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The ESS Linac @

User facilities demand high availability (>95%) Key parameters (with full high beta in operation):

The linac will be mostly (>97%) - 2:86 ms pulses

superconducting - 2GeV

; - 62.5 mA peak
Front end frequency is 352.21 MHz (CERN
Standard) - 14 Hz

High energy section is at 704.42 MHz - 125 MW peak power, 5 MW average

— Minimize energy use

30 kW Solid State — Flexible design for mitigation and future upgrades
Amplifiers

21 MHz - | —llnnn704.42 MHz -

Source

Tetrodes




The ESS RF System

~aesssssssmeen 350 21 MHz eeeeesssssmn- < 704 .42 MHzeo—i—

€24m>» €45m> <€3.6mD> €40m> €5m> &€&75m > & 174m

{} MEBT DTL 4} DO
75 keV 3.6 MeV 90 MeV
Normal-conducting Linac:
*1 1 RFQ: 1.6 MW at 352 MHz + 30%
(overhead + losses);
| 5 DTL tanks (2 couplers/DTL): 2.2 MW
at 352 MHz + 30% (overhead +
losses);
* | 3 buncher cavities: 22 kW at 352 MHz
T 307 (OVernead + 1055e5), S0 KW
1208403 Superconducting Linac (97%):
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o

Power Baseline
(kW) technology

Normal

conducting 2900
RFQ and DTL

Normal

conducting 30

bunchers

Spoke linac 400
Medium beta 1500
linac

High beta 1500
linac

In-kind (ESS
Klystron Bilbao)

. In-kind (ESS
Solid State Bilbao)

Tetrode In-kind (Elettra)

Klystron Direct

commercial

procurement

Klystron 20 klystrons

ordered

Total of 126 klystrons!

Will focus on the klystron-based transmitters (most relevant for overall

efficiency)

See talk from M. Kumar for the Spoke transmitters



Klystron-based transmitters
High-level Block diagram

Common
Master
Oscillator

Sub-System Auxiliary Supplies

Splitters and
distribution

Low Level RF
system

Driver (SSA)
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High power Beam
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NCL Linac: klystron based power stations

Klystron main specifications

o

Nominal output power 2.9 MW
. Frequency 352.21 MHz
1 RFQ (1.6 MW input power at 352.21 MHz)
BW 2 +/-1 MHz
5 DTL tanks (2.2 MW input power at 352.21 MHz for Pulse width 35 ms
each DTL, two couplers per DTL) Repetiion rate 14ty
Perveance 1.3*10%
Assumption for the specifications was 25% extra power Efficiency >52%
for LLRF regulation + 5% losses in RF distribution VSWR Upto 1.2
« 2.1 MW saturated power required for the RFQ klystron Power Gain =40d8
. Group Delay <250 ns
« 2.9 MW saturated power required for the DTL .
kIystrons Harmonic Spectral content <-30dBc

Spurious Spectral content <-60 dBc
* One modulator every two klystrons -

Currently we have:
« 2 CPIVKP-8352A klystrons (+ 1 spare still at factory)

* 4 Thales TH2179D klystrons (+ 1 spare being
manufactured)




NCL Linac: klystron based power stations

Status

2 Systems in Operation

v'RFQ: CPI klystron — Bilbao In-kind. Handed over
to Ops in May 2021

v'DTL1: CPI klystron — Bilbao In-kind. Handed
over to Ops in May 2021

No major issues until now:

- Some trips due to a faulty air pressure sensor
which has been replaced for a different design

-Few DC arcs on RFQ klystron

o

4 Systems fully tested:
DTL2: Thales klystron (ESS) installed and tested

DTL 3/4/5: Thales klystrons (Bilbao In-kind)
installed and tested

DTL 3 and 5 klystrons had to be retuned due to
the presence of sidebands (probably reflected
electrons). The sidebands were reflected by the
circulator and caused trips on high reflected
power

Retuning was successful; new SAT confirmed the
performance and now the systems are being
further tested

We have experienced issues with arcing in the RFDS in all systems (circulators, E-bends, Magic-T)
Not klystron related and all have been (or are being) addressed...
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NCL Linac: klystron based power ~ stations @

TH2179D SN 179-017 (DTL5) Pout VS Pin after
retuning, 109.7 kV, 14 Hz, 3.3 ms, Isol1=12.2 A,
Isol2=10.6 A
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NCL Linac: klystron based power stations @

