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Abstract

Calliding 7-TeV LHC super-buncheswith 75-GeV CLIC
bunch trains can provide electron-proton collisions at very
high centre-of-mass energies, opening up a new window
into QCD. At the same time, this QCD Explorer (QCDE)
would employ several key components required for both
an LHC upgrade and CLIC. We here present a possible pa-
rameter set of such a machine, study the consequences of
the collision for either beam, and estimate the attainable
[uminosity.

INTRODUCTION

It has been suggested that a linac-ring type electron-
proton collider (linac-ring colliders were first proposed in
Refs. [1, 2]) could extend the low-x reach of HERA by at
least two orders of magnitude and might provide discover-
ies that are as fundamental for the QCD as is the Higgs
for the electro-weak interactions (see [3] and references
therein).

The nominally 2808 LHC bunches are spaced at atypical
distance of 25 nsand are spread out over arevolution period
of about 100 us. On the other hand, the CLIC beam con-
sists of 154 bunches spaced by 0.66 ns, and extending over
about 100 ns. If we were to collide these two beams, the
luminosity would be bound to be low, as only few bunches
of either beam would participate in the collisions. It is dif-
ficult to increase the length of the CLIC bunch train. On
the other hand, one option for afuture LHC luminosity up-
grade yielding a luminosity of about ten times the nominal
is to combine the 2808 small bunches into a few super-
bunches with a total length of about 300 m. Tailored to
alength of about 30 m an LHC proton superbunch would
be the ideal counterpart of the CLIC bunch train. Then
all CLIC bunches and a significant part of the LHC beam
(10%) would contribute to the electron-proton luminosity.
The advantage of the proton superbunch is evident from the
schematic comparison in Fig. 1.
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Figure 1: Bunch filling patternsin LHC and CLIC for the
nomina LHC (left) and with an LHC superbunch (right).

PARAMETERS

Possible proton and electron beam parameters are listed
in Table 1. The proton parameters are those considered for
an LHC superbunch upgrade [4], while the electron beam

parameters, especially emittances and IP beta functions,
are relaxed compared with the ultimate CLIC target val-
ues and could be easily produced by a photo-rf gun without
the need of a damping ring. For example, the transverse
normalized electron-beam emittance is taken to be 73 um
in both planes. This is more than 100 and 10000 times
larger than the 3-TeV CLIC design value of 0.45 pm for
the horizontal emittance and of 3 nm for the vertical, re-
spectively. While a smaller electron beam might have its
merits, we have assumed, for simplicity, equal beta func-
tions and equal geometric emittances for the two beams.
This equality minimizes the nonlinear forces experienced
by the proton beam, while at the same time it does not sig-
nificantly sacrifice luminosity.

Highest luminosity and maximum symmetry is achieved
by colliding the two beams head on over alength i1z. They
can be separated easily by rather weak dipole magnets,
sincethe electron beam-energy isonly 1% of the proton en-
ergy. It could be advantageous to separate the beams at one
side horizontally and on the other vertically, thereby can-
celling part of the long-range beam-beam tune shifts[5]. A
schematic of the IR layout is shown in Fig. 2.
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Figure 2: Schematic of IR layout, with horizontal and ver-
tical dipolesfor combining and separating the electron and
proton beams.

LUMINOSITY AND TUNE SHIFT

We approximate the closely spaced electron bunches by
a continuous beam with line density A = Np/Lgep =~
2.3 x 10 m~!. For comparison, from Table 1 the line
density of the proton superbunch is 100 times larger: A, ~
Ny/(V60.) ~ 2.1 x 102 m~1,

The luminosity for head-on collisionsis given by

L= feon lbAcAp arctan <lI—R> , (0]
M€,y 2/3*

where [, denotes the superbunch length, /g the tota
length of the interaction region, and f..; the collision
frequency. The proton beam-beam tune shift is ¢ =
2Xerpl/(4myes, ), Wherer, isthe classical proton radius.

Figures 3 and 4 display the luminosity and the proton
tune shift as afunction of the full interaction-region length,
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Table 1: Beam Parameters

parameter symbol  electrons protons
beam energy E, 75 GeV 7 TeV
bunch population N, 4x10°  6.5x 10
rms bunch length o 35 um 124m
(Gaussian)  (uniform)
bunch spacing Lsep 0.66 ns N/A
number of bunches np 154 1
effectiveline A 2.0x 2.1x
density 10°m=*  102m™!
IP betafunction By 0.25m 0.25m
spot sizeat IP Ow,y 11 pm 11 pm
full interaction length lir 2m
norm. rms emittances e,y 73 pm 3.75 pm
collision frequency feon 100 Hz
luminosity L 1.1 x 1037 em™?s7!
beam-beam tune shift oy N/A 0.004

as computed from the analytical expressions, and assuming
the parameters of Table 1. Theslight lossin luminosity im-
plied by an increase of * to 0.5 m (the nominal value for
the LHC baselinedesign) isillustrated by thelower curvein
Fig. 3. For adecreasing betafunction, or for arising inter-
action length, the arctangent in the luminosity expression
asymptically approaches the value /2. The beam-beam
tune shift (Fig. 4) isindependent of the IP beta function.
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Figure 3: Luminosity inthe LHC-CLIC QCD Explorer ver-
sus the length of the interaction region. The luminosity is
shown for 5* = 0.25 m (top curve, blue) and for 5* = 0.5
m (bottom curve, red).

ELECTRON BEAM DISRUPTION

The electro-magnetic field of the proton beam is suffi-
ciently strong that the electrons perform several oscillations
around the centre of the proton beam. This s reflected in
the large value of the effective electron ‘ disruption’ param-
eter

2)\pr€lIR

Vez,y

l
Dy y arctan <£> ~ 430 , 2

20*

from which the number of electron oscillations during the
collision can be estimated as /D, ,,/(27) ~ 3. We simu-
lated the collision dynamics over an interaction length /g
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Figure 4: Proton tune shift in the LHC-CLIC QCD Ex-
plorer versus the length of the interaction region.

of 2 m by the simulation code GUINEA-PIG [6]. Fig-
ure 5 shows some typical electron trajectories obtained in
these simulations. Due to the el ectron-beam disruption, the
beam-beam interaction reduces the luminosity compared to
therigid-beam case considered in Eq. (1). However, for the
assumed parameters, the difference between the simulation
and the analytical estimate is only about ten percent, part
of which may be attributed to numerical noise.
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Figure 5. Simulated electron trgjectories during the beam-
beam collision. Left: Horizontal electron coordinatein mi-
crons as a function of the longitudinal position in m, for a
2-m long interaction region. Right: Projection of electron
motion onto the z — y plane.

PROTON BEAM EMITTANCE GROWTH

For the protons the linear part of the electron beam-
beam force acts like an additional quadrupole of integrated
strength Ko = 75 Noe /(105 ) = 41&ey /(B3,) , Where
the &, , is the beam-beam tune shift experienced by the
protons on aturn a which they collide with the electrons.
The additional collision introduces a beta mismatch, which
is characterized by the parameter By, = (1/2)(8v0 —
2aca + Boy) , where the Twiss parameters with subindex
0 denote the design values and those without are the mis-
matched values. In our case, the mismatch parameter is
Buag = 1+ (Keaf3;,))?/2 = 1 + (47€; 4)? /2, and, pes-
simistically assuming complete filamentation between suc-
cessive collisions, the proton-beam emittance growth per
unit time becomes (Ae, ) (At) = (Bmag — 1)€z,y feoll-
Inserting the numbers of Table 1, we obtain an intolerable
emittance growth of 10% per second. However, aterna-
tively we could consider the proton ring including electron
collisions as equivalent to a larger storage ring with about
100 times the LHC circumference and a single electron-
proton interaction point per turn. For such a configuration
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the beta functions are static and no mismatch would be in-
troduced by the electron collision.

We have modified the code HEADTAIL, originally writ-
ten for electron-cloud studies [8], to simulate the effect
of the electron-beam collision on the proton beam emit-
tance. The superbunch was frozen longitudinally. Only
the incoherent effect was simulated, by suppressing the
centroid motion. Figure 6 illustrates that the initial emit-
tance growth rateislessthan 0.20% per second, and, hence,
much smaller than our pessimistic estimate above. In addi-
tion, increasing the number of macroparticles demonstrates
that the smulated emittance growth is dominated by nu-
merical noise, and that the real emittance growth rate re-
mains below the limit accessible in this simulation.
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Figure 6: Simulation of proton-beam emittance growth due
to collision with 75-GeV electron beam at ¢ =~ 0.005
on every 111th turn, for two different numbers of macro-
particles. A modified version of the program HEADTAIL
was employed.

SYNERGIES

The CERN site offers the unique opportunity to explore
QCD in electron-proton collisions at very high beam en-
ergies that are not readily achieved elsewhere, since with
LHC and CLIC the two energy-frontier machines of either
particle species are under construction or under design, re-
spectively, at CERN.

The QCD Explorer would be complementary to an LHC
luminosity upgrade based on superbunches and it would
immediately profit from any such upgrade. If the length of
the QCDE superbunch is tailored to the CLIC bunch train,
for atotal proton beam current of 1 A at least 90% of the
LHC proton beam would be unperturbed by QCDE opera-
tion and available for LHC experiments running in parallel.

The approach described expands the physics reach of a
future LHC upgrade. It favors a certain direction of up-
grades, based on superbunches, that is compatible with a
tenfold increase in the proton-proton luminosity. At the
sametime, in the QCDE facility afirst full CLIC unit could
be demonstrated in practical operation, with rather soft re-
quirements on the main beam.
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SUMMARY

We have described anovel scheme for an ultimate QCD
Explorer based at CERN, where a portion of the 7-TeV
LHC proton beam isrepeatedly collided with 75-GeV elec-
tron bunch trains generated by a single CLIC drive-beam
unit. This concept is attractive, since it exploits and fos-
ters alarge number of possible synergies between the LHC
upgrade and the CL1C development in addition to its com-
plementary physics-discovery potential. The estimated lu-
minosity is in excess of 103! cm—2s~!. If the nominal
CLIC bunch spacing and train length were to be reduced
in the future, the length and the total charge of the proton
superbunch could be decreased as well for the same total
[uminosity.

Finally, the collider concept outlined in this note strongly
encourages further research in wide-band rf technolo-
gies required to create and maintain intense proton super-
bunches in the LHC. We remark that first machine experi-
ments with suitable novel rf units are underway at the KEK
PS[7] and, starting more recently, at CERN [9].
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