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The projected lifetime of the LHC low-beta quadrupoles and evolution of the statistical error halving time
call for an LHC luminosity upgrade by the middle of the coming decade. In the framework of the EU CARE-
HHH network, two scenarios have been developed for increasing the LHC peak luminosity by a factor 10, to
10*% cm™2s™! (“sLHC”). Both scenarios imply a rebuilding of the high-luminosity interaction regions (IRs) in
combination with a consistent change of beam parameters. However, their respective features, bunch structures,
IR layouts, merits and challenges differ substantially. In either scenario luminosity leveling during a store would
be advantageous for the physics experiments. Longer-term R&D efforts are devoted to a higher-energy hadron
collider (“vLHC”), which could be realized on a green field or as a later and more radical LHC upgrade.

1. INTRODUCTION

The Large Hadron Collider (LHC) will collide
two proton beams with a centre-of-mass energy
of 14 TeV at design and ultimate luminosities
of 10%* em~2s7! and 2.3 x 103* cm™2s~!. The
LHC proton beams will cross each other at the
four detectors of the two high-luminosity exper-
iments ATLAS and CMS, the B physics experi-
ment LHC-B, and the ion experiment ALICE.

Simple models for the LHC luminosity evolu-
tion over the first few years of operation [1] in-
dicate that the IR quadrupoles may not survive
for more than 8 years due to high radiation doses,
and that already after 4-5 years of operation the
halving time of the statistical error will exceed 5
years. Either consideration stresses the need for
an LHC luminosity upgrade around 2015. This
upgrade could consist of two stages, the first one
consolidating the nominal performance and pro-
viding a luminosity of up to 3 x 10%* cm~2s~! and
the second one increasing the luminosity to ten
times the nominal, i.e. to 10%° cm™2s~! Possible
LHC upgrade paths, first examined around 2001
[2], are being further developed by the CARE [3]
HHH network [4], in collaboration with the US
LARP [5].
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2. BEAM PARAMETERS

Near the beam-beam limit with alternating
planes of crossing at two interaction points (IPs),
the luminosity can be expressed as [6]

L~ f;e—;;)’ynb%Nb Abe Fproﬁlthg ) (1)
where AQyp, denotes the total beam-beam tune
shift, limited to about 0.01 according to experi-
ence at previous hadron colliders, fi, the revo-
lution frequency, Fpronle a form factor that de-
pends on the longitudinal profile (equal to 1 for a
Gaussian and /2 for a uniform profile) and Fig
the reduction factor due to the hourglass effect,
which is relevant for bunch lengths comparable
to, or smaller than, the IP beta function. Colli-
sion of round beams is assumed. Other variables
are defined in Table 1, which compares parame-
ters for the nominal and ultimate LHC with those
for two upgrade scenarios (abbreviated “ES” and
“LPA”). The upgrade parameters in (1) which
differ from the ultimate LHC configuration are
5*7 Nba Abe; Fproﬁle and ny for LPAa and ﬂ*a
AQupy and Fig in the ES scheme.

In the “early-separation” (ES) scenario [7]
one stays with the ultimate LHC beam, squeezes
5* down to about 10 cm in ATLAS and CMS; and
adds early-separation dipoles inside the detectors
starting at about 3 m from the IP. Optionally,
ES could also include a quadrupole doublet at



Table 1
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Parameters for the (1) nominal and (2) ultimate LHC compared with those for the two upgrade scenarios
with (3) more strongly focused ultimate bunches with early separation at 25-ns spacing [ES], (4) longer
intense flat bunches at 50-ns spacing in a regime of large Piwinski angle [LPA]. The numbers refer to the

performance without luminosity leveling.

parameter symbol nominal  ultimate ES LPA
number of bunches np 2808 2808 2808 1404
protons per bunch Ny [10M] 1.15 1.7 1.7 4.9
bunch spacing Atgep [ns] 25 25 25 50
average current I [A] 0.58 0.86 0.86 1.22
normalized transverse emittance ~ve [um] 3.75 3.75 3.75 3.75
longitudinal profile Gaussian Gaussian  Gaussian  uniform
rms bunch length o, [cm] 7.55 7.55 7.55 11.8
beta function at IP1&5 B [m] 0.55 0.5 0.08 0.25
(effective) crossing angle 0. [prad) 285 315 0 381
Piwinski angle 0] 0.4 0.75 0 2.01
hourglass factor Fig 1.00 1.00 0.86 0.99
peak luminosity L [10** cm~ 2571 1.0 2.3 15.5 10.6
events per crossing 19 44 294 403
rms length of luminous region Olum [mMm)] 45 43 53 37
initial luminosity lifetime 71, [h] 22.2 14.3 2.2 4.5
average luminosity (T, = 10 h) L,y [10%* cm=2s71] 0.5 0.9 24 2.5
optimum run time (T, = 10 h) Trun [h] 21.2 17.0 6.6 9.5
average luminosity (Tta = 5 h) Loy [103% cm=2s71] 0.6 1.2 3.6 3.5
optimum run time (Ti, = 5 h) Tyun [h] 15.0 12.0 4.6 6.7
e-cloud heat load for 0. = 1.4 P.. [W/m] 1.07 1.04 1.0 0.4
e-cloud heat load for 0. = 1.3 P [W/m] 0.44 0.6 0.6 0.1
SR heat load Psg [W/m] 0.17 0.25 0.25 0.36
image-current heat load P [W/m] 0.15 0.33 0.33 0.70

