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Abstract

The projected lifetime of the LHC low-beta quadrupoles,
the evolution of the statistical error halving time, and the
physics potential all call for an LHC luminosity upgrade
by the middle of the coming decade. In the framework
of the CARE-HHH network three principal scenarios have
been developed for increasing the LHC peak luminosity by
more than a factor of 10, to values above 1035 cm−2s−1.
All scenarios imply a rebuilding of the high-luminosity in-
teraction regions (IRs) in combination with a consistent
change of beam parameters. However, their respective fea-
tures, bunch structures, IR layouts, merits and challenges,
and luminosity variation with β∗ differ substantially. In
all scenarios luminosity leveling during a store would be
advantageous for the physics experiments. An injector up-
grade must complement the upgrade measures in the LHC
proper in order to provide the beam intensity and bright-
ness needed as well as to reduce the LHC turnaround time
for higher integrated luminosity.

1 MOTIVATION AND TIME FRAME

The Large Hadron Collider (LHC) will collide two pro-
ton beams with a centre-of-mass energy of 14 TeV at de-
sign and “ultimate” luminosities of 1034 cm−2s−1 and
2.3 × 1034 cm−2s−1. The LHC proton beams will cross
each other at the four detectors of the two high-luminosity
experiments ATLAS and CMS, the B physics experiment
LHCb, and the ion experiment ALICE. The LHC is set
to explore an extremely rich physics landscape, spanning
from the Higgs particle, over supersymmetry, extra di-
mensions, black holes, precision measurements of the top
quark, the unitarity triangle, to the quark-gluon plasma [1].

Simple models for the LHC luminosity evolution over
the first few years of operation [2] indicate 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 op-
eration the halving time of the statistical error may exceed 5
years. Either consideration points out the need for an LHC
luminosity upgrade around 2016. Actually there exists
even a third reason for an LHC upgrade, which is extend-
ing the physics potential of the LHC: A ten-fold increase
in the luminosity will increase the discovery range for new
particles by about 25% in mass [1]. Detailed physics exam-
ples can be found in Ref. [3]. The particle-physicists’ goal
for the upgrade is to collect 3000 fb−1 per experiment in
3–4 years of data taking. Simlar upgrades were performed
at previous hadron colliders, where, for example, the Teva-
tron upgrade has resulted in an integrated Run-II luminos-
ity about 50 times larger than that of Run I.

The LHC upgrade could consist of a series of improve-

ments, e.g. two stages – the first one consolidating the
nominal performance and providing a luminosity of up to
3× 1034 cm−2s−1 and the second one increasing the lumi-
nosity by more than an order of magnitude from nominal,
to values above 1035 cm−2s−1.

Possible LHC upgrade paths were first examined around
2001 [4]. They have been further developed by the CARE
[5] HHH network [6], in collaboration with the US LARP
[7].

2 LHC CHALLENGES

Three major challenges faced by the LHC are collima-
tion and machine protection [8] including issues such as
damage levels, quench thresholds, cleaning efficiency, and
impedance; electron cloud [9] involving the heat load in-
side the cold magnets, instabilities, and emittance growth;
and beam-beam interaction [10], including head-on effects,
long-range collisions, weak-strong and strong-strong phe-
nomena. All these effects tend to be more severe for an
upgrade.

Another LHC challenge is related to the crossing angle,
which, together with the finite bunch length (“hourglass ef-
fect”), introduces a geometric luminosity reduction factor
[11]
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where β∗ designates the IP beta function, σz the rms (Gaus-
sian) bunch length, and φ ≡ θcσz/(2σ∗x) the so-called “Pi-
winski angle”, with θc being the full crossing angle and σ∗x
the rms transverse beam size at the interaction point (IP).

For bunches much shorter than β ∗ the reduction factor
(1) can be approximated as
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The reduction factor R(φ) decreases steeply as φ is raised
beyond nominal, e.g. for smaller β ∗ and larger crossing an-
gle, as is illustrated in Fig. 1. The nominal LHC operates
at R(φ) ≈= 0.84.

If a crab cavity is present, Eq. (1) is modified to
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where kcc ≡ 2π/λcc denotes the wave number of the crab-
cavity rf.
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Figure 1: Geometric luminosity reduction factor R(φ) due
to the crossing angle (2), as a function of the Piwinski angle
φ. The nominal LHC operating point is also indicated.