Efficiency

We have to consider:

25% overhead for regulation, 5% losses in the RFDS

Two klystrons are sharing the same modulator -> we have to operate the modulator at the highest HV
level (especially relevant for RFQ-DTLT)

Peak Power [kW]

CPI Klystrons efficiency at saturation = 53% o |

- RFQ klystron operational efficiency 31%

- DTL1 klystron operational efficiency 44% g 197 M\Ifnve;Ec)eak) to

THALES klystrons efficiency at saturation = 52-54% . pesk Power tobeam
- DTL2 klystron operational efficiency: 43.4%

- DTL3 klystron operational efficiency: 43.5%

- DTL4 klystron operational efficiency: 43% o —_

- DTL5 klystron operational efficiency: 44.6% Caviy e

* Not much margin for improvement — except some small reduction in overhead for LLRF
 This calculation DOES NOT include power supplies (filament, solenoids, IPs, HVPS)!

10




Medium and High Beta Linac @

36 Medium beta elliptical cavities: 704.42 MHz,

input power from 200 kW to 860 kW (plus 25% for ominal output power oM

losses compensation and overhead) -> saturated Frequency 704.42 MHz

power from klystrons up to 1.1 MW BW > +/-1 MHz

84 High beta elliptical cavities: 704.42 MHz, input Pulse width 3.5ms

power from 840 kW to 1.1 MW (plus overhead, 1.5 MW B

required) Repetition rate 14 Hz
Efficiency >63%

One 660 kVA modulator powers 4 klystrons

‘ VSWR Upto 1.2
Power Gain =240dB

« 18 Canon E37504 klystrons in Medium Beta Group Delay <250 ns
* 18 CPI VKP-8292A klystrons in Medium Beta S
* 10 (+8) Canon E37504 klystrons in High Beta Spurious Spectral content < -60 dBc

* 10 (+8) Thales TH2180 klystrons in High Beta

11




Medium and High Beta Linac

Status

Medium Beta

All medium beta klystrons have been
installed in the final locations, except one
cell (will be used as temporary “test bed” for
High Beta klystrons)

Site testing of the first 9 klystrons (6 Canon
+ 4 CPI) completed with no issues

Next 2 (Canon) klystrons currently under
test

We DC condition 4 klystrons at the time.
Plan is also to do RF conditioning in parallel
in the future

High Beta

14 high Beta klystrons delivered from
Canon; 4 more under manufacture/test at
factory

4 High Beta klystrons delivered from
Thales; 14 more to come
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Medium and High Beta Linac @
Efficiency at operating point: step 0

CPI Klystrons: efficiency at saturation = 61-65% (from FAT results)
Canon Klystrons: efficiency at saturation = 63/69% (from FAT results)
Thales Klystrons: efficiency at saturation = 63/66% (from FAT results; only 4 delivered)

Efficiency profile if we operate all klystrons at nominal HV (the HV needed to have 1.5 MW power
at saturation)

(considering only steady state - no transients):

Klystron operational efficiency when operating at nominal HV

60

Operating all klystron at full HV is NOT a wise

— * 0.0 ‘-ﬂ..-.-.-“.- choice:
3 v, P 1. For medium beta we don't need 1.5 MW
5 A e y :
2 *\ saturated output power! Efficiency at operation
@39 ”n . .
» point is low
o 2. Considerable amount of power to heat that has

to be removed

0 20 40 60 80 100 120 140

Kiystron nr 3. Klystron lifetime is reduced



Medium and High Beta Linac @

Efficiency at operating point: step 1

We can reduce the klystron HV for the power stations feeding omeprresfCyntion Power Medlum Sn Hlen oot
the first cavities of the 704 MHz linac (where we don’t need 1.5 r2x 108 7~ ]
MW klystron saturated power) 1ox10°] ,\ ]

£ 800000} 1

3 ’
HOWEVER, we need to consider a couple of things: & sooooo/” 3

e

1. . . . .
Due to the limited time that we have to fill the T a e m e
superconducting cavities (about 400 us), for the first Cavity e

cavities of the linac we can't set the klystron HV just to

. . Saturated klystron power Medium and High Beta (including cavity filling)
give a saturated power of just P_,, +25%. 'y ‘ \ \ \ \ | |

To fill the cavity within 400 (300) us, we need Py, (klystron /
forward power) to be a*P_* (power needed to sustain the .

