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High energy hadron colliders have been in the forefront of particle physics for more than three
decades. At present, international particle physics community considers several options for a 100
TeV proton-proton collider as a possible post-LHC energy frontier facility. The method of colliding
beams has not fully exhausted its potential but has slowed down considerably in its progress. This
paper briefly reviews the accelerator physics and technology challenges of the future very high
energy colliders and outlines the areas of required research and development towards their technical
and financial feasibility.
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1. Colliding Beams: Introduction

Particle accelerators have been widely used for physics research since the early 20" century
and have greatly progressed both scientifically and technologically since then. To gain
insight into the physics of elementary particles, one accelerates them to a very high kinetic
energy, lets them impact on other particles and detect products of the reactions that
transform the particles into other particles. It is estimated that in the post-1938 era,
accelerator science has influenced almost 1/3 of physicists and physics studies and on
average contributed to physics Nobel Prize-winning research every 2.9 years [1]. Colliding
beam facilities which produce high-energy collisions (interactions) between particles of
approximately oppositely directed beams did pave the way for progress since the 1960°s.

The center of mass energy Ecn for a head-on collision of two particles with masses
my, m; and energies E; and E; is
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For many decades, the only arrangement for accelerator experiments was a fixed target
setup where a beam of particles accelerated with a particle accelerator hit a stationary target
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set into the path of the beam. In this case, as follows from Eq. (1), for high energy
accelerators E>> mc?, the CM energy is Ecn~(2Emc?)"2. For example, 50 TeV = 50,000
GeV protons hitting stationary protons can produce reactions with about 304 GeV energy.
A more effective colliding beam set-up in which two beams of particles are accelerated
and directed against each other, has a much higher center of mass energy of Ecn~2(E1E,)"2.
In the case of two equal mass of particles (e.g. protons and protons, or protons and
antiprotons) colliding with the same energy E of 50,000 GeV, one gets Ecn=2E or 100,000
GeV. Such an obvious advantage secured the place of the colliders as the frontier high
energy physics machines starting in the 1960’s [2, 3].

Almost three dozen colliders reached the operational stage between the late 50°s and now.
Schematic drawings of several collider types are shown in Fig.l. In storage ring
configurations - Fig.1a and 1b — particles of each beam circulate and repeatedly collide.
This can be done in a single ring if the beams consist of the same energy antiparticles. In
linear colliders, first proposed in Ref. [4], the beams are accelerated in linear accelerators
(linacs) and transported to a collision point either in the simple two linac configurations
depicted in Fig.1c, or with use of the same linac and two arcs as in Fig.1.d. Another possible
linac-ring configuration is shown in Fig.1e.
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Figure 1: Schematics of particle collider types (from [3]).

The first lepton (e-e- or e-e+) colliders were built in the early 1960s almost simultaneously
at three laboratories: AdA collider at the Frascati laboratory near Rome in Italy, the VEP-
1 collider in the Novosibirsk Institute of Nuclear Physics (USSR) and the Princeton-
Stanford Colliding Beam Experiment at Stanford (USA). In all three colliders their center
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of mass energies were 1 GeV or less. Construction of the first hadron (proton-proton)
collider, the Intersecting Storage Rings, began at CERN (Switzerland) in 1966, and in
1971, this collider was operational and eventually reached Ecn=63 GeV. In the case of
electrons and positrons the synchrotron radiation results in fast damping of betatron and
synchrotron oscillations and creates an effective way to accumulate large currents. The
synchrotron radiation has negligible effect on damping of particle oscillations in proton
(hadron) colliders and therefore, a construction of proton-antiproton colliders required
damping based on a mechanism another than the synchrotron radiation. The invention of
the stochastic cooling technique in 1969 led to the construction of the first proton-
antiproton collider SppS at CERN in 1982. Many electron-positron and hadron

collidershave been built over the past half-century — see, e.g. [2]. The Tevatron proton-
antiproton collider [5] was the world’s highest energy collider for almost 25 years since its
operation began in December of 1985 until it was overtaken by the LHC in 2009 [6].