3 BEAM PARAMETERS

The crossing angle reduces not only the luminosity, but
also the beam-beam tune shift, and, thanks to this, for al-
ternating planes of crossing at two interaction points (IPs),
the luminosity can be expressed as [11]

L ≈ frevγ

2rp
nb

1
β∗

Nb ΔQbb FprofileFhg , (4)

where ΔQbb denotes the total beam-beam tune shift, lim-
ited to about 0.01 according to experience at previous
hadron colliders, frev the revolution frequency, Nb the
number of protons per bunch, Fprofile a form factor that
depends on the longitudinal profile (about 1 for a Gaussian
and

√
2 for a uniform profile) and Fhg the reduction fac-

tor due to the hourglass effect, which is relevant for bunch
lengths comparable to, or smaller than, the IP beta function.
In (4) the collision of two round beams has been assumed.
Other variables are defined in Table 1, which compares
parameters for the nominal and ultimate LHC with those
for three upgrade scenarios (abbreviated “ES”, “FCC” and
“LPA”). The upgrade parameters in (4) which differ from
the ultimate LHC configuration are 1/β∗ (×2), Nb (×2.9),
ΔQbb (×1.15), Fprofile (×√2) and nb (×1/2) for LPA, and
1/β∗ (×6.3), ΔQbb (×1.25) and Fhg (×0.86) in the ES or
FCC schemes, yielding total increases in peak luminosity
by factors of 15.5 and 10.6 above nominal, respectively.

Another important consideration for the upgrade is the
luminosity lifetime, which can be written

τlum =
1
2

Nb

Ṅb

=
nbNb

Lσ
=

4πεβ∗

frevNbσ
. (5)

The luminosity lifetime is inversely proportional to the lu-
minosity, or proportional to β ∗. The lifetime can be in-
creased only via a higher total beam current, proportional
to nbNb. This implies either more bunches nb (e.g. a pre-
viously considered scheme with 12.5-ns bunch spacing,

which was ruled out at the CARE-HHH LUMI’06 work-
shop in view of excessive heat loads [12]) or a higher
charge per bunch Nb, e.g. the LPA scheme. The effective
luminosity lifetime can also be increased via “luminosity
leveling,” namely by suitably varying the beta function, the
bunch length, or the crossing angle during a store.

4 EARLY SEPARATION SCHEME

In the “early-separation” (ES) scenario [13, 14, 15]
one stays with the ultimate LHC beam, squeezes β∗ down
to about 0.1 m in ATLAS and CMS; and adds early-
separation dipoles inside the detectors starting a few metres
from the IP. Optionally, ES could also include a quadrupole
doublet at about 13 m from the IP [16]. The ES sce-
nario implies 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 [15] by ensuring an effective
Piwinski angle equal to zero. Their presence is assumed
in Table 1. The maximum bunch intensity Nb is linked to
the limit on the total beam-beam tune shift for two IPs, via
|ΔQbb| = Nbrpβ

∗/(2πγσ∗2) = Nbrp/(2π(γε)), where
σ∗ denotes the transverse rms beam size at the IP. A maxi-
mum beam-beam tune shift of |ΔQtot| = 0.01 then trans-
lates into a maximum bunch population Nb ≈ 1.6 × 1011.
An IR layout for the ES scheme is sketched in Fig. 2.

ultimate bunches & near head-on collision

stronger triplet magnetsD0 dipole

small-angle

crab cavity

Q0 quad’s

Figure 2: Possible interaction-region layout for the early-
separation (ES) scheme, with highly squeezed optics (β ∗ ≈
0.08 m).

