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Abstract

Sub-atomic physics at the energy frontier probes the
structure of the fundamental quanta of the Universe. The
Targe Madron Collider (LIIC) at CERN apens for the first
time the “terascale’ (TeV energy scale) to experimental
scrutiny, exposing the physics of the Universe at the sub-
attometric (~ 10 1® m, 10 10 as) scale. The LHC will
also take the science of nuclear matter to hitherto unparal-
leled energy densitics. The hadron beams, protons or ions,
in the LHC underpin this horizon, and also offer new exper-
imental possibilities at this energy scale. A Large Hadron
electron Collider, LHeC, in which an electron (positron)
beam of energy 60 to 140 GeV is in collision with one of
the LHC hadron beams, makes possible terascale lepton-
hadron physics. The LIeC is presently being evaluated
in the form of two options, ‘ring-ring” and *linac-ring, ci-
ther of which operate simultaneously with pp or ion-ion
collisions in other LHC interaction regions. Each option
takes advantage of recent advances in radio-frequency, in
linear acceleration, and in other associated technologies, to
achieve ep luminosity as large as 10%% om—25~1

INTRODUCTION

The LHC is due to provide first high-energy proton-
proton collisions later in 2009, A planned two-phase LHC
upgrade aims at increasing the LHC pp luminosity to ten
times the nominal, namely to 10%5 cm—2s=1, by 2018

The LHC physics programme would be complemented
and greatly extended through ep collisions at highest en-
ergy and luminosity, which could be realized by colliding
the 7-TeV protons of LHC with an electron or positron
beam of 60-140 GeV. There is great interest from parti-
cle physics in studying both e ~p and e*p collisions at this
energy scale. Polarized beams might further enrich the
physics potential. The possibility of such “LHeC™ is be-
ing investigated under an ECFA mandate [1, 2, 3]

Two options are being considered: (1) a new lepton ring
in the LHC tunnel [4, 5]; and (2) a superconducting clec-
tron linac, configured as recirculator [6). We will refer to
them as Ring-Ring (RR) and Ring-Linac (RL) options,

For the protons, the so-called ultimate THC beam with
Ny = 1.7 x 101 protons per bunch at 25-ns spacing,
together with a phase-I upgrade of the interaction region,
should be available from 2014 onward. A phase-IT (SLHC)
upgrade option with S0 ns spacing and N, = 5 x 101,
together with the possibility of further reduced proton

interaction-point (IP) beta function could be realized by
2018 Key parameters for both these scenarios are com-
piled in Table 1. In the following, we will assume the pa-
rameters of the 50-ns option

Table 1: LHC proton beam scenarios. “LHC” refers to the
phase-I upgrade, “LHC*” to one of the proposed phase-II
options

Nop Top &0 Bymin
LIC 17 10 25ns 375pm 025m
LHC* 5x 10"  50ns 375xm 0.10m

For the purpose of comparing different scenarios, we
consider a constant electrical wall-plug power of 100 MW
for the electron branch of the collider. To first order, the
luminosity scales linearly with the power.

LUMINOSITY

The electron beam size is assumed to be matched to the
size of the protons, o5 — o7, as a smaller electron beam
could have adverse effects on the proton beam lifetime, For
round-beam collisions, the luminosity is

’

L= LN 1y I
me ¢ Byt
where e denotes the electron charge, and the subindices p
or e refer to protons or electrons. The luminosity (1) de-
pends only on the p beam brightness (N /e) with Ny
the number of protons per bunch and e , the geometric emit-
tance, on 3, on the clectron beam current T, and on the
hourglass factor Hyg. The term (Nyp/e,) is limited by
space charge in the proton injector complex and by the pp
beam-beam tune shift. The electron current 7, is limited by
the available electrical power. The proton P beta function
3 is confined, on the proton side, by the IR layout, as well
as by the chromatic correction scheme, and on the electron
sid by the eduston actorcus o thehowuglasscfet, Hg

which is a function of (8} /7...,) and {c./e,) [6]

In case of an electron ring, a typical emittance at 60 Ge V.
is Jece > 2 mm. Requinng Hy, > 0.9 leads to 5} >
2 mm. Together with c, of Table 1, this translates into a
lower limit for 3 of about 1 m. The electron beam-beam
tune shift AQ) adds an upper bound on B, and therefore
alower bound on e, via 37 < (47 /re)ve (Bhep/ No) AQe,
which can be estimated as 3 < 50-500 mm (depending
on 3).

For the e~ linac, there is no lower bound on e, as the
disruption parameter replaces the tune shift as constraint,
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‘Table 3: Example LHeC-RR and RL parameters. Numbers for LHeC-RL high-luminosity option marked by * I* assume
energy recovery with npr = 90%; those with *1” refer to nrr = 0. ILC and XFEL numbers are included for comparison,
Note that optimisation of the RR luminosity for different LHC beam assumptions leads to similar luminosity values of

about 10% cm =251 [12].

IMeC-RR  LIeC-RL  LIC-RL  LIeC-RL ILC  XIEL
highlumi 100 GeV_ highenergy

o energy al TP [GeV] &0 =) 100 40 2x)250
luminosity [1072 em—2s~'] 29 201 (29N 22 15 200
bunch population [10'°] 56 0191 (0.02)  03(1.5) 201.0) 2
= bunch length [pm] ~10,000 300 300 300 300
bunch interval [ns] 50 50 S0@s0) S0(250) 369
norm. hor.&vert. emittance [1im] 4000, 2500 50 50 50 10,004
average current [mA] 7t ©0.7% 05 0.5 0.04
1ms IP beam size [um] 7 7 7 0.64,0.006
repetition rate [Hz] cw 10[5%df] 10[5%d ] s
bunches/pulse N/A 71430 14286 2625
pulse current [mA] N/A 10 10 9
beam pulse length [ms] NA 5 5 1
cryo power [MW] 20 4 6 34
total wall plug power [MW] 100 100 100 230

INTERACTION REGION (IR)

Several points are to be considered for the IR design: (1)
the focusing to small 3 ., which favors quadrupole mag-
nets close to the IP; (2) the separation of the two beams
either with a crossing angle, requiring proton crab cavities.
orwitha bending system [6], raising issues of SR shielding,
and paasitic coliions,(3) the particle-physis equest mr
al atleast 10°,

In'view of the smaller e~ beam divergence at the colllsmn
point, the detector aceeptance for the RT, option is likely
to be larger than for RR. An interesting proposal for LFeC'
is a superconducting magnet calorimeter, which would be
part of the detector and of the machine [13].

LEPTON SOURCES

The e~ beam for the linac can be produced from a polar-
ized dc gun with a normalized rms emittance between 10
and 100 pm.

While for LHeC-RR a rebuilt conventional e+ source
would suffice, the e production for LHeC-RL is a true
challenge. LHeC requires at least 10 times more ¢ *s per
unit time than the ILC (Table 3). In addition, the large num-
ber of bunches per pulse or the CW operation would make
it difficult to shrink the ¢ emittance in a damping ring
Candidate polarized e™ production schemes for LHeC-RL
include an ERL Compton source for CW operation, and
cither an undulator source using the spent ¢~ beam or a
linac-Compton source for pulsed operation. As an exam-
ple, the e~ beam from a 100mA ERL could Compton scat-
ter off 0.6 I laser pulses in 10 optical cavities, generating
4.8 x 101 y's/bunch, which upon hitting a target would
create 4 x 10% e'/bunch. Any margin could be used to
reduce the emiltance by collimation. Another proposal is

extremely fast damping in a laser cooling ring. A further
idea for 60-GeV ERL operation is to not only recover the
energy, but also to recycle a large fraction of the e with
good emittance, relaxing the e | source requirements.

CONCLUSIONS

An LHeC could provide high-energy high-luminosity
otp and eA collisions.  Two major designs are
under study, a ring-ring option with luminosities of
10%% cm~2s~ ! and energies limited to 80 GeV, and a linac-
ring option with similar luminosity using energy recovery
and the possibility of an extension to higher energies. Tn-

jection to the ring may be provided by operating the SPL as

an electron accelerator, possibly complemented by recircu-
lation to reach a few tens of GeV electron beam energsy
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INTERACTION REGION (IR)

Several points are to be considered for the IR design: (1)
the focusing to small 3 ., which favors quadrupole mag-
nets close to the IP; (2) the separation of the two beams
either with a crossing angle, requiring proton crab cavities,
or with a bending system [6], raising issues of SR shielding,
and parasitic collisions; (3) the particle-physics request for
a large angular acceptance of at least 10°, but preferably 1°.
In view of the smaller e~ beam divergence at the collision
point, the detector acceptance for the RL option is likely
to be larger than for RR. An interesting proposal for LHeC
is a superconducting magnet calorimeter, which would be
part of the detector and of the machine [13].

LEPTON SOURCES

The e~ beam for the linac can be produced from a polar-
ized dc gun with a normalized rms emittance between 10
and 100 ym.

While for LHeC-RR a rebuilt conventional et source
would suffice, the e production for LHeC-RL is a true
challenge. LHeC requires at least 10 times more e ™’s per
unit time than the ILC (Table 3). In addition, the large num-
ber of bunches per pulse or the CW operation would make
it difficult to shrink the et emittance in a damping ring.
Candidate polarized e production schemes for LHeC-RL
include an ERL. Compton source for CW operation, and
either an undulator source using the spent e ~ beam or a
linac-Compton source for pulsed operation. As an exam-
ple, the e~ beam from a 100 mA ERL could Compton scat-
ter off 0.6 J laser pulses in 10 optical cavities, generating
4.8 x 10'° ~’s/bunch, which upon hitting a target would
create 4 x 10% eT/bunch. Any margin could be used to
reduce the emittance by collimation. Another proposal is

extremely fast damping in a laser cooling ring. A further
1dea for 60-GeV ERL operation is to not only recover the
energy, but also to recycle a large fraction of the et with
good emittance, relaxing the e T source requirements.

CONCLUSIONS

An LHeC could provide high-energy high-luminosity
etp and etA collisions. Two major designs are
under study, a ring-ring option with luminosities of
10%% em—2s~! and energies limited to 80 GeV, and a linac-
ring option with similar luminosity using energy recovery
and the possibility of an extension to higher energies. In-
jection to the ring may be provided by operating the SPL as
an electron accelerator, possibly complemented by recircu-
lation to reach a few tens of GeV electron beam energy.
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LHeC luminosity vs energy

luminosity [10 7 ecm™s "]

lepton ring
T [5x higher for N=98%]

ERL (CW, n=90%)

pulsed linac

60 30 100 120 140
energy [GeV]



example LHeC parameters

LHeC-RR LHeC-RL LHeC-RL LHeC-RL ILC XFEL
high lumi 100 GeV high energ

e~ energy at IP [GeV] (2%x)250 20
luminosity [10%2 cm—2s71] 200 N/A
bunch population [1019] 5.6 0.197 (0.02H) 0.3(1.5) 0.2 (1.0 2 0.6
e~ bunch length [um] ~10,000 300 300 300 300 24
bunch interval [ns] s a 50 (250) 50 (250) 369 200
norm. hor.&vert. emittance [pm] 4000, 2500 50 50 50 10, 0.04 1.4
average current [mA] 135 71 (0.7%) 0.5 0.5 0.04 0.03
rms [P beam size [um | 44,27 7 7 7 0.64,0.006 N/A
repetition rate [Hz] CW CW 10 [5% d.f.] 10[5%d.f] 5 10
bunches/pulse N/A N/A 71430 14286 2625 3250
pulse current [mA] N/A N/A 10 10 9 25
beam pulse length [ms] N/A N/A 5 5 1 0.65
cryo power [MW] 0.5 20 4 6 34 3.6
total wall plug power [MW] 100 100 100 100 230 19

Example LHeC-RR and RL parameters.
luminosity optionmarked by
those with

Nez=90%;

S

St

included for comparison. Note that optimization of the RR
luminosity for different LHCbeam assumptions leads to similar
luminosity values of about 10%3cm™?s™!

Numbers for LHeC-RL high-
assume energy recovery with
refer to Mgpr=0%.ILC and XFEL numbers are



positrons for RL LHeC

true challenge: 10x more e*than ILC!
large # bunches - damping ring difficult

T. Omori,

candidate e* sources under study (POSIPOL coll.): ***%2°%

- ERL Compton source for CW operation

e.g. 100 mA ERL w. 10 optical cavities
- undulator source using spent e- beam
- linac-Compton source for pulsed operation

complementary options: collimate to shrink emittance,
extremely fast damping in laser cooling ring?,
recycle e+ together with recovering their energy?

T. Omori,
J. Urakawa
et al



Alessandro Vivoli’s simulations

June 2008
il /‘\‘ simulated e+
€4, [MelV-c yield [et/e-] | Vield for
i z . amorphous W
> target of varying
10 al thickness hit by
d Bl kY beam [y.k,
/ =20um, o, =20
0 um, $=10 m]
0 1 2 3 4 5 6 7 8 9 (helow)

with 5 interaction points, with bunch
charge 1.6nC (10710 e-) and the energy of
the laser in each interaction point was 0.6
Joules (challenging).



comments from Vivoli san 29.03.2009 — ultimate target limit

The Peak Energy Deposition Density for Tungsten target 1s 35J/g. So this 1s
the limit that should not be exceeded for pulse. I also checked the energy
deposited by the photons in the target in my EGS simulations for ILC and I
found that for a photon beam of mean energy = 27.7 MeV each photon
deposits around 0.83 MeV of energy, in a volume of about 0.032 cm?. Since
the density of Tungsten is 19.25 g/cm3 we get roughly a PEDD = 2.2e-13 J/g
for photon. So, we can have a maximum of 1.6e14 photons per pulse,
impinging the target. If we assume a Yield e+/gamma = 2%, we get a
maximum number of captured e+ = 3el2 per pulse. The normalized
emittance of the positrons captured for the ILC was about 6500 micron
transversal. You can scale the emittance and the Yield almost proportionally,
since the transversal distribution [in which space or phase space?] of the
positrons in the solenoid is roughly uniform.

my question:
if we ask for 50 um transverse emittances in x & y can we have
3e10 or 3e8 e+ / pulse?



Vitaly Yakimenko, June 2009
“| believe that conclusions in the PAC’09 paper are

correct: Linac Compton is challenging and can be done
(technically) for the pulsed mode. Cost can be the
limiting factor as multiple targets/capture (3-5)
operating in parallel will be needed to generate 10x ILC
Intensity.

~30-50 gammas are needed for 1 positron

~10 gammas can be generated by each electron (10%
of the e-beam power is converted to the gammas in 10
laser IPs)

6 GeV pulsed drive linac with ~ 5-10nC electron
bunches and 5 times higher than required average
positron current is needed

This would be the main cost of the source.”



Vitaly Yakimenko, June 2009
“Similarly to photon collider one can 1J<¥ cus electron’s ang

result gamma beam at the target (not at the Compton IP).
Electron beam will be ~4 times larger in area at Compton IPs.
This can be compensated by ~4 times higher circulated laser
energy. Does not seem like a showstopper as it was limited
before by the nonlinear effects of the Compton scattering and

not by the laser.
The resulting normalized emittance will be

8NNO'G,e+ Gybeam Ve+ where
06,e+ ~14 Mev/Ee+ Sqrt(Ltarget/XO) ” 2O/Ye+
This means that 0., <5 um on the target

Does not look like a big problem for the replica of 6 GeV
beam. Radiation damage of the target material could be a
problem. Mercury Jet?”



guestions:

what is the ILC design to compare with?
what determines the charge per e- bunch?
do we need multiple targets?

what is the price of such system?

can we use the same argumentation
for other sources?

why is Vivoli-san’s emittance higher?



other source options we could consider:

* ERL Compton scheme for cw operation
(Omori san?)

e undulator scheme using spent beam for

pulsed operation (lan Bailey san?
Clarke san?)

* polarized bremsstrahlung source? (??)