1.0x10°

cavity gradient in steady state without beam), where « ol
depends on the filling time . This means that P;, needed S
during filling time for the medium beta cavity is about 450

(625) kW.

..... Luckily, we don't need 25% overhead during filling.

400000

200000 -

) —




Medium and High Beta Linac

Efficiency at operating point: step 1
2.

Klystron efficiency is usually lower when operating at HV different than

nominal

Why does efficiency go down?
In a simplified view:

When reducing the beam voltage and current the space charge forces
between the electrons vary (reduced plasma wavelength changes)

In other words, the cavity position is not optimal anymore

Furthermore, the impedance of the beam increases -> the external Q
of the output gap is also not optimal anymore

¥

Possible solutions:

« The plasma wavelength can be slightly changed by acting
on beam radius -> changing magnetic focusing field

« The external Q of the output cavity can be adjusted by
varying the matching of the output cavity (output VSWR)

Efficiency [%]

70
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CPI VKP-8292A S/N 104, Efficiency at various HV levels

35

—8—80 kV
—a—T75 kV
—<—85 kv
—#—90 kV
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Medium and High Beta Linac @

Efficiency at operating point: step 1
By just lowering klystron HV we get:

Klystron operational efficiency

70 Assumptions:
- Data from SAT for tested klystrons
0 - Data from FAT for klystrons not
lifeg et PR g 2 e e et tested on site.
_. 50 Over 20% -r ® ah UP ED WD a» e y
£ [more g iy my my e - Canon/Thales klystrons assumed
=~ | m . .
g ey o N for all High Beta Linac
S ]
% ~
g \ W Lowering HY
s ® Nominal HV
2
(@]
Limited
improvement
10 due to the extra
time to fill the
cavities...
0
0 20 40 60 80 100 120 140

Klystron nr




Medium and High Beta Linac @

Efficiency at operating point: step 2

Use of output mismatch AND solenoid adjustment to improve efficiency at lower beam
voltages

Klystron operational efficiency

o Assuming we are able to keep
the same efficiency at low

voltages as at nominal
W (demonstrated on all Canon
50 Y ® D G» @GP a» a» e

klystrons, not yet on the others)

- So o» ap a» a»
S sk A Y™ O T - -
z g
8 40 Y+ o
£ . R . . -
o 'K W W Lowering HV + Mismatch + focusing adjustment
m
E 10 - s “ A Lowering HV
E o ® Nominal HV
o e
@] F

20 >

®

0 20 40 60 80 100 120 140
Klystron nr




Medium and High Beta Linac @

Electricity Savings when optimizing klystron operation

Savings using mismatch in all cells Grid Power with for Medium and High Beta Linac
Assumptions: 140 —

o . s b oM o S by
- Modulator efficiency: 90% 2 2 B R

hbhdd  AbAA  Akkd  AMAA  Abkk  Adkd

- Price of electricity: 0.09 €/kWh
- Klystrons operating 5500 h/year

i
[\%]
=]

>

>
»

q"?m

8

3
. Savings/year Iowering HV: 1627 E " f-.a"' 4 Grid Power when operating at nominal HV
k€ / year g o = Grid Power when lowering HV and
* Savings/year lowering HV + B e S
Optimization with mismatch= 1881 & Optimizaton)
k€/year
« Savings/year just due to Optimization 20
with mismatch: 253 k€/year
0! " - - - ~ - o
...probably more if the price of electricity Hystron nr

goes up

And that's not it....




Medium and High Beta Linac

More savings....

Filament power could be reduced at lower
HV, potentially increasing klystron lifetime

20% increase in klystron lifetime will mean

7 k€/year/klystron (if we assume 400 k€ for
klystron cost and klystron lifetime 10 years)
-> 350 k€/year for 50 klystrons

Reducing HV means less stress on the
equipment (klystron cathode, collector,
modulator components...)