The merits of the ES scheme are the negligible effect
of most long-range collisions thanks to the early separa-
tion, the absence of any geometric luminosity loss except
for the hourglass effect, and no increase in the beam cur-
rent beyond ultimate. Challenges include the early sepa-
ration dipoles ‘D0’ deep inside the detector, the optional
s.c. quadrupole doublet ‘Q0’, which would also be em-
bedded, strong larger-aperture low-β quadrupoles based on
Nb3Sn, the use of crab cavities for hadron beams [17], the
remaining 4 parasitic collisions at 4–5σ separation, a sig-
nificant off-momentum beta beating (50% at δ = 3×10−4),
which may degrade the collimation efficiency plus low
beam and luminosity lifetimes (proportional to β ∗). Lumi-
nosity leveling via the crossing angle or crab voltage may
alleviate this last concern [18].
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Table 1: Parameters for the (1) nominal and (2) ultimate LHC compared with those for the three upgrade scenarios with
(3) more strongly focused ultimate bunches at 25-ns spacing with either early separation and crab cavities [ES] or full
crab crossing [FCC], and (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 or FCC LPA
number of bunches nb 2808 2808 2808 1404
protons per bunch Nb [1011] 1.15 1.7 1.7 4.9
bunch spacing Δtsep [ns] 25 25 25 50
average current I [A] 0.58 0.86 0.86 1.22
normalized transverse emittance γε [μm] 3.75 3.75 3.75 3.75
longitudinal profile Gaussian Gaussian Gaussian uniform
rms bunch length σz [cm] 7.55 7.55 7.55 11.8
beta function at IP1&5 β∗ [m] 0.55 0.5 0.08 0.25
(effective) crossing angle θc [μrad] 285 315 0 381
Piwinski angle φ 0.4 0.75 0 2.01
hourglass factor Fhg 1.00 1.00 0.86 0.99
peak luminosity L̂ [1034 cm−2s−1] 1.0 2.3 15.5 10.6
events per crossing 19 44 294 403
rms length of luminous region σ lum [mm] 45 43 53 37
initial luminosity lifetime τL [h] 22.2 14.3 2.2 4.5
average luminosity (Tta = 10 h) Lav [1034 cm−2s−1] 0.5 0.9 2.4 2.5
optimum run time (Tta = 10 h) Trun [h] 21.2 17.0 6.6 9.5
average luminosity (Tta = 5 h) Lav [1034 cm−2s−1] 0.6 1.2 3.6 3.5
optimum run time (Tta = 5 h) Trun [h] 15.0 12.0 4.6 6.7
e-cloud heat load for δmax = 1.4 Pec [W/m] 1.07 1.04 1.0 0.4
e-cloud heat load for δmax = 1.3 Pec [W/m] 0.44 0.6 0.6 0.1
SR heat load PSR [W/m] 0.17 0.25 0.25 0.36
image-current heat load Pic [W/m] 0.15 0.33 0.33 0.70

Complementary Crab Cavities

In the ES scheme the geometric luminosity loss for a
large crossing angle can be reduced either by bunch short-
ening rf or by crab cavity rf. It is instructive to compare the
voltage required for the two cases [19].

The voltage required for bunch shortening is

Vrf ≈
[

ε2||,rmsc
3Cη

E0eπfrf

]
1
σ4

z
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[

ε2||,rmsc
3Cη

E0eπfrf

]
θ4

c

φ4 16 σ∗ 4
x

.

(6)
Equation (6) reveals an unfavorable scaling of the rf volt-

age with the 4th power of the crossing angle and the inverse
4th power of the IP beam size. The voltage can be de-
creased, to some extent, by reducing the longitudinal emit-
tance (but limits come from intrabeam scattering, loss of
Landau damping, and the injectors) and by increasing the
rf frequency (the voltage scales inversely with the rf fre-
quency).

By contrast, assuming horizontal crossing, the crab cav-
ity voltage required is

Vcc =
cE0 tan (θc/2)
e2πfrf,ccR12

≈ cE0

e4πfrfR12
θc . (7)

It is linearly proportional to the crossing angle and indepen-
dent of the IP beam size. The voltage scales with 1/R12,

where R12 is the (1,2) transport matrix element from the
location of the crab cavity to the IP. As in the case of
the bunch shortening rf, the crab-cavity voltage is also in-
versely proportional to the crab-rf frequency.

Figure 3 illustrates the voltages required for bunch short-
ening and for crab cavities, respectively, as a function of the
crossing angle. The attractivity of crab cavities is evident.
Figure 4 highlights the luminosity gain from a crab cav-
ity for the ES and FCC schemes with an IP beta function
β∗ of 0.11 m. The residual ∼15% luminosity reduction at
zero crossing angle is due to the hourglass effect, as β ∗ is
comparable to the bunch length.

