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ILC 0.25 TeV: Pulsed, 1.3 GHz, Pgrg tota] = 88 MW + cryo!
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CLIC 3 TeV: Pulsed, 1 GHz, Py tora1 = 180 MW
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FCC-ee: CW, (0.4 & 0.8) GHz, Pgrgtotal = 105 MW + cryo!

Total energy need: O(1...3 TWh/y)!
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The size of these HEP facilities is 0(200 ... 600 MW) or O(1 ...3 TWh/Yy),
comparable to the energy need of a small town!

For facilities like these, we have the obligation to significantly improve energy
efficiency — otherwise society will just not approve them. It is a must!

Obligations:
Be aware and make aware of efficient energy use and energy conversion
Make good design choices to minimize “waste”!
Design and use energy-efficient equipment

Monitor and plan energy use (Energy Management)
Recover otherwise “wasted” energy!

On the other hand, the size of HEP facilities enables & encourages dedicated R&D.
Benefits:

Concepts and designs developed to improve energy efficiency in accelerators will be relevant
for society at large.

Significant savings in operational cost.



//ELTARDZ (“European Coordination for Accelerator R&D"”), 2013 — 2017, co-funded by EC (FP7),
SN Grant Agreement 312453.

Work Package 3 of EUCARD? was the networking activity “EnEfficient”, www.psi.ch/enefficient, which
stimulated developments, supports accelerator projects, thesis studies etc., in different areas of energy
efficiency of accelerators.

ARiES (“Accelerator Research and Innovation for European Science and Society”), 2017 — 2021,
cofounded by EC (Horizon2020), Grant Agreement 730871.

In continuation of EnEfficient, Work Package 4 of ARIES is the networking activity “Efficient Energy
Management (EEM)”, www.psi.ch/eem, which coordinates efforts on energy efficiency.

IFAST (“Innovation Fostering in Accelerator Science and Technology”), started in 2021,
co-funded by EC (Horizon2020), Grant Agreement 101004730.

Work Package 11 of I.FAST is “Sustainable concepts and Technologies” is studying sustainable concepts for
research infrastructures, combined with the realization of high-efficiency klystrons jointly with industry

.. along with a series of “Energy for Sustainable Science” workshops (the
most recent, 5" workshop: https://indico.psi.ch/event/6754/)



http://www.psi.ch/enefficient
http://www.psi.ch/eem
https://indico.psi.ch/event/6754/

Pros: Pros:

Perpetual recirculation after initial fill Beam is used only once and can be of high

Beam energy is stored (attention SR!) quality (tiny emittance and size)

Virtual beam power can be very large (e.g. LHC: No systematic limitation by SR

beam power 0.5 A X 7TV =3.5 GW!
Can have >1 interaction region.

Cons: Cons:
Synchrotron radiation o< E* - a steep limitation! Beam disposed of at full energy (large dump)
Requires large power to compensate SR losses. Energy efficiency!
Beam-beam effects limit bunch intensity Only 1 IR

(luminosity)



Example FCC-ee (tt): Sankey diagram
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Grid to DC: 90%
90%

RF power generation!
70%

RF distribution! )
Eventually, all is

converted to waste
heat!

losses in cavities

100% RF to beam

95%

Figure of merit:
physics results per
TWh!

dynamic loss 250 kW @ 4.5 K
(not to scale)
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Collider concepts in comparison

Ring Collider ERL Linear Collider
power re-cirulated beams collide once

ﬂ\icceleratijr;r(('
“1'\1_ .JJ"’, P aanat SV
,5)" % attainable collision parameters (design reports)
deceleration
[ FCCeeian | CliCug

G, [nm] 38000 150

beams circulate

* beam used once
* but |:.)(.)wer rec.lrf:ulated 5, [nm] 68 3
* ambitious collision parameters lead to low beam

intensity o, [um] 2500 70
. . N [107] 230 5,2

— overall low energy consumption, but higher
initial investments f, [kHz] 17,6 147
P, [MW] 985 2.8

