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Short history of e+e— linear colliders

1) In 1965 M.Tigner published a paper in Nuovo

Cim. 37, 1228 (1965). about using colliding linac ¢ FNL2 = nd— o WA 90

beams as an alternative to storage rings for é[___'_'l'_‘ﬂ.!_ beaml ~ [rriTTITIT) %) .

. . Ll beam2liitiqiig TN
studying electron-electron collisions. He talks » 1 ma;ﬂ;r
about the benefits of superconductivity and how power divider |accelerator
to lower the operating power by using energy Q SECHon 2
recovery. He considered machines in the few gy {n;‘egef‘ BE ' wavelsngth=i
GeV energy range. This paper did not attract i U | 5o

attention, there were no citations until 1979.

2) In 1971 A. Skrinsky at seminar in Morges spoke briefly about linear accelerators
for reaching the hundred GeV region, necessity of 10 um transverse beam sizes,
conventional and superconducting LC with energy recovery were mentioned.

3) July 1973 — discovery of neutral currents (Gargamelle, CERN), that confirmed
Weinberg-Salam model which predicted Z-boson with M_~100 GeV.

In 1975-76 B. Richter spent a sabbatical at CERN and worked out (together with
C.Pelegrini, C.Rubbia) the scaling laws: Cost = C, +kE? for e+e- storage rings. As
a result he published the paper NIM 136 (1976) 47, which opened the way to the
construction of LEP.

4) At the end of 1975, Ugo Amaldi, inspired by the discussions at CERN, published
a paper “A possible scheme to obtain e-e-, e+e- collisions at energies of hundred of GgV”,
where he proposed a superconducting linear collider with energy recovery.




A POSSIBLE SCHEME TO OBTAIN e- e~ AND e*e~ COLLISIONS
AT ENERGIES OF HUNDREDS OF GeV

s ki The very first paper on high energy LC:

CERN, Geneva, Switzerlend | J - Amaldi, Phys. Lett. 61B (1976) 313 (March 29, 1976)
L report U.Amaldi, H.Lengeler at Serpukhov meeting, May 1976

As a contribution to the discussion on very long term developments in the field of high energy physics, it is
pointed out that it is possible to devise ¢ "e¢” and ¢*e” colliding beam machines which are not affected by the large o ”
synchrotron losses typical of conventional storage rings. The scheme proposed here makes use of two collinear super- UgO Cal |ed It Peloron ,

conducting linacs which at the same time accelerate and recover the energy fed to the electron and positron beams.“ . ) .
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RECIRCULATOR RING
In this scheme the electron bunches are dumped after a single traversal while, to save positron
current, the positrons are recirculated in a low energy ring.

B. Richter (1987): «Amaldi in Physics Letters in 1976 independently reinvented Tigner's scheme
of superconducting electron linacs with energy recovery. He also considered e+e- colliders, but
could not find a solution that satisfied him for the production of positrons in a sufficiently small4
phase space to make high luminosity electron-positron colliders a practicality».



More advanced “Peloron” scheme. Problems

H. Gerke and K. Steffen, Note on a 45 - 100 GeV electron swing colliding
beam accelerator, DESY-PET 79/06 (1979).
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Here bunchers-debanchers reduce the energy spread in damping rings.

Problems: parasitic collisions in linacs do not allow a high collision rate.
Only one bunch shoud be present at each moment in a half linac, that restricts the
collision rate f~30 kHz. The luminosity, with account of duty cycle 1/30, is low enough.

As result L=3.6x103"- not interesting

So, the main obstacle to LC with energy recovery is parasitic collisions in linacs!

Since 1980 linear colliders with the energy recovery were no longer consid%red,
because one pass linear colliders allowed higher luminosity, up to L~1034.



Linear colliders
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The advantage of LC — no synch. radiation — higher accessible energies
The disadvantage of LC — beams are used only once — low energy efficiency

The ILC has not been approved yet, partly because the FCC-ee has almost one order
higher luminosity at Higgs boson energies.

The idea of radically increasing the luminosity of linear colliders came to me
in March 2021, and | spoke about it at LCWS 2021 (remotely).