5 FULL CRAB CROSSING SCHEME

Crab cavities with sufficiently large total voltage could
provide the same luminosity, and would allow for identi-
cal beam parameters, as the early separation (ES)) scheme,
while avoiding the need for accelerator magnets inside the
detectors. Possible beam parameters for such “full crab
crossing” (FCC) scenario are identical to those of the ES
scheme, as is indicated in Table 1. A corresponding IR lay-
out is sketched in Fig. 5.

In the FCC scheme the crossing angle could be raised
to any value supported by the triplet aperture and the crab-
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Figure 3: Bunch shortening rf voltage required to maintain
a constant value R(φ) = 0.68 and crab-cavity voltage as a
function of the full crossing angle, for different rf frequen-
cies and longitudinal emittances. The curves are computed
from Eqs. (6) and (7). An IP beam size of 11.7 μm and
R12 = 30 m from the crab cavity to the IP are assumed
[19].

cavity system. For example, a transverse beam-beam sep-
aration of 8σ at the parasitic collisions is likely to be suf-
ficient for avoiding performance degradation due to long-
range beam-beam effects, provided a long-range wire com-
pensation is also put in place.

The merits of the FCC scheme are the absence of any
geometric luminosity loss except for the hourglass effect,
no parasitic collisions at reduced separation, the absence of
accelerator elements inside the detector, and no increase in
the beam current beyond ultimate. A few of the ES chal-
lenges remain for FCC, namely the required strong larger-
aperture low-β quadrupoles based on Nb3Sn, the use of
crab cavities for hadron beams (with 60% higher crab volt-
age than for ES), a significant off-momentum beta beating
(50% at δ = 3×10−4), plus low beam and luminosity life-
times. Luminosity leveling via the crab voltage would be
an option.

As an illustration, we consider an IP beta function β ∗ =
0.08 m, a crab cavity operating at 400 MHz and a typi-
cal (1,2) transport matrix element R12 ≈ 30 m between
the crab cavity and the IP. In this case the crossing angle
needed for ES would be about 0.4 mrad (with 5σ separa-
tion), compared with 0.64 mrad for FCC (8σ separation).
Using (7) these numbers translate into local crab-cavity
voltages of 5.6 MV for ES and 9.0 MV for FCC. In other
words, a 60% increase in the total crab voltage would be
equivalent to the early-separation dipole.

   0.2    0.4    0.6    0.8    1

0.2

0.4

0.6

0.8

1

no crab cavityno crab cavity
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Figure 4: Luminosity reduction factor as a function of
crossing angle without a crab cavity, and with a crab cavity
operated at 400 MHz and 800 MHz, respectively, assuming
β∗ = 0.11 m. A crossing angle of 5 times the rms diver-
gence (5 σ separation at the closest long-range encounters)
would be 0.34 mrad, while 8σ separation at the closest par-
asitic encounters would translate to a 0.54-mrad crossing
angle.

ultimate bunches & crossing angle

stronger triplet magnets

crab cavity

Figure 5: Possible interaction-region layout for the full
crab-crossing (FCC) scheme, with highly squeezed optics
(β∗ ≈ 0.08 m).

6 LARGE PIWINSKI ANGLE SCHEME

In the “large Piwinski angle” (LPA) scenario the bunch
spacing is doubled, to 50 ns; longer, longitudinally flat, and
more intense bunches are collided with a large Piwinski
angle of φ ≡ θcσz/(2σ∗) ≈ 2; the IP beta function is re-
duced by a more moderate factor of 2 to β ∗ ≈ 0.25 m;
and long-range beam-beam wire compensators [20] are in-
stalled upstream of the inner triplets. This regime of large
φ and uniform bunch profile allows raising the bunch inten-
sity Nb in (4) and thereby the luminosity, since lengthening
the bunches in proportion to Nb maintains a constant value
of ΔQbb. Figure 6 illustrates the IR layout for this upgrade
option.