The energy of colliders has been increasing over the years as demonstrated in Fig.2. There,
the triangles represent maximum CM energy and the start of operation for lepton colliders
(usually, e+e-) and full circles are for hadron (protons, antiprotons, ions, proton-electron)
colliders. One can see that until the early 1990’s, the CM energy on average increased by
a factor of 10 every decade and notably, the hadron colliders were 10-20 times more
powerful. Since then, following the demands of high energy physics, the paths of the
colliders diverged to reach record high energies in the particle reaction. The Large Hadron
Collider (LHC) was built at CERN, while new e+e- colliders called “particle factories”
were focused on detail exploration of phenomena at much lower energies.

Figure 2: Energy reach of particle colliders (adapted from [3]).
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Hadron circular colliders employing superconducting high-field magnets — often
called supercolliders - so far have dominated the energy frontier. The reason for this is the
superconducting magnet technology offered the highest energy reach at an affordable cost.
In the supercolliders, as in any circular accelerator, the maximum momentum and energy
of ultra-relativistic particle is determined by the radius of the ring R and average magnetic
field B of bending magnets:

pc=eB-R or E[GeV]=0.3-B[T]-R[m]. %)

Therefore, the energy evolution is driven by practical considerations: e.g., maximum field
of normal conducting magnets of about 2T at some moment was not adequate for the
energy demands because of required longer accelerator tunnels and increasing magnet
power consumption. The development of superconducting (SC) magnets [7] — see Fig.3 -
which employ high electric current carrying NbTi wires cooled by liquid Helium below
5K, opened the way to higher fields and record high energy hadron colliders. The latest of
them, 14 TeV ¢.m. LHC at CERN uses 8.3T double bore magnets in 26.7 km circumference
tunnel.
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Figure 3: Superconducting dipole magnets for high energy hadron colliders: Tevatron (NbTi, warm-iron, small
He plant, 4.5K), HERA (NbTi, Al collar, cold iron), RHIC (simple and economical design) and LHC (2K super
fluid He, double bore) (from [3]).

To remain superconducting, such magnets need to operate within very strict limits on the
power deposited into the low-temperature components (vacuum pipes, cold iron, SC cable,
etc.) — typically on the order of 1 W/m or less, and that makes them of no practical use in
high energy lepton accelerators, as relativistic electrons and positrons quickly lose energy
due to the synchrotron radiation:
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The total power radiated into the walls reaches becomes prohibitively high, and, e.g., 22
MW or about 800 W/m even in the largest radius e+e- collider LEP (in the same tunnel,
which is now occupied by LHC), at the beam energy of 105 GeV and relatively low average
beam current of 4mA. Besides the need to replenish electron beam power by accelerating
RF cavities, the synchrotron radiation leads to significant heating and outgassing of the
beam vacuum pipe. On the other hand, the attainment of sufficiently long lifetimes of
continuously circulating beams requires gas pressures of 1-10 nTorr or better. This
technological challenge been successfully resolved in modern colliding “factories”
operating with lower energy multi-Ampere beams. Radiation of protons (ions) is smaller
by a significant factor (yp/ye) *=(me/mp)* — see Eq.( 3) - but still can be of a certain concern
at very high energy, high current SC accelerators, e.g., LHC.

Though only three hadron supercolliders reached operational stage; the Tevatron,
the Relativistic Heavy lon Collider (RHIC) [8], and LHC (see Fig.4) there were two notable
examples of very large supercollider projects in the past, namely, the Superconducting
SuperCollider in Texas, USA [9] and the UNK collider in Protvino, Russia [10]. Due to
various reasons, mostly attributed to their scale, cost and complexity, they were terminated
in 1991 and 1993, respectively [11]. Even larger p-p supercolliders were proposed — the
Very Large Hadron Collider (VLHC) in the US in early 2000’s [12], and more recently,
the Future Circular Collider (FCC) at CERN and the Super Proton-Proton Collider (SppC)
in China [13] — see Table 1.
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Fig. 4: Layouts of the superconducting hadron supercolliders (clockwise, from top left): the Tevatron (from
Ref.[5]), SSC (from Ref.[9]), LHC (from Ref.[14]), and RHIC (from Ref.[8]).