A high-luminosity superconducting twin e+e- linear

collider with energy recovery (ERLC) v..Tenov, LCws21
arXiv:2105.11015
JINST 16 (2021)12, P12025
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1) LC consists of two parallel SC linacs with coupled RF systems, so that the fields
are equal at any time. One line is for acceleration, the other for deceleration.

2) Damping is provided by wigglers (no damping rings) at the “return” energy about
E~5 GeV. The energy loss per turn dE/E~1/200. Damping is needed to reduce
emittances and the energy spread to the level 6. /E~2-10- arising from collisions.

3) It can work with a in the continuous mode or with a duty cycle, duration of one cycle
tens of seconds, depending on SC technology.

The ERLC was reviewed in 2021 by an expert group (led by A. Hutton). It was found
to be realistic project and was recommended for further study and development of7
the required technology, high T and Q superconducting cavities.



Dual/Twin cavities  (before 2021)
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Collision effects limiting luminosity
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Power consideration for e+e-

Most of power consumption is connected with

1) RF power losses in SC cavities (depends on Q-value of cavities)

2) High order mode losses (HOM) (for one bunch dE/dz « N2/a2, a-iris radius)
(details in the article JINST 16 (2021)12, P12025)

Optimization N, dependence of L on accel. grad. G and Q
The total power (main contribution only) P, = (kl + bﬁ) < DC

d

where the coefficients k, and k, describe the RF and HOM losses, both are proportional to the
length of the collider (or E,), d —distance between bunches. The luminosity in one collision
with account of collision effects L,~N, then the total luminosity

papo X (P )

d d \ ki + kyN?/d
The luminosity reach maximum at 7, i at N =4 /@, DC — i_
2v/ k1 kod ko 2k,

For fixed total power
1. L & 1/4/d, so the distance between the bunches d should be as small
as possible (d = Agr is the best);

2. L o< 4/Q), because ki o 1/Q;

3. L does not depend on the acceleration gradient (. This is because
the collider length is I, o< 1/G, so ky o 1/G, and the RF losses are

k1 o< G? x I, o< G. The result is L = const;

4. The optimal N = \/kid/ks x G+/d/Q, DC x 1/G.




N? N

In continues (CW) mode P =k + k27, L —
which gives _ L k)d (P — k)
g N \/ kg , L d

Continuous operation requires a large threshold power P > k, «G. However,
at higher powers the behavior is similar to DC mode, where L/P does not depend
on G and proportional to Q'72,

So, e+e- ERLC can work at high gradients !
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Possible luminosities vs power (=20 Mevim)
V.Telnov, JINST 16 (2021)12, P12025
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Luminosity can be two order of magnitude higher than at one pass ILC
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Table 2. Parameters of e*e™ linear colliders ERLC and ILC, 2E = 250 GeV.

Energy 2E)
Luminosity Ly
P (wall) (collider)
Duty cycle, DC
Accel. gradient, G
Cavity quality, QO
Length Lact/ Lot
N per bunch
Bunch distance
Rep. rate, f
€x,nl€y n

BBy at IP

oy at IP

oy atIP

o, atIP
(0r/Eo)s at TP

unit ERLC  ERLC ERLC  ERLC ILC
pulsed pulsed contin. contin.
Nb Nb NbsSn  NbsSn Nb
1.8K 1.8K 45K 45K 1.8K
13GHz 0.65GHz 13GHz 0.65GHz 1.3 GHz
GeV 250 250 250 250 250
10%°cm=2s~!  0.39 0.75 0.83 1.6 0.0135
MW 120 120 120 120 129(tot.)
0.19 0.37 1 1 n/a
MV/m 20 20 20 20 31.5
1010 3 12 3 12 1
km 12.5/30  12.5/30  12.5/30 12530  8/20
10° 1.13 2.26 0.46 1.77 20
m 0.23 0.46 0.23 0.46 166
Hz 2.47-10% 2.37-10% 1.3-10° 6.5-10% 6560
10°°m 10/0.035 10/0.035 10/0.035 10/0.035 5/0.035
cm 2.7/0.031 10.8/0.031 0.46/0.031 6.8/0.031 1.3/0.04
um 1.05 2.1 0.43 1.66 0.52
nm 6.2 6.2 6.2 6.2 77
cm 0.03 0.03 0.03 0.03 0.03
%o 0.2 0.2 0.2 0.2 ~1

Table 3. Parameters of e*e™ linear colliders ERLC and ILC, 2E(; = 500 GeV.