The merits of the LPA scheme are the absence of ac-
celerator elements inside the detector, no crab cavities, re-
duced IR chromaticity, and relaxed IR quadrupoles. For
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β∗ ≈ 0.25 m various possible optics solutions based on
large-aperture NbTi quadrupoles exist [21], though the sur-
vival of the latter at high luminosity still remains to be
demonstrated. Challenges are the operation with large Pi-
winski angle, unproven for hadron beams, the high bunch
charge, in particular the beam production and acceleration
through the SPS, the larger beam current, the (almost es-
tablished) wire compensation, and an off-momentum beta
beating of about 30% at δ = 3 × 10−4. The level of
off-momentum beta beating is about half that of the ES
scheme, but approximately two times larger than for the
nominal LHC, and likely to impact the collimation clean-
ing efficiency.

long bunches & nonzero crossing angle & wire compensation

wire
compensator

stronger triplet magnets

Figure 6: Interaction-region layout for large-Piwinski-
angle (LPA) upgrade with an IP beta function of 0.25 m.

FLAT BUNCHES AND LARGE φ

The merits of longitudinally “flat” bunches and a large
Piwinski angle can be unveiled more clearly by rewriting
the luminosity expression in terms of the maximum beam-
beam tune shift (which is taken to be the same and constant)
for bunches with both Gaussian and uniform profiles.

As before and as appropriate for the LHC upgrade, we
consider two interaction points (IPs) with alternating cross-
ing. If the crossing angle is small, θc � 1, the transverse
IP beam size smaller than the bunch length, and the latter
smaller than the IP beta function, σ∗ � σz � β∗, and if
furthermore the Piwinski angle is larger than 1, φ � 1, the
luminosity for bunches with Gaussian longitudinal profile
can approximately be written [22]

Lgauss ≈ 1
2

frevnbγ

rpβ∗
ΔQbbNb , (8)

where ΔQbb denotes the total linear beam-beam tune shift
from the two interaction points, experienced at the center
of the bunch.

Also for our second case of longitudinally “flat” bunches
we assume a reasonably small crossing angle, θc � 1. If
in addition, the crossing angle is larger than the rms beam
divergence, θc �

√
εN/(γβ∗) (a logical requirement if

the crossing angle is meant to separate the beams at the
next parasitic encounter), and if the total bunch length l b

is larger than the effective extent of the beam intersection,

lb � σ∗/θc, we can re-express the luminosity for bunches
with flat longitudinal profile as [22]

Lflat ≈ 1√
2

frevnbγ

rpβ∗
ΔQbbNb . (9)

Comparison of (8) and (9) shows that, for the same number
of particles per bunch Nb, and the same total tune shift from
two IPs ΔQbb, the luminosity will be

√
2 ≈ 1.4 times

higher with a “flat” distribution. The above assumptions
were implicitly made when we earlier quoted the value of
the form factor Fprofile in (4).

As an additional merit, it is only in the regime of large
Piwinski angle and for flat bunches that the number of par-
ticles Nb can be increased independently of the total tune
shift ΔQbb, by lengthening the bunches.

7 CRAB WAIST COLLISIONS

All upgrade scenarios, LPA, ES and FCC, could con-
ceivably be adapted for crab-waist collisions [23] by op-
erating with flat beams with β∗x � β∗y , which would also
make optimum use of the available aperture in the low-beta
quadrupoles [24], and preferably with higher intensity and
higher brightness. In addition, crab-waist collisions require
a large Piwinski angle, such as the one for the LPA scheme,
a small beta function comparable to σ∗x/θc such as as for
the ES or FCC scheme, and crab-waist sextupoles [25].

A possible approach for implementing crab-waist colli-
sions at the LHC, therefore, is to adopt flat beams, combine
some key ingredients of the ES, FCC and LPA schemes,
and add suitable sextupoles in the IRs.

8 LUMINOSITY EVOLUTION

Figure 7 compares the luminosity evolution for the three
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 corresponding optimum run durations from Table
1 are assumed. The dashed lines indicate the respective
time-averaged luminosities.

Without leveling the instantaneous luminosity decays as

L(t) =
L̂

(1 + t/τeff)2
, (10)

with

τeff ≡ nbNb(0)
L̂σtotnIP

(11)

denoting the effective beam lifetime due to burn-off at the
collision points, σtot ≈ 100 mb the relevant total cross
section, nIP the number of IPs, and L̂ the initial peak lu-
minosity. The optimum average luminosity is

Lav =
L̂τeff

(τ1/2
eff + T

1/2
ta )2

, (12)

where Tta denotes the turn-around time. The optimum run
time Trun is the geometric mean of effective lifetime and
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turn-around time:

Trun =
√

τeffTta . (13)

In Fig. 7 it can be seen that the luminosity for the ES or
FCC scenarios 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 or FCC 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 and FCC options
is about 30–40% lower than that for the LPA case, since
there are twice as many bunches and collisions.