IFAST

M. Seidel @ I.FAST Kick-off meeting, May 2021: https://indico.cern.ch/event/1024993/contributions/4312541/
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https://indico.cern.ch/event/1024993/contributions/4312541/

ERL: the best of both worlds

This is the hope: Beam quality like in a linac, but full recovery of beam
energy.

o

... stolen from Oliver’s presentation
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.. sorry — | know this is a repetition, but with the title | was given | can’t skip this!

o
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Energy supply = acceleration — ,loss free” energy storage (in the beam) — Energy recovery = deceleration

A. Jankowiak in “CAS on FELs and ERLs”, 2016: https://indico.cern.ch/event/441441/contributions/1931923/ 4312541/



https://indico.cern.ch/event/441441/contributions/1931923/
https://indico.cern.ch/event/1024993/contributions/4312541/

What I said in 6 years
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” 480
Why study ERL? "@h

. Because its 2 great idea — acceleraté, use the beam, decelerate
and recover beam energy! This saves energy’

For all large future accelerators We have an obligation t© optimize
their energy efficiency’

Recovering energy o increasing efficiency one gains cwice — since
needing less energy also means smaller installation, less
irradiation and less cooling. |

- ""AL v nl ole '\'l‘)-v gu—,

. Look at the 50-year-o\d concept Q 4\ T bea D@ These statements a
of Maury Tigner = can you se€ R R o peam2uussaih, Vs re all still valid
. . mogne! .
the TeV-range linear collider \ power dmder | accelerdtyr

with energy recovery’

» To prepare technology for any N-on mteger | Eoiree
future accelerator: it’s L Tigoer: “A Possiblé Apparatus for Electros
X Clashing-Beant iments”, 11 Nuovo Cimento
acce\erator R&D at 1ts best‘. Series 10, \bl. 37, issue 3. pp 1228-12311 Gingno 1963

ensen @ LHeC W
' orksho
S p 2015: https://indi
el ps://indico.cern.ch/event/356714/
contributions/84
4995/
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https://indico.cern.ch/event/356714/contributions/844995/

Qualitative Sankeydiagram forantRL-___
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... can be small *)

cryo power

*) see next page
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beam dump
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dynamic loss (not to scale)
|

E. Jensen: Energy Recovery & Sustainability

11



Since there is no fundamental beam loading in a CW ERL, RF power is
required to keep the beams stable and under control in the presence
of microphonics.

Equally, RF power has to be fed into the beam to compensate for
transients (e.g. unequal currents in accelerated and decelerated
beams, ramp-up and ramp-down).

Microphonics inside the cavities force you to very strongly over-
couple, meaning that you have to provide much more RF power than
the beam needs. This is characterized by the external Q of the cavity.



ERL RF power requirement - e.g. PERLE

100 : : .
— -_— P uning 0 H
Power loss: 44 W = e _ 9 0z
Power installed: 45 kW % 80} — Peak detuning 20 Hz ||
a;J — Peak detuning 40 Hz
S 60 —— Peak detuning 80 Hz ||
©
2
| - 40} 2 g N2
| £ = o [ (2 ) ]
\ % 4 /GQL .-)’ Wo
& 20
2;::::: Circulator  yransmission : i
Line ?Oﬁ 10? 105 109 lnlﬂ 1011 1012 1013 1014