Energy 2E
Luminosity Ly

P (wall) (collider)
Duty cycle, DC
Accel. gradient, G
Cavity quality, O
Length Lyct/ Liot
N per bunch
Bunch distance
Rep. rate, [

€x,nl€y n

/By atIP

oy at IP

oy atIP

o, atIP
(0E/Eo)Bs at IP

unit ERLC  ERLC ERLC ERLC ILC
pulsed pulsed pulsed contin.
Nb Nb NbsSn  NbsSn Nb
1.8K 1.8K 45K 45K 1.8K
1.3GHz 0.65GHz 13GHz 0.65GHz 1.3 GHz
GeV 500 500 500 500 500
10%cm=2s~!  0.174 0.342 0.412 0.78 0.018
MW 150 150 150 150  163(tot)
0.121 0.237 0.47 1 n/a
MV/m 20 20 20 20 31.5
1010 3 12 3 12 1
km 25/50 25/50 25/50 25/50 16/31
10° 1.13 2.26 0.685 1.23 20
m 0.23 0.46 0.23 0.46 166
Hz 1.57-10% 1.54-10% 6.1-10% 6.5-10% 6560
107%m 10/0.035 10/0.035 10/0.035 10/0.035 10/0.035
cm 7.7/0.089 31/0.089 2.85/0.089 9.4/0.089 1.1/0.04
um 1.26 2.5 0.76 1.38 0.47
nm 7.4 7.4 7.4 7.4 59
cm 0.089 0.089 0.089 0.089 0.03
% 0.1 0.1 0.1 0.1 ~1
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e+e- ERLC, update

As was notice recently one can obtain higher accelerating gradients using traveling wave
accelerating structures. According to V.Shemelin et al (PRAB 25, p. 021001, 2022) with the
same aperture (same HOM losses) one can achieve 1.3 times higher G and 1.7 times lower
RF heat losses (parameter k,). In this case, one can work with G=40 MeV/m in continues mode

with reasonable total power:

4 T 1+ 1 1 | © 1 1 1] ©rr 7 t70T ] &1t 1T ] 1017171 ]
- L/10%®cms! 2Ex=250 GeV i
o ) Continuous operation .
. e*e” collider i
3 i
: fRF:0.65 GHz :
2 |- _
I fRF=1-3 GHz -1
0 Nb3Sn ]
1 _
0 i 1 1 1 1 | 1 1 1 1 | 1 1 |
0 100 200

Ptotl MW

2.5

V.Telnov
arXiv:2302.09758

- 1/10% cm

_ e*e” collider

1 1 ] 1 1
-25-1

Continuous operation

fRF=0.65 GHz
Nb3Sn

fR|:= 1.3 GHz
Nb3Sn

rr T+ T T 1 7 71
2E,=500 GeV

14

AN
o
o



V.Telnov

Twin ee" LC with energy recovery arXiv-2302.09758
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o a" from injector

""""'>‘<""""'tobeamdump
- —

deceleration
In this case the power is used for compensation of RF, HOM and
beamstrahlung radiation at the IP, s_ AP 5re N2~