5 10 15 20 25 30 35

5

10

15

luminosity [10   cm   s   ]

time [h]

34 -2    -1

Figure 7: Ideal luminosity evolution without leveling for
the ES or FCC (red) and LPA scenarios (blue), assuming
the optimum run duration for a turn-around time of 5 h.
The dashed lines indicate the corresponding time-averaged
luminosities.

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 β ∗

squeeze, crossing angle variation [18] for ES, or changes in
the crab rf voltage for ES or FCC, and equally by dynamic
β∗ squeeze or via bunch-length reduction for LPA.

Leveling provides a constant luminosity, equal to L0,
and the beam intensity then decreases linearly with time
t as

Nb = Nb0 − L0σtotnIP

nb
t . (14)

The accessible intensity range ΔNb,max is limited, for ex-
ample, by the range of the leveling variable, e.g. by the
minimum value of β∗, so that the length of a run amounts
to

Trun =
ΔNb,maxnb

L0σtotnIP
, (15)

and the average luminosity with leveling becomes

Lav,lev =
L0

1 + ΔNb,maxnbTta/ (L0σtotnIP )
. (16)

Table 2: Event rate, run time, and average luminosity for
the three upgrade scenarios with leveling. Highlighted in
bold are two promising examples.

ES or FCC LPA
events/crossing 300 300
optimum run time N/A 2.5 h
av. luminosity [1034 cm−2s−1] N/A 2.6
events/crossing 150 150
optimum run time 2.5 h 14.8 h
av. luminosity [1034 cm−2s−1] 2.6 2.9
events/crossing 75 75
optimum run time 9.9 h 26.4 h
av. luminosity [1034 cm−2s−1] 2.6 1.7

Table 2 compares event rates, run times, and average lu-
minosity values achievable in the ES or FCC and LPA
schemes. In case of β∗ variation, the tune shift decreases
during the store, while for leveling via the bunch length or
crossing angle the tune shift increases. With leveling, the
sensitivity of the average luminosity to the accessible range
of the leveling parameter (β∗, bunch length or crossing an-
gle) greatly depends on the chosen number of events per
crossing, as is illustrated in Fig. 8.
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Figure 8: Average luminosity (left) and optimum run time
(right) as a function of final β∗ for ES or FCC with β∗

leveling (top) and for LPA with β∗ leveling (center), and as
a function of lb [total bunch length] for LPA with lb leveling
(bottom).
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9 LUMINOSITY REACH

Figure 9 illustrates the dependence of the geometric lu-
minosity reduction on the IP beta function. The two lower
curves refer to a crossing angle of 9.5 or 5 times the rms
IP beam divergence, respectively. The top curve represents
both the early separation scheme with complementary crab
cavity and also the full crab crossing scheme. The crab cav-
ity restores most of the geometric overlap, except at very
small β∗ values, where the hourglass reduction becomes
significant.

0 0.1 0.2 0.3 0.4 0.5 0.6
0

0.2

0.4

0.6

0.8

1
geometric reduction factor

β* [m]

9.5 9.5 σ separation separation

5 5 σ 

ES with crab ES with crab 
or FCC or FCC 

Figure 9: Geometric luminosity reduction as a function
of β∗ with 9.5σ (nominal) and 5σ separation (ES scheme
without crab cavity) at the closest long-range encounters,
as well as for arbitrary separation including crab crossing
(ES with crab cavity or FCC).

Figure 10 shows the average luminosity as a function
of β∗ for four scenarios: the large-Piwinski angle (LPA)
scheme, the early-separation (ES) scheme with either 9.5σ
or 5σ beam-beam distance at the nearest long-range en-
counters if no crab cavity is employed, as well as ES with
crab cavity or full crab crossing (FCC). The average lu-
minosity shown is the ideal value (12), with an assumed
turnaround time of 5 hours that could be provided by an
upgraded LHC injector complex. For comparison, the av-
erage luminosities and β∗ values corresponding to the nom-
inal and the “ultimate” LHC with 10-h turnaround time are
also indicated by plotting symbols.