Optimum Qaxt

N. Shipman @ “Electrons in the LHC”, Chavannes 2019, https://indico.cern.ch/event/835947/contributions/3609044
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https://indico.cern.ch/event/835947/contributions/3609044

pensation of microphoni e
] B w— , onics - e.g. PERLE

EEE \Vithout FE-FRT

|PAC21 paper in preparat'\on

il

| e |
. = .45 B \Vith F
= 10°} E-FR
L E 97.6 kW ! T ] \ FERRO-ELECTRIC FAST REACTIVE TUNER APPLICATIONS FOR SRF
O - P e ] CAVITIES
[ aakw __________________ \ N. Shipman * M. Coly. F. Gerigk, A Macpherson. N. Stapley, H. Timko, CERN, Switzerland
g ' ' e \ 1. Ben-Zvi, BNL, Upton, New York, USA
O 4 : ] \ G. Burt, A. Castilla', Lancanster University, UK
22 1 C. Jing, A- Kanareykin, Euclid Techlabs, USA
oo 1 0 ...... 2.9 kW ) | 1150 at CERN, Switzerland
"""""""" \ Abstract what is currently available. with low losses. 1O moving parts.
""""""" A Ferro-Electric fast Reactive Tunet (FE-FRT)is2 novel large toming range and wide applicability across SRF-

\ type of RF cavity \gner Fon\ain‘mg alow \(‘V.ss l‘crroclc'cl‘r'lc- PRlNCIPLE OF OPERATlON
| material. FE-FRTs have no moving parts and allow cav- X :
\ ity frequencies 1© be changed extremely quickly (on the Fundamentally FE-FRTS work by passing RE power
3 \imescale of 100 of ns or 1ess)- They are of particular inter through a transmission line containing ferroclectric material
1 0 \ est for SRF cavities as they can be placed outside the liquid and reflecting it back to the cavity. The pcm\imv‘uy of the
\ helium environment and without an FE-FRT it's typically ferroclectric iS controlled via application of a high voltage
T very difficult to une SRF cavities quickly- across the ferroelectric altering the RF path length. This
O t a | \ FE-FRTs canbe used forawide variety of use cases includ- causes the phase of the RF ficlds and therefore the reactance
E I . P e a k FW d ’l ing microphonics suppression. RE switching. and \ransient of the tuner as .scanby the cavity 1© change. altering the
ec t FiCa I . AV F | beam loading compensation. This promises entircly e of the cavity: .y

g ' Wd . operational capabilities. increased performance and cost sav= An FE-FRT connected to a cavity via an antennd and

R F P ings for a variety of existing and pro <ed accelerators. AR transmission linc can hcAmo.dc\\cd by the equivalent circuit
o w e r overview of the theory and potential applications will be shown inFig. 1- The cavity 15 modelled by & conductance G-

F |::0 wer
per H . ced in detai cal aci(an"Cand'\l\du'\an‘cL ~mn"l‘dmpaml\‘\.Th'
a V Ity p e r C a Vi ty \ discussed 18 o t\uncr adn:;lancc as scc:l hy&\hc c::\'i\;:a;\cr lransfn:mauo;

lNTRODU CTION along the \ransmission 1in¢ and through {he antenna) is:

RF cavities arc designed 1@ operate ata specific frequency

Power

Yr:Grifl'Br (48]

Rmsm—

N. Shipman
et al. ER i
9 L2019, Berlin, http://ac
celconf.web.cern.ch/erl2019/
papers/tucozbs0O
2.pdf
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http://accelconf.web.cern.ch/erl2019/papers/tucozbs02.pdf

® . here starts the less

established...

to trigger discussion (this is a symposium!)

\
4 June 20\\<



Telnov's proposal ("ERLC")

Twin LC with the energy recovery

~head-on coll. acceleration hnac dE) cc)mIDfi-?f'SSOr

b

et e

|||||||1><.|..|...[

deceleration decompressor
e" E~5GeV -

>
et / N\/\/‘\—/ beam dump
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-
\a* e/ wiggler(-dE~0.05 GeV)

from DRs

V. Telnov/BINP, LCWS2021, https://indico.cern.ch/event/995633/contributions/4275159/
...and preprint paper https://arxiv.org/pdf/2105.11015.pdf
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https://indico.cern.ch/event/995633/contributions/4275159/
https://arxiv.org/pdf/2105.11015.pdf

While TeV-scale linear colliders require very high power to produce
multi-MW beames, ...

... and large circular electron-positrons colliders require very high
power to compensate for SR losses:

... the ERLC is a very exciting proposal.

However: The cryogenics power need is < EZ... Itis O(1 MW /GeV),
which Telnov eased by using a duty factor of 1/3.

| personally believe that the ERL scheme very much favours CW — can
this be made possible?

Another potential issue is HOM power — can this be eased? ... by going
to CW and reducing the current? — just food for thought!



Real COP of cryogenic He refrigeration

COP: Coefficient of performance: To extract P at Ty, One needs COP - P at Tympient-
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8 K: 930

= Carnot

2 K: 801

= Real

\
\ 4.2 K: 260
4.5 K: 2
~—— Carnot; —2zblent
refr LHC installed
1 2 3 Trefr [K] “ :
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Thanks: P. Lebrun/CERN
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Peryo@ RT [MW]. Calculated for FCC-ee 120 GeV

Cryogenic needs in CW operation

50.0
—=400MHz, Nb/Cu, 4.5K /
45.0 - ==800MHz, Nb/Cu, 2K /
40.0 ~=800MHZ, bulk Nb, 2K
800MHz, Nb/Cu, 4.5K /
35.0 - Nbgsu i Note: @ 25 MV/m , 800 MHz:
AR P2 Bulk Nb @ 2 K: P,y = 7.3 MW

30.0 NB,Sn @ 4.5 K: Prpyp = 2.1 MW
25.0 Improvement factor 3.5!

20.0
///

15.0

10.0 ————’—"",.

5.0 \\\._—»

0.0 a_ - en an am en en en e | e e o e o= e =

0 5 10 15 20 25

EaCC [MV/m] Thanks to Sarah Aull & Olivier Brunner
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Nbvs. Nb,Sn

Higher critical temperature ngg_‘g:o Niobium - 45 MV/m

- Operation at 4.2 K
Higher superheating field Q

Nb,Sn = 90 MV/m

d’

oe]

= Nb, N-doped

o
/g — NbBSn, Cornell Sign ificant
= Double the limit of niobium ° > | T .
Blue: tm =3 efficiency gain
Red: niobium E from going
Parameter Niobium Nb;Sn 8 4
Transition temperature 9.2K 18 K Lower Iosses d‘?
Superheating field 219 mT 425 mT <= N § ol
Energy gap A/k,T, 1.8 2.2 -I . . QJ‘O
AatT=0K 50 nm 111 nm ngher gradlents o<
€atT=0K 22 nm 4.2 nm 0 .
GL parameter k 2.3 26 2 T ?K] 4
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Thanks: S. Posen, D. Hall, M. Liepe, R. Porter, see e.g. https://indico.desy.de/event/21337/contributions/42597/
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Results with Nb,Sn coated cavities

10" -
] ©  ERL1-4,4.2K, test February 2015
©  ERL1-4, 4.2 K, test September 2014 Sma” thel’ma|
gradients give
o better
s performance
5_% 1010 -
=
E -
© il cted —I This cavity
-1l spec adjusted for
operation at 4.2 K exceeds LCLS-II
spec by a factor
of 2
109 T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18
Accelerating gradient (MV/m) Daniel Hall, SRF 2015, Whistler, CDN
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Practically the same as Telnov’s proposal, except:

Each of the four linacs is used for both acceleration and deceleration — maybe one could ease on the coupling. For minimum

static losses, one would possibly still put the two adjacent linacs in one cryostat.
For the same E|;,,x, the accelerating gradient is halved — thus the dynamic losses reduced by a factor 4. This would probably

allow to run in CW!
This comes at the expense of SR losses in the outer arcs at %Emax (which is still large, but only 1/16 of the SR power at E,.%)-

The arcs could be dog-bone type to reduce curvature; they could be at a smaller energy than %Emax.
| omitted the wigglers at Ejy; only not to overload the sketch — they can be redone exactly as in Telnov’s original proposal.