Table 1: Hadron superconducting supercolliders and their construction costs (for the SSC,
RHIC and LHC - see [15] and references therein, for the Tevatron and UNK — Refs. [16]
and [17], correspondingly).

Energy Circumfe-  Cost (year) Comments

TeV,c.m.  rence, km
Tevatron 1.96 6.3 0.45B$ (1986)  Operational, 1985-2011
SSC 40 87.1 11.8B$ (1993)  Terminated in 1993
UNK 6 20.8 ~2B$ (1991) Project stopped in 1998
RHIC 0.5 3.8 0.66B$ (2000)  Operational, 2000-present
LHC 14 26.7 6.5BCHF(2009) Operational, 2008-present
FCC/SPPC  ~100 ~100 ? ~2035?

Despite the fact that these accelerators were and are the largest and the most expensive
instruments for high-energy physics research, they are quite cost-effective. For example, a
comparative analysis [15] of publicly available costs for 17 large accelerators of the past,
present and those currently in the planning stage has shown that the “total project cost
(TPC)” (sometimes cited as “the US accounting”) of a collider can be broken up into three
major parts corresponding to “civil construction”, “accelerator components”, “site power
infrastructure” and the three corresponding cost components can be parameterized by just
three parameters — the length of the accelerator tunnel L, the center-of-mass or beam energy
E, and the total required site power P. It was found that over almost 3 orders of magnitude
of L, 4.5 orders of magnitude of E and more than 2 orders of magnitude of P the “af)-cost

model” works with ~30% accuracy:
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Total Project Cost = axLength'? + pxEnergy*? + yxPower'? , (4)

where coefficients a=2B$/(10 km)¥? , »=2B$/(100MW)Y? , and accelerator technology
dependent coefficient S is equal to 10 B$/TeV*? for superconducting RF accelerators, 8
B$/ TeVv¥? for normal-conducting (“warm”) RF, 1B$/TeV¥? for normal-conducting
magnets and 2B$/TeV*? for SC magnets (all numbers in 2014 US dollars) — see Fig.5.
Given that SC magnets provide a factor of ~5 higher magnetic fields (and correspondingly
shorter tunnels) they allow for the reduction of the facility power by ~order of
magnitude;it is not surprising to see that the supercolliders offer the highest energy reach
within limited financial resources. Still, very high total costs of the supercolliders usually
call for maximum possible performance (luminosity, see next section), various measures
to reduce the cost (extensive R&D on the cost-effective magnets [18] and tunneling, re-use
of the existing infrastructure and accelerator as injectors, etc.) and often the expansion of
the physics program beyond p-p collisions (e.g., RHIC and LHC collider ions as well as
protons).

Fig. 5: Estimated cost of the SC magnets and associated elements vs collider center of mass energy or single beam
energy. Stage | of the VLHC assumed low-field 2T superferric magnets (from [15]).

2. Luminosity and Beam Dynamics Issues in Very High Energy Hadron Colliders

The exploration of rare particle physics phenomena requires appropriately high energy
but also a sufficiently large number of detectable reactions. In a collider, the number of the
events of interest per second depends on the cross section gevent OF the reaction under study
is given by:

dNevent /dt = L ’ Gevent ' (5)
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where L is the collider luminosity. The luminosity depends only on the beam parameters
and for a Gaussian beam distribution is:

NBN lN 2
L=tfy— " "=F(o,.p"0) .
Anf &

where Np,2) is the number of particles per bunch in each of the two colliding beams, Ng is
the number of bunches per beam, ¢ is the average rms normalized emittances of two round
beams (g1+&2)/2, F<1 is the geometric luminosity reduction factor, yis the relativistic
factor, and fo is the revolution frequency. Usually, for proton-proton colliders bunch
intensities and emittances are about the same Np=Np>=Npand g1=&»=4, , while that is not
true for beams of different species, e.g., in the Tevatron proton-antiproton collider Ny>>N,
and &>>&,. The geometric luminosity reduction factor F takes into account the “hourglass
effect” (variation of the transverse beam size along the luminous region) which depends
on the ratio of the rms bunch length o and beta-function at the collision point #* and/or
reduction due to crossing angle 9 between two beam orbits at the interaction point (IP). For
example, for round beams with oz<<f" and equal rms beam sizes o at the IP for both
beams:

Fo 1 @)

1+[06i]
20

Therefore, to achieve high luminosity, one has to maximize population of bunches with as
low as possible emittances and to collide them at high frequency at the locations where the
focusing beam optics provide the lowest values of the amplitude functions S*.y. Increasing
the beam energy and thus, factor yin Eq.(5), is, generally speaking of help too though, the
task of the higher energy beam focusing requires stronger and more challenging magnets
in the machine’s interaction regions (IRs).

Figure 6: Peak luminosities of particle colliders (adapted from [3]).
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Figure 6 demonstrates the impressive progress of luminosities of colliding beam facilities
since the invention of the method. Again, the triangles are lepton colliders and full circles
are for hadron colliders. One can see that over the last 50 years, the performance of the
colliders has improved by more than 6 orders of magnitude and reached record high values
of over 10%*cm2st. At such luminosity, one can expect to produce, e.g., 100 events over
one year of operation (about 107 s) if the reaction cross section is 1 femtobarn (fb)=10-°
cm?. Table 2 summarizes the peak luminosity values and key beam parameters for proton-
(anti)proton supercolliders.

Table 2: Luminosity and beam parameters of proton-proton/proton-antiproton
superconducting supercolliders.

Ecm Peak L, Np(a) Ng €p(a) ﬂ* ¢ W

TeV 10¥%cm?st 10U um cm MJ
Tevatron 1.96 0.043 2.9/0.8 36 3/1.5 28 0.025 1.7
SSC 40 0.1 0.075 17,240 1 50 0.004 418
UNK 6 0.1 3 348 7.5 150 0.005 50
RHIC 0.5 0.025 1.9 111 3.1 65 0.018 0.8
LHC 14 1.0 1.15 2,808 3.7 55 0.01 360
FCC 100 5.0 1 10,600 2.2 110 0.01 8400

The total number of HEP reactions is of course, proportional to the luminosity
integral 1=/Adt and in the end, this is the most critical parameter for collider experiments.
The integral depends on the total accelerator running time (typically — many years, decades
for the supercolliders), the machine availability (ratio of the luminosity operation time to
calendar time), and evolution of the luminosity in individual luminosity runs (sometimes
also referred as “HEP stores™). Usually, the luminosity of a hadron collider decays with
some characteristic time 7z that may vary from a few hours to dozen(s) of hours depending
on the machine - see Fig.7. Correspondingly, the integrated luminosity for the HEP stores
longer than 7. scales approximately as a product of the initial luminosity and the lifetime
|=/l.‘dt =~ Lo1.



10 Vladimir D. Shiltsev

Figure 7: One week luminosity record of the Tevatron proton-antiproton collider (May 1 -
May 8, 2011), indicating individual HEP stores and characteristic luminosity decay in each
store (see text).

Optimal performance of the supercolliders requires maximum integrated luminosity
and minimizing the experimental background in the detectors (e.g., events created beams
due to reasons different from the main collisions, such as scattering on the residual gas
molecules, fast diffusion, etc.). Numerous issues which need to be addressed by accelerator
designers and operators of the supercolliders are comprehensively presented and analyzed
elsewhere — see, e.g., books [19, 20, 21] and reviews [5, 22] — and below we only briefly
overview major integrated luminosity limitations in superconducting hadron colliders.
They can be schematically divided in two categories — effects due to collisions (beam-beam
effects, events pile-up, luminosity lifetime, etc.) and single-beam effects (single-particle
stability and dynamic aperture (DA), impedance and collective effects, electron cloud
effects, machine stability and noises leading to emittance growth, collimation and machine
protection, particle production and cooling, space-charge effects, polarization, etc.).