The figure demonstrates that the performance of the ES
scheme is considerably boosted by a crab cavity, but that
both ES with crab cavity and FCC require β ∗ values be-
low about 0.1 m in order to achieve the same average lumi-
nosity as obtained for the LPA scheme with a relaxed beta
function of β∗ ≈ 0.25 m.

The LPA parameters in this example were chosen so that
|ΔQtot| ≈ 0.011 at β∗ ≈ 0.25 m. The magnitude of the
LPA tune shift decreases if β∗ is squeezed towards smaller
values, a feature which could be exploited to further raise
the integrated LPA luminosities for β∗ < 0.25, e.g. by
shortening the bunches. On the other hand, for constant
normalized separation and constant bunch length, the total

tune shift grows with increasing β∗, which may reduce the
average LPA luminosity achievable for β ∗ > 0.25 m.

0 0.1 0.2 0.3 0.4 0.5 0.6

β* [m]

0

1

2

3

4

average luminosity [10  cm  s ]34 -2 -1

ES, 9.5 ES, 9.5 σ separation separation

ES with crab cavityES with crab cavity
  or FCC   or FCC 

LPA LPA 

ES, 5 ES, 5 σ 

nominal

ultimate

Figure 10: Average luminosity as a function of β ∗ for the
large-Piwinski angle (LPA) scheme with a constant nor-
malized separation of 8.5σ and a constant bunch length; for
the early separation (ES) scheme with constant 9.5σ or 5σ
separation and no crab cavity; and for ES with crab cavity
or full crab crossing (FCC).

10 LHCB COMPATIBILITY

An upgrade of LHCb to Super-LHCb is planned, in order
to exploit luminosities up to 2 × 1033 cm−2s−1, or 2% of
the luminosity delivered to ATLAS and CMS. The LHCb
detector is special due to its asymmetric location in the
ring, which opens up a new possibility of supplying LHCb
with its target possibility.

In the LPA case with 50-ns spacing between successive
bunches in a train, we can arrange to have either colli-
sions between the 50-ns bunches or no collisions at all in
LHCb [27], depending on the distance in multiples of 25
ns which we choose between the various groups of bunch
trains distributed around the ring. At 50-ns spacing, satel-
lite bunches can be added in between the main bunches, as
is illustrated in the bottom part of Fig. 11, displaying pos-
sible bunch patterns for various LHC configurations. Such
satellites may be produced by asymmetric bunch splitting
in the PS (possibly large fluctuation). In LHCb these satel-
lites can be made to collide with main bunches at 25-ns
time intervals. The intensity of the satellites should be
lower than about 3 × 1010 protons per bunch in order to
add less than 5% to the total tune shift and also to avoid
electron-cloud problems. A beta function of about 3 m
would result in the desired luminosity equivalent to 2×1033

cm2s−1. This value of β∗ is easily possible with the present
LHCb IR magnets and layout, which allows β∗ squeezes
down to 2 m [28].

For the ES or FCC scenarios with 25-ns bunch spacing,
as well as for a different LPA filling with main-bunch col-
lisions at LHCb, the resulting head-on collisions at Super-
LHCb would contribute to the beam-beam tune shift of the
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bunches colliding in ATLAS and CMS, which would lower
the peak luminosity for the latter. Two ways out are (1)
colliding only during the second half of each store when
the beam-beam tune shifts from IP1 and 5 have sufficiently
decreased below the beam-beam limit, or (2) introducing
a transverse collision offset, albeit the latter raises con-
cerns about offset stability, interference with collimation,
poor beam lifetime, background etc. Requiring an LHCb
contribution to the total tune shift of less than 10% im-
plies transverse beam-beam offsets larger than 4.5σ, and
β∗ ≈ 0.08 m, which is incompatible with the present LHCb
IR configuration. For either option, the average luminosity
delivered to Super-LHCb is considerably lower than for the
LPA case with satellites.

25 ns

50 ns

nominal

25 ns

ultimate & ES
& FCC upgrade

LPA upgrade, with or
w/o collisions in LHCb

50 ns

LPA upgrade
with satellite
collisions
in LHCb25 ns

Figure 11: Bunch structures for nominal LHC, ultimate,
ES or FCC upgrade, LPA upgrade, and LPA with satellite-
bunch collisions at LHCb.