__ ~Y

Eq 60,02
which in optimum cases reach P, =10-30 MW ! Electric power needed for
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Table 1: Parameters of eTe™ and e~ e~ linear colliders ERLC (Nb3Sn), 2Ey = 250 GeV

unit ete” ete” e e e e
1.3 GHz 0.65 GHz 1.3 GHz 0.65 GHz
Energy 2E, GeV 250 250 250 250
Luminosity Ly 1036 cm 257! 1.1 2.5 3.8 7.8
P (wall) (collider) MW 150 150 150 150
Accel. gradient, G MV /m 40 40 40 40
Length Lact/ Liot km 6.3/16 6.3/16 6.3/16 6.3/16
N per bunch 109 0.62 2.75 0.41 1.53
Bunch distance m 0.23 0.46 0.23 0.46
Rep. rate, f Hz 1.3-10° 0.65-10° 1.3-10° 0.65-10°
€n.z/€ny 10~ m 10/0.03  10/0.03  1/0.02 1/0.02
B/ B, at IP cm 0.82/0.03 16.4/0.03 0.21/0.019  3/0.02
o, at IP pm 0.58 2.6 0.092 0.35
oy at 1P nm 6.2 6.2 4 4.05
o, at IP cm 0.031 0.031 0.019 0.02
AE/E at IP 104 0.165 0.161 4.7 43
P,oq at IP MW 0.53 1.16 10 17

Table 2: Parameters of eTe™ and e~ e~ linear colliders ERLC (Nb3Sn), 2Ey = 500 GeV

unit ete” ete” e e e"e”
1.3 GHz 0.65 GHz 1.3 GHz 0.65 GHz
Energy 2FE, GeV 500 500 500 500
Luminosity L 1030 cm =251 1.0 1.9 3.8 6.9
P (wall) (collider) MW 300 300 300 300
Accel. gradient, G MV /m 40 40 40 40
Length Loct/Lio;  km 12.5/30  12.5/30  12.5/30  12.5/30
N per bunch 10° 0.81 2.97 0.41 1.53
Bunch distance m 0.23 0.46 0.23 0.46
Rep. rate, f Hz 1.3-10° 0.65-10° 1.3-10° 0.65-10°
ene/Eny 106 m 10/0.03  10/0.03  1/0.02  1/0.02
ﬁ;/ﬂy at IP cm 4/0.09 55/0.09  0.41/0.039 6/0.04
o, at IP pm 0.91 3.4 0.092 0.35
o, at IP nm 7.4 7.4 4 4.05
o, at IP cm 0.09 0.09 0.039 0.04
AE/E at IP 1074 0.078 0.076 4.5 4.3
P at IP MW 0.67 1.18 19.5 34
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Linear CO’L"de’ Vision A Linear Collider Vision for the Future of Particle Physics
P o m “®® C Balazs et al., arXiv:2503.19983, 31 March 2025

ERLC V. Telnov, A high-luminosity superconducting twin e+e- linear collider with energy recovery,

Journal of Instrumentation 16 (2021) P12025,

Basic idea The idea of ERLC (Energy Recovery Linear Collider) has been proposed by V. Telnov[513].
Fig. 60 shows the concept of ERLC. In the steady state the positron beam goes as follows. It is accelerated in
the linac (a) and, after collision with the electron beam, it is decelerated in the linac (b) down to about 5 GeV.
After the bunch length is decompressed in (¢), the beam looses about 25 MeV of energy in the wiggler section
(d). Then the beam is compressed in (€) and again accelerated in (a).

(a) e+ acceleration e- acceleration

H I I HC
IlI|I|||||||I><I|I|I|lllllll
{/\/\/\/\/ e- deceleration (p) e+ deceleration (c)decompres%

> =

<
<

(e) compressor

AVAVAVAV
E~5CeV (d) wiggler AE~ 25MeV

Figure 60: Schematic plot showing the concept of ERLC. Some systems such as injectors, beam dumps, etc.
are omitted for simplicity.
e to be

W K. Yokoya, ILC Upgrade with Energy Recovery, EPJ Web Conf. 315 (2024) 02016
accelerated ™w

RGN ISRV |

Figure 61: Concept of the twin axis cavity of TW type.
MM There exists TW only in the clockwise dir-
§ ection in this figure. The upper cavity ac-
e* to be

decelerated

— e L Y

JWUU

The ERLC is considered now as a high luminosity upgrade of ILC
(or instead of ILC?)

celerates the electron beam going to the
right and the lower cavity decelerates the
positron beam going to the left.
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Critical technologies and problems of ERLC, further work

The ERLC is good idea, but there are many questions which need careful
studies and technical developments:

1. Development of reliable SC cavities with a high working T and high Q,
such as Nb,;Sn or better.

2. Development of twin/dual cavities.
3. Study of beam stability and HOM losses
4. Study of compressors-decompressors, they increase €, and determine the

required damping loss. By now only energy spread was accounted.