The heat load is reduced -> less power
required for cooling

Canon E37504 S/N 18G005 Filament Roll-off

—m»—105.2 kV

—~8—-90 kv

17,0 17,5 18,0 18,5 1|? & | 19,5 20,0 20,5 21,0 21,5



Medium and High Beta klystrons s
Test of Canon E37504 at lower HV &

Results from Canon E37504 S/N 18G005 testing at ESS site

Nominal HV: 106.8 kV (21.74 A)

Saturated Output Power at nominal HV: 1.55 MW
» Saturated Efficiency at nominal HV: 66.7%
+ Saturated efficiency at 73.6 kV (with iris installed and solenoids adjusted: 69 A

No instabilities, spurious or abnormal phase behavior -
Canon E37504 s/n 18G005 Power Transfer Characteristic at Canon E37504 s/n 18G005 Efficiency Characteristic at
Vb=73,6 KV, 12,56 A, 14 Hz, 3,3 ms oo Vb=73,6 kV, 12,56 A, 14 Hz, 3,3 ms
600 65,00
60,00 increase in
500 55,00 efficiency!
50,00
400 o — 45,00 : H installed and
= —=—With Mismatch Installed and -3—Q-4000 —#— Mismatch Installed an
P solenoids adjusted ’ solenoids adjusted
Q35,00
§ 300 —i—Without Mismatch, solenoids S 30,00 —+—No Mismatch Installed,
& adjusted & 25’00 Solenoids adjusted
20 +With°L_‘t mismatch, Nominal |.u 20:00 —o—No Mismatch Installed,
100 solenoids 15,00 Nominal solenoids
10,00
0 5,00
0,00 2,00 4,00 6,00 8,00 10,00 12,00 14,00 0,00
! Pin [W] ’ ’ ' 0,00 2,00 4,00 6,00 8,00 10,00 12,00 14,00

Pin [W]



Medium and High Beta klystrons @

Replacement of klystrons with newly designed tubes

What happens if we use HE klystrons? We have seen that, in short:

Efficiency of current medium beta klystrons is 62-69%.

Operational efficiency is not more than 55% (with mismatch
optimization and for high beta klystrons)

Studies on new bunching techniques have shown the possibility of efficiency up to 80% for the ESS
parameters.

This will require possibly a different modulator design (HV over 115 kV).

However, a new design, compatible with current modulators, could increase the saturated efficiency above
70%.




Medium and High Beta klystrons @

High Efficiency alternative

Specifications and “constraints”: Main design features:

=Single beam =Beam voltage: 115 kV, beam current 18 A

=Compatible with existing ESS modulator microperveance 0.46

(max HV 115 kV, max uPerveance 0.6) =Expected efficiency: 74% -> Output power

=Output power: 1.5 MW 1.5 MW (saturation)

=Compact design =CSM design with 2-3-2 harmonic setup

=Two gain cavities after the input to increase

=Gain > 41 dB gain
. . . (o) I X - 9
Efficiency > 70% (at saturation): 73-75% =Total of 8 cavities
preferred
=High reliability and lifetime expected ‘

ESS -8




Medium and High Beta klystrons @

High Efficiency alternative: ESS-8
First design and optimization with KlyC V4 (1.5 D, CERN code)

&

BeamPara.  eff. optimizer | Accuracy Setting | plot setting | WIconv.oL  Figor @) Figon  GIF |:0” '] v txt output cores _
m Beam Voltage (kV) 115.000 Space Charge Field Order Simulation results summary
Beam Current (A Division Number in A_e- 258 )
) 18.000 - Pout= 1522 |[kW  Gain= 4182 dB Vg|(kv) phi(dJE kv/mm
i Division Number in RF
Outer Radius (mm) 11.360 128 EfRF= 7598 %  EfBI= 7353 | % 3.2380 168.7607
Inner Radius (mm 0.000| | | Maxlerations 500 12.3450 1514918
Tube Radius (mm 21000 eration Residual Limi : ) _
I R 19.4517 1506595
0 Beam Number [ 1] | 'tertionRelaxation 03 21.6426 1476128
Layer Number 1ML 1503 WiMOlo= P, 3.0062 13.4751
34,4364 49.9750
velc.min= -0.06005 |Gamal= 07387 1272578 161.3712
pha.s= 1863 °
[ Successiul iteration
[ ] Power Ramp EI Excitation source
Reflection for output No L3=0 I
mageC. [ ] f = Reflected elections
0.000

o [ o | o] woe| o

=8 Cavities, length < 1.5 m

=Predicted balanced efficiency 73.5% (takes into
account ohmic losses, DC and RF space charge,
voltage “"depression” at emission)

=Qutput power at 115 kV: 1.52 MW
=Gain: 41.3 dB




Medium and High Beta klystrons @

ESS-8: Magic 2D simulations

2D simulations with MAGIC to validate KlyC results and check for possible instabilities due to 2D effects
115 kV, 18 A, Bz=0.062 T

Balanced efficiency: 73 % (includes ohmic losses, beam interception, spent beam power, space charge
power, voltage depression at emission).

All Particles(z,Pz) @ 1000.000 ns

All Particles(z.r) @ 2.500 us

A\

Efficiency (%)
w S Ul
o O

N
g
2
g
®

N
o o

N

0.0 02 04 06 0.8 1.0 T.-z 4 — . ) . T T !
2m) 0 20 40 60 80
Pin (W)

Further optimization possible!



Medium and High Beta klystrons @

Energy savings

Comparison with present klystrons

Assumptions:

1. Use of mismatch and optimization of focusing field to increase the efficiency at lower HV
2. Same efficiency at lower HV than at nominal HV (..this might be a bit optimistic..)

3. 4 klystrons are sharing the same modulator (same HV).
4

Required output power from each klystron includes 25% overhead for LLRF regulation and
losses in RFDS

5. Each klystron will operate for about 5500 h/year (with a duty cycle of 5%), and a cost of
electricity of about 0.09 €/kWh

6. Modulator efficiency is 90%.




Medium and High Beta klystrons @

Savings going to HEK

Grid Power Medium and High Beta Linac

Savings/year going to ESS-8 140 — L
HEK: 594 k€/year & 2 N e W e e i e

" oA dubi Fryvy JrYyy JrYyy FYryy Addd Ahddk

(compared to current klystron T . D ettt s e

optimized for low power)

. . - 100 n® "'u'-: b'..
...probably more if the price of g g
electricity goes up.... & ~ .
‘g 80 L=
. g Grid Power when using ESS-8 with optimization
Savings/year compared to B o ~:'
Operation With Current % o.%“- 4 Grid Power when operating at nominal HV

klyst I‘OI’]S at nominal HV: 2475 40 m Grid Pou:(ler when lowering HV and optimizing with
present klystrons
k€/year

® Grid power when lowering HV (no Optimization) with
20 present klystrons

Klystron nr




summary @

= NCL klystrons have been installed and tested and some are in operation. Not much margin
for efficiency improvement.

= Medium Beta klystron testing is underway; site acceptance tests and early operation seem to
confirm the factory performances

= Efficiency in the Medium (and High) Beta Linac can be improved with relatively small effort
just by lowering high voltage and using the output mismatch; this would allow ESS to save 21
GWhr/year.

= Only electricity savings have been considered. But operating at lower HV would also
possibly extend equipment lifetime, reduce heat load to the cooling systems, etc...

= Klystron performances with mismatch will have to be further validated but the first results
are promising.

= High efficiency option is promising, but it will require a lot of work and some initial
investment for R&D. Klystron manufacturers will have to be involved.

= 28 GWhr/year saved by going to HEK



Thank you!



Medium and High Beta klystrons

High Efficiency alternative: ESS-8

S

Operation at various beam voltages (no optimization) 1800 Klystron Bandwidth at 115 kV
—=—80 kV 1600 1 - 70
1400 - © 60 ~
9 =100 kV = 1000 9
pe £ 800 -
g =>=110 kV 3 30 ®
< & 600 - &
K e=ie=115 kV 400 oo W
& o \
& 200 - - 10 === Pout
0 : : x w w 0 —8—Efficiency
702 703 704 705 706 707 708
Frequency (MHz)
0 50 100 150
Pin (W) Operation on mismatched load
1800 80 (VSWR 1.2, variable phase)
1600 - 70 1540 75
1400 - 60 1520 74
= 1200 - Lo & / 2
2 1000 3 §1500 RS
- - 40 £ <
S 800 2 1480 72 2
2 600 A 30 g : g
w 31460 71 .2
400 — - 20 8 &
200 - 10 1440 70 i
0 ‘ ‘ ‘ ‘ 0 1420 69
75 85 95 105 115 1400 : : x 68
VO (kV) 0 100 200 300 400

Phase (deg) 30