2.1. Beam-beam and other effects due to collisions

In a hadron collider, the colliding beams must have small transverse dimensions
to reach high luminosity — see Eq. (6). This leads to a strong electromagnetic force exerted
by each beam on the particles of the other — see Fig.8. The beam-beam interactions usually
result in strong enhancement of particle losses and emittance growth and reduction of the
luminosity lifetime and luminosity integral (sometimes - in significant and fast beam
intensity loss and quench of superconducting magnets). It is known to be one of the most
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severe limitations on the collider performance comprehensively studied and widely
discussed by the accelerator physics community, see, e.g., proceedings of corresponding
workshops and several review articles [23-29]. Table 2 shows that maximum beam-beam
parameter ¢ - the figure of merit of beam-beam interaction that equals the shift of the
particles’ betatron frequency (tune) due to the collisions — which could be operationally
achieved in the hadron supercolliders colliders is:

N r
E=Nlp=N,—22<0.025, (@8
dre

where rp=e?/mc?=1.53-10"*% m denotes the classical proton radius, Npand ¢ are the opposite
bunch intensity and emittance, correspondingly, and Nyp is the total number of head-on IPs.

Figure 7: Schematic dependence of the beam-beam force on proton vs the proton
coordinate at the IP: it is de-focusing for proton-proton interaction (solid line) and focusing
for interaction of proton with opposite change beam (antiprotons, electrons — see dashed
line, scaled by factor of 2 for illustration purpose).

Contrary to e-e+ colliders which usually enjoy fast synchrotron radiation damping of the
betatron oscillations and where attempts to overcome the maximum beam-beam parameter
of £&~0.05-0.1 lead to threshold-like performance degradation, the beam-beam limit in the
hadron colliders is usually “soft” and indicates an approximate boundary between
“optimal” and “barely operationally tolerable” conditions like particle losses, backgrounds,
emittance growth and luminosity degradation rates, etc. Still, given that hadron machines
are quite sensitive to much smaller tune changes dQy,~0.001 off the optimal machine
working point (Qx, Qy) it is remarkable how carefully these colliders’ parameters are set to
accommodate large tune spread of the order of & For example, in the Tevatron collider,
particles’ vertical and horizontal tunes were between the 5th and 7th order resonances
(between Qxy=3/5=0.6 and Qyx,=4/7=0.571, the integer part of the tune [Qxy]=20) and the
beam-beam tune spread fully covered the tune area — see Fig. 8.
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Figure 8 : Tevatron proton and antiproton tune distributions superimposed onto a resonance line plot. The red
and green lines are various sum and difference tune resonances of up to the twelfth order. The blue dots represent
the calculated tune distributions for all 36 antiproton bunches; the yellow represent the protons. The tune spread
for each bunch is calculated for particles up to 66 amplitude taking into account the measured intensities and
emittances (from Ref.[30]).

An additional complication comes from operations with many bunches - dozens
to thousands as indicated in Table 2 - which is driven by so called “events pile-up”
phenomenon, characteristic for hadron colliders. Due to large cross sections of the total
inelastic cross sections of proton-proton/proton-antiproton/proton-ion/ion-ion reactions, a
significant number of beam particles disintegrate in each act of bunch-to-bunch collision,
creating an entangled picture of events in the particle detectors which cannot be temporally
resolved:

Lo,

pileup = f I\Tel ! (9)
0'"B
where the inelastic events cross section is approximately ainel [Mbarn]= 70+20 log (E[TeV])
[31]. To keep the number of events per bunch crossing sufficiently low under the