11 INJECTOR UPGRADE

An LHC injector upgrade is the central component of
the CERN DG’s White Papers [26]. The injector up-
grade is already needed to produce the ultimate LHC beam
(1.7 × 1011 protons per bunch with nominal beam emit-
tance). In the context of the LHC upgrade, it will also
provide a reduced turnaround time and, thereby, a higher
integrated luminosity.

In order to provide the needed beam quality and inten-
sity the existing 50-MeV proton Linac2 will be replaced
by a 160-MeV “Linac4”, and in the longer-term future ex-
tended by a 5-GeV s.c. proton linac (SPL). This will not
only render the 1.4-GeV PS booster obsolete, but in ad-
dition it will raise the injection energy of the following
storage ring PS2. The PS2 is a proposed successor of the
present PS with twice the circumference and about twice
the top energy (50 GeV). The next and last machine in the
LHC injector chain is the Super Proton Synchrotron (SPS),
which, though remaining, will be enhanced to cope with
stronger electron-cloud effects and higher beam intensity.

The upgraded injector complex is designed to deliver to
the LHC a beam with a maximum bunch intensity of 4 ×
1011 at 25-ns bunch spacing. With this injector, the beam
production for the ES scheme is straightforward. The LPA

beam, requiring a slightly higher bunch population of 5 ×
1011 at 50-ns bunch spacing, might be obtained by omitting
the last double splitting in the PS, or in the future PS2 if the
PS2 beam is still manipulated in a similar fashion as the
present SPS. Numerous techniques for bunch flattening are
at hand [29].

In the much longer term the SPS could be replaced by a
higher-energy s.c. machine that would feed a higher-energy
version of the LHC. R&D for an LHC energy upgrade is
discussed in Refs. [30, 31], while the conceptual design for
an energy tripler magnet can be found in [32].

12 CONCLUSIONS

We have presented three scenarios of the LHC luminos-
ity upgrade, all promising a peak luminosity in excess of
1035 cm−2s−1 with acceptable heat load and pile-up rate.
Luminosity leveling should be seriously considered for the
increased pile-up rates of the upgraded LHC, as it would
provide a more regular flow of events at the possible ex-
pense of a moderate decrease in average luminosity.

The early separation (ES) and full crab-crossing (FCC)
schemes both push β∗. ES requires slim magnets inside
the detector, crab cavities, and Nb3Sn quadrupoles. Also a
“Q0” doublet inside the detector could optionally be added
to achieve minimum β∗ values. FCC requires 60% stronger
crab cavities and wire compensation of residual long-range
beam-beam effect. The ES and FCC schemes are particu-
larly attractive if the total beam current in the LHC is lim-
ited. Luminosity leveling for ES and FCC can be realized
by varying β∗, θc or the crab voltage. An open issue for
ES is the effect of a few long-range collisions with reduced
separation, which is avoided for FCC.

The large Piwinski angle (LPA) scheme entails fewer
bunches of higher charge and an only moderately decreased
β∗. It can conceivably be realized with NbTi magnet tech-
nology if necessary. The “Q0” doublet may also be an op-
tion for this scenario. LPA is more flexible in regard to
collisions at LHCb. The LPA luminosity can be leveled by
varying the bunch length or β ∗. Open issues for LPA are
the beam production, transport and acceleration through
the SPS, and also hadron beam-beam effects at large Pi-
winski angle.

The off-energy beta beating compromises the collima-
tion cleaning efficiency. This is a common concern for the
three scenarios, but more severe for the lower β ∗ value of
ES or FCC. The crab-waist scheme is yet another promis-
ing upgrade path that should further be explored for the
LHC.

The first two or three years of LHC operation will clarify
the severity of the electron cloud, long-range beam-beam
collisions, collimator impedance, etc. On the same time
scale, the first LHC physics results will indicate whether or
not magnetic elements can be installed inside the detectors.
Also around 2011, the LHC crab-cavity R&D, which —
motivated by CARE-HHH discussions — is now being set
up in a broad international collaboration, will have reached
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a conclusion on the feasibility of LHC crab cavities and a
solid cost estimate. The outcome from all these activities
will finally decide the choice of the upgrade path.
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