This is very exciting work for experts and young scientists, since
the ERLC is an ideal collider for achieving the high luminosity,

which is necessary for detailed study of the Higgs boson.

18



e*e” Higgs factories
2E,=250 GeV, e*e” — ZH, 6 = 3-10-37 cm?
2E,=500+ GeV, e'e” — t't"H, ZHH (Higgs self-coupling), o = 1.5:10-40 cm?

from FCC-feasibility study,2025
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The ERLC is undoubtedly is the superior
candidate for a Higgs factory !



Conclusion (abstract)

Twin Superconducting Energy Recovery Linear Collider (ERLC): An Ultra-
High Luminosity e’e” and e e Higgs Factory

The primary disadvantage of linear colliders is their inherent energy inefficiency: after a singls
collision, the bunches are directed into a beam dump. Although the use of superconducting
energy recovery linacs (ERL) was proposed half a century ago to address this issue, it was
realized by 1980 that the concept suffered from a fundamental flaw: the unacceptable interaction
of accelerating and decelerating beams within the same linac. The resulting requirement of
having only one bunch in a long linac leads to a low collision frequency, yielding a luminosity
significantly lower than that of single-pass colliders (such as ILC or CLIC).

In 2021, the author proposed a twin superconducting collider concept, where accelerating and
decelerating beams travel in parallel linacs coupled via RF fields. This configuration enables full
energy exchange while avoiding beam-beam interactions within the accelerating structures.
Consequently, the advantages of superconducting ERLs are fully realized. The luminosity is
primarily limited by the power required for heat removal due to RF cavity losses (quality factor)
and higher-order mode (HOM) losses in the accelerating structures, as well as by beam-beam
effects.

Two configurations are considered:

1. Ane'e—(ore e ) ERL collider with continuous or pulsed (duty cycle) bunch operation.
In this scheme, bunches are accelerated, collided, decelerated to ~5 GeV, and then
recirculated through turnaround arcs, compressors, decompressors, and damping wiggler:
for re-injection.

2. Ane e ERL collider with single-pass use of low-emittance electrons, which offers a
simplified technical design and allows for higher luminosity per collision.

At a total power consumption of 150-300 MW and center-of-mass energies of 2E¢=250-500
GeV, the attanable luminosity reaches (1-2)10* cm™s™ for the first scheme and (3-7)10°°
ecm™s™ for the second. These values are two orders of magnitude higher than those of the ILC
and an order of magnitude higher than FCC-ee (at 2E;=250 GeV, where 500 GeV operation is
unfeasible for ring colliders). Given its capability for operation at 500 GeV, which is essential
for Higgs self-coupling measurements, and its ultra-high luminosity, the ERLC is undoubtedly
the superior candidate for a Higgs factory

Experts and enthusiasts, join this work!
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Conclusion (abstract)

CaBoeHHblHi cBepXNPOBOASIIUIA JHHEHHBbIH KoJJIaliep ¢ pekynepanuei
+ - - - .
sHepruu (ERLC): e'e u e e xurrcoBckasi padpnka cBepXBbICOKOMH
CBETHMOCTH.