about 13 m from the IP [8]. The ES scenario im-
plies installation of new hardware inside the AT-
LAS and CMS detectors, as well as, most likely,
the first ever hadron beam crab cavities. The
latter would gain a factor 2 to 5 in luminosity
[7] by ensuring an effective Piwinski angle equal
to zero. Their presence is assumed in Table 1.
The maximum bunch intensity Ny is linked to the
limit on the total beam-beam tune shift for two
IPs, via |[AQuw| = NprpB*/(2my0*?), where o*
denotes the transverse rms beam size at the IP.
A corresponding IR layout is sketched in Fig. 1.
Its merits are the negligible effect of most long-
range collisions thanks to the early separation,
the absence of any geometric luminosity loss ex-
cept for the hourglass effect, and no increase in

the beam current beyond ultimate. Challenges in-
clude the early separation dipoles ‘D0’ deep inside
the detector, the optional s.c. quadrupole dou-
blet ‘Q0’, also embedded, strong larger-aperture
low-08 quadrupoles based on NbzSn, use of crab
cavity for hadron beams [9], the remaining 4 par-
asitic collisions at 4-50 separation, a significant
off-momentum beta beating which may degrade
collimation efficiency, plus low beam and lumi-
nosity lifetimes (proportional to 5*).

In the “large Piwinski angle” (LPA) sce-
nario the bunch spacing is doubled, to 50 ns;
longer, longitudinally flat, and more intense
bunches are collided with a large Piwinski an-
gle of ¢ = 0.0./(20*) =~ 2; the IP beta func-
tion is reduced by a more moderate factor of 2
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to /* =~ 25 c¢m; and long-range beam-beam wire
compensators [10] are installed upstream of the
inner triplets. This regime of large ¢ and uniform
bunch profile allows raising the bunch intensity
Ny in (1) and thereby the luminosity, since length-
ening the bunches in proportion to N, maintains
a constant value of AQp,. Figure 2 illustrates
the IR layout for this upgrade option. Its merits
are the absence of accelerator elements inside the
detector, no crab cavities, reduced IR chromatic-
ity, and relaxed IR quadrupoles (for 8* ~ 25 cm
various possible optics solutions based on large-
aperture NbTi quadrupoles exist [11]; though the
survival of the latter at high luminosity still re-
mains to be demonstrated). Challenges are the
operation with large Piwinski angle, unproven for
hadron beams, the high bunch charge, in particu-
lar the beam production and acceleration through
the SPS, the larger beam current, and, lastly, the
(almost established) wire compensation.

\e
"&“Q’
Qs“\a‘\; c aq'\’ﬂ

o

ultimate bunches & near head-on collision :

DO dipole
QO quad’s

Figure 1. Possible interaction-region layout for
the early-separation (ES) scheme, with highly
squeezed optics (5* ~ 8 cm).

Figure 3 compares the luminosity evolution for
the two scenarios. A turn-around time (the time
between the end of a collision run and the start
of the next collisions) of 5 h and the correspond-
ing optimum run durations from Table 1 are as-
sumed. The dashed lines indicate the respective
time-averaged luminosities. The instantaneous
luminosity decays as L(t) = L/(1 + t/7eq)? with
Tef = nbNb(O)/(izUtotn[P) the effective beam
lifetime due to burn-off at the collision points,
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Figure 2. Interaction-region layout for large-
Piwinski-angle (LPA) upgrade with an IP beta
function of 0.25 m.

otot ~ 100 mb the relevant total cross section,
nyp the number of IPs, and L the initial peak
luminosity. The optimum average luminosity is
Lo = IA/Teﬁ‘/(Telfé2 + Ttla/z)Q), where Tj, denotes
the turn-around time. The optimum run time
Trun is the geometric mean of effective lifetime
and turn-around time: Ty, = V/Teplta. In Fig. 3
it can be seen that the luminosity for the ES sce-
nario starts higher, but decays faster than for the
LPA case, leading to shorter runs. The average
luminosity values are nearly identical. The high
initial peak luminosity for ES may not be useful
for physics in view of possibly required set-up and
tuning periods. On the other hand, the average
event pile up for the ES option is about 30-40%
lower than that for the LPA case.

Either upgrade scenario may be adapted for
crab-waist collisions [12] by operating with flat
beams with 3, > 3,, which would also make op-
timum use of the available aperture in the low-
beta quadrupoles [13].

The LHCD detector is special due to its asym-
metric location. In the case of LPA, LHCb runs
are still possible by adding low-charge satellite
bunches in between the main bunches. Other-
wise, LHCb would have no collisions. For the ES
scenario, colliding beams at LHCb during the sec-
ond half of each store at enlarged beta function
is an option which may also be compatible with
the two high-luminosity experiments.
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Figure 3. Ideal luminosity evolution for the ES
(red) and LPA scenarios (blue), considering the
optimum run duration for a turn-around time of
5 h. The dashed lines indicate the corresponding
time-averaged luminosities.

3. LUMINOSITY LEVELING

Smaller pile up at the start of a physics run,
and higher luminosity at the end of each run
would be desirable. Such luminosity leveling
could be accomplished by dynamic 8* squeeze,
crossing angle variation [14] or changes in the
crab rf voltage for ES, and equally by dynamic Gx
squeeze or via bunch-length reduction for LPA.

Leveling provides a constant luminosity, equal
to Lo, and the beam intensity then decreases lin-
early with time t as Ny = Nyg — LoOtotnrp/npt.
The accessible intensity range ANpmax is lim-
ited, e.g., by the range of the leveling vari-
able, for example by the minimum value of
B*, so that the length of a run amounts to
Trun = ANpmaxt/(Lootornrp), and the aver-
age luminosity with leveling becomes Ly 1ev =
Lo/ (1 + ANb,maxanta/(LOUtotnIP))~ Table 2
compares event rates, run times, and average lu-
minosity values achievable in ES and LPA. In case
of 3* variation, the tune shift decreases during the
store, while when leveling via the bunch length or
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Table 2
Event rate, run time, and average luminosity for
the two upgrade scenarios with leveling.

ES LPA
events/crossing 300 300
optimum run time N/A 25h

av. luminosity [10%* em™2s7!] N/A 2.6

events/crossing 150 150
optimum run time 25h 14.8h
av. luminosity [103 em™2s7!] 2.6 2.9
events/crossing 75 75
optimum run time 99h 26.4h
av. luminosity [103 em™2s7!] 2.6 1.7

crossing angle the tune shift increases. For lev-
eling with dynamic 8* squeeze, the sensitivity of
the average luminosity to the minimum (* per-
mitted by the IR optics greatly depends on the
chosen number of events per crossing, as is illus-
trated in Fig. 4 for LPA.
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Figure 4. Average luminosity (left) and run time
(right) vs. final §* for LPA with §* leveling.

4. HIGHER-ENERGY COLLIDER

A strong physics case calls for higher beam en-
ergies. The 2001 design study of a Very Large
Hadron Collider (VLHC) [15] with a circumfer-
ence of 233 km foresees a staged construction.
The first stage would use inexpensive 2-T NbTi
‘transmission-line’ dipole magnets and reach 40-
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TeV center-of-mass energy, while the second stage
based on 10-T NbsSn magnets would provide a
c.m. energy of 175 TeV. The staged construction
in the same tunnel is a time-tested formula for
success, see e.g. the FNAL Main Ring and the
Tevatron, or LEP and LHC. At both stages, the
VLHC design peak luminosity is similar to that of
the nominal LHC. The main cost driver for stage
1 is the underground civil engineering. The key
R&D items for stage 2 are the 10-T magnets, the
vacuum system with large radiated power, and
photons stops. A dipole field of about 10 T was
found to be best for beam dynamics reasons. Sev-
eral designs exist for high-field s.c. dipole magnets
based on NbgSn. The optimum size of the cooling
pipe and of the beam-screen temperature depend
on the synchrotron radiation power emitted per
unit length. Room-temperature photon stops will
decrease the refigerator power and permit reach-
ing higher energy and luminosity [17]. These pho-
ton stops are practical only in a ring with large
circumference like the VLHC.

An LHC energy doubler would require dipole
magnets with a design field around 19 T, includ-
ing some margin. 10-14 T fields were demon-
strated in several 1-m long NbzSn dipole mod-
els [16]. At LBNL a proof-of-principle magnet
with a small 10-mm aperture even reached 16
T [16,18]. CARE-NED [19] aims at developing
a large-aperture (up to 88 mm), 15-T dipole-
magnet model. Development and subsequent
construction of 19-T NbsSn magnets may require
close to 20 years, before an LHC with twice the
energy could become reality.

More ambitious would be an LHC energy
tripler, for which a design magnet field of about
28 T is necessary. A 24 or 25-T block-coil
dipole is being explored by Texas A&M Univer-
sity [20]. The proposed magnet design employs
high-T.. superconductor (Bi-2212) in inner high-
field windings and NbsSn for outer low-field wind-
ings. The > 20-T magnet technology is still to be
fully demonstrated and 20 years or more may be
needed only for the development.

5. CONCLUSIONS

LHC luminosity leveling should be seriously
considered as it allows for a more regular flow
of events at a moderate decrease in average lu-
minosity. The large-Piwinski angle (LPA) option
for the LHC upgrade entails less risk and less un-
certainties, but it has the drawback of the larger
bunch population. The early-separation (ES) op-
tion is an optimal back up until we have gained
experience with the real LHC. The 2001 design
proposal for a staged VLHC contains many strin-
gent arguments. The operation of an energy-
doubled LHC at 28 TeV c.m. energy may start
at the earliest around 2025. A VLHC stage 1
could turn on at about the same time.
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