast Sd 1:;“:"1 P;WEI’ 4,477 { 8-?%}

— . asted Pulse Power
oer i o 2sted pulse power wisefai Time 15300 w | 02 KW 3% a. Rise/Fall Time Loss 9,991 (19.45%)
pulse b. Magnetizing Loss 929 ( 1.81%)
Charging losses | 1250V x 2 cores x 64 turns — RF 7.6 kW 6.7 % C. Thyratmn Loss 416 { 0.31%}
Losses in the transformer and tuning [POCIR S R eI d. Edd}’ Current Loss 463 ( 0.90%)
el e. RC Snubber Loss 272 ( 0.53%)
Auxiliary power supplies K'YStm(;‘”hSSrt:;f ;ggw 4.6 kW 4.1 % Aux. Power

Solenoid: 3060 W a. Klystron Magnet 3,000 ( 5.84%)
Counter coil: 3.2 W b. Thyratron Heater 567 ( 1.10%)
Controllers: 600 W ¢. Cooling Fan 450 ( 0.88%)
d. Klystron Heater 316 ( 0.62%)
e. Core Bias 100 ( 0.19%)
f. Thyratron Reservoir 44 ( 0.09%)

DOI: 10.1109/PAC.1997.749775

Scandl?\lova ScandiNova Systems
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Efficiency

Optimized model

Detail Total DEET]
Total Power Percentage Percentage
400 Vac, 178 A, cos$=0.92  113.4 kW
RF power 7.5 MW, 10 ps, 500 Hz 38.0 kW 33.5% 7.5 MW, 10 ps, 500 Hz 38.0 kW 52.1%
Wasted beam power Klystron efficiency is 44.7 % 47.0 kW 41.4 % Klystron efficiency is 60 % 25.3 kW 34.8%
Power dumped in the collector
Wasted pulse power Magnetization : 900 W | 16.2 kW 14.3% Magnetization : 900 W 5.9 kw 8.1%
Power which doesn’t contribute to the RF Rise/Fall Time : 15300 W Rise/Fall Time : 5000 W
pulse
Charging losses | 1250V x 2 cores x 64 turns — RF 7.6 kW 6.7 % 1250 V x 2 cores x 64 turns — RF 2.0 kW 2.7%
Losses in the transformer and tuning power — Wasted beam power — Wasted beam
elements
Auxiliary power supplies Klystron heater: 150 W 4.6 kW 4.1% Klystron heater: 150 W 1.6 kW 22 %
Oil pump: 750 W Oil pump: 750 W
Solenoid: 3060 W Solenoid: 0 W
Counter coil: 3.2 W Counter coil: 3.2 W
Controllers: 600 W Controllers: 600 W

DOI: 10.1109/PAC.1997.749775

Scandl?\lova ScandiNova Systems



Efficiency

Impact on the bill

Detail
Total Power
400 Vac, 178 A, cosg=0.92

Total
113.4 kW

Percentage

Total
72.8 kW

28

Percentage

Klystron

RF power 7.5 MW, 10 ps, 500 Hz 38.0 kW 33.5 % 7.5 MW, 10 ps, 500 Hz 38.0kW | 521 % See High efficiency klystrons

Wasted beam power Klystron efficiency is 44.7 Z2 A47.0 kW 414 % Klystron efficiencyis 60 7% 253 kW | 34.8 %%

Power dumped in the collector P u | S e S h a p e
Wasted pulse power Magnetization: 900 W 162 kW | 14.3 %Z Magnetization: 900 W 59kW | 81% /

Power which doesn’t contribute to Rise/Fall Time : 15300 W Rise/Fall Time : 5000 W

the RF pulse

Charging losses 1250 V x 2 cores X 64 turns 76 kW | 67 = B T corn B ) Tu n | n S

Losses in the transformer and tuning | ~ RF power — Wasted beam — RF power — Wasted beam -

elements

Auxiliary power su pplies Klystron heater: 150 W 4.6 KW 41 % Klystron heater: 150 W 16kW | 22 %

Oil pump: 750 W
Solenoid: 3060 W
Counter coil: 3.2 W
Controllers: 600 W

Oil pump: 750 W
Solenoid: O W
Counter coil: 3.2 W
Controllers: 600 W

— Solenoid

See High efficiency klystrons

Electricity price 0.21€/kWh

It operates 10 hours/day and 5 days a

week

Total price to produce 38 kW average of RF
power: 61 900 €/year

Each kW saved on the modulator will help to
save 550 €/year

ScandiiNova
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https://indico.cern.ch/event/1138690/contributions/4782684/attachments/2435633/4171251/IFAST_2022_SI.pdf
https://indico.cern.ch/event/1138690/contributions/4782684/attachments/2435633/4171251/IFAST_2022_SI.pdf
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Future — work ongoing

Rise/Fall time improvement
Implemented on the M060

We are working on improving transformer size to reduce leakage inductance
Also looking into improvements on the inductance of the primary side of the transformer

Klystron RF pulse RF pulse
pulse

Work
ongoing

Present
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Future — work ongoing

Pulse droop losses

Implemented on the M060

To compensate for the droop of capacitor bank an —_
amount of energy is burned to "flatten” the pulse

This is something we are looking into to improve

Untuned
Big capacitor bench pulse

31
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Future — work ongoing

Easier impedance matching with klystrons

Split Core™ — the secret of Implemented on the M060

ScandiNova

T Asynchronus parallel switching
NN B

! e el By sequentially triggering the split cores
o o the overshoot that is otherwise tuned by
: jj] ”M} Work other means can be reduced

B2 - ongoing

Parallel Switching™

Covered by a split core patent

Scandl?\lova ScandiNova Systems



Future — work ongoing

Experimental results

TD (H)rooss | (A $2500Msars 10.00kets | (s g, | (/@87 19600mv N <| % || Detaur >

DHO814 2013-01-2506:36:24

Waveform Vlew Result
E ;

. o “ J' \\ /-\ 0ursors([:1)

-240ns
<A

506.3mV
BX:
" 372mv A ' i 5.72us
: = i BY:
-9.249mV

AT2mV

-272mv I I I f I i I aAx:

5.96us
.
-515.6mv
I 1/AX:
72mVy I U 167.7kHz

172mv

28mV

Rise/Fall time improvement

D TR A 625.00MSa/s 10.00kpts D.))a.28ps T ) €/ 196.00mv N e Defaurt >

DHO814 2013-01-2506:36:35

Waveform View
— i

> Result

o “ \ -~ Dursurs(m)
| m -240ns
AY:

Q2 J 506.3mV
BX:

Fa7amv : : i 5.72us
| i BY:

-9.249mvV

Fomomy—+ 1+ : : : i i : : : i i i : : o
| B 5.96us
o .
-515.6mV
| 1 1/AX:
—72mV 2 : : e 167.7kHz

F172mv

—28mV

n 100.00mV; 2 2.00kv/
-272.00mV 6.00kV
20MHz = =

All the improvements
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Conclusions

Conclusions and future developments

To achieve future state, we are looking into 3 main parameters

* Rise/Fall time improvement

e Pulse droop losses

e Easier impedance matching with klystrons

Klystron RF pulse
pulse

Present
Good wall plug efficiency

RF pulse

Work

ongoing

Amazing wall plug efficiency

34
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Thanks for your attention!

Scandl

info@scandinovasystems.com

+46 18 480 59 00
Typsnittsgatan 15
754 54 Uppsala
Sweden
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