OCHOBHBIM HEJOCTATKOM JIMHEHHBIX KOJIIANICPOB SIBISICTCS HU3KAs YHEProd(h(PEeKTUBHOCTD:
MOCJIe OJTHOKPATHOTO CTOJKHOBEHUS ITYUKH HAMPABJISIOTCS B OrIoTUTeNb (beam dump). Unest
WCITOJIF30BAHUSI CBEPXITPOBOISIINX JTHHAKOB ¢ peKymneparueit sHeprun (ERL) aist pemenus
3TOM 1pobIIeMBbl ObLIa TIPEII0KeHA erle ToyiBeka Hazad. OnHako k 1980 rojy craio sicHO, 4To
peayin3aliysi 3T0i cXeMbl HEBO3MOXHA U3-3a MMAPA3UTHBIX CTOJKHOBEHUHN YCKOPSEMBIX 1
3aMeJISIEMBIX ITyUKOB B JIMHaKe. OrpaHMueHre «OJIMH CTYCTOK Ha JIMHAK) BEJIET K HU3KOM
4acTOTE CTOJIKHOBEHHUM, N3-3a YETO JOCTUKUMASI CBETUMOCTH OKA3bIBACTCS HMXKE, YEM B
MPOEKTaX ¢ OJHOKPATHBIM Hcnonb3oBanueM myukoB (ILC, CLIC).

B 2021 roxy aBTOpOoM ObLIa IIpeaioskeHa KOHIENIUS CIBOSHHOTO CBEPXITPOBO/ISIIETO
KoJUTaiiepa, B KOTOPOM YCKOPSIEMBIE M 3aMe]IJIIEMbIE Y UKH JIBHXKYTCS B ITapajiIeIbHBIX

JUHaKaxX, cBs3aHHbIX Mo BU-momro. Takas cxema obecnieunBaeT > HEKTHBHBINA 0OMEH 3HEprucit

MEXIy MyYKaMU U HET MPSIMOTO CTOJIKHOBEHHS Iy4YKOB. B 3TOM ciiydae mpeumyiecTsa
CBEPXITPOBOSIIINX KOJUIANAEPOB C pEKyIEPALUU PEATU3YIOTCS B MTOJIHOM Mepe, a CBETUMOCTh
OI'PAaHUYMBACTCS B OCHOBHOM NOTPeOIIIeMOil MOLIIHOCTBIO Ha 0TBO/ Teruia u3-3a RF (1o6poTHocTh) 1
HOM notepb B yCKOPsIIOLIMX CTPYKTYpax U 3¢ deKTaMmu BCTPEUH.

B noxnane paccMaTpUBarOTCS ABE CXEMBI:

1. e'e (wm e e—) KOJTAliep ¢ PeKylepalyeli SHEPTHH B PeKAMe HeIIPEPBIBHOM HIIH
uMItyJIbcHOM (duty cycle) paboTsl ¢ myukoMm. [lydku yCKOpSIFOTCS, CTaTKUBAIOTCA,
3aMeJIISIOTCS J10 3HEprur ~5 ['3B, mocie yero npoxoasr yepes moBOPOTHBIE apKH,
CHUCTEMBI KOMITPECCUU U BUTTIIEPBI-3aTyXaTeNu JJIsl IOBTOPHOU MHIKEKIUU.

2. e e KoJulaiaep ¢ OJHOKPATHBIM HCIOIb30BAHUEM DIIEKTPOHOB U3 UCTOUYHUKA C MAJIBIM
SMUTTaHCOM. J[aHHasi cXeMa TEXHUYECKHU IIPOLIE U [T03BOJISIET IOCTUYB O0JIee BBICOKOM
CBETUMOCTHU B OJTHOM CTOJIKHOBEHHH.

I1pu nonuo# notpedasiemoit Mmomuoctu 150-300 MBT u sueprum 2E(=250-500 ['»B
JOCTHKUMAs CBETUMOCTb cocTapiseT (1-2)10°° em™s™ ma nepBoit cxembl 1 (3-7)10% em™s™ mis
BTOpPOH. DTO Ha JiBa nopsiaka Beiie, yeM B ILC u Ha nopsiiok, yem B FCC-ee (Ha sHeprum 250
I'3B). YuutsiBast BO3M0OXHOCTH paboThl Ha 3Hepruu 500 1'3B, HeoOxoumoi yist

U3MepeHus camoieicTBUs 0030Ha Xurrca (self-coupling), n CBEpXBBICOKYIO CBETHMOCTH,
npoekT ERLC, HecoMHeHHO, SIBIISETCSI Ty YIIAM BapUAHTOM XUTTCOBCKOHU (habpHKu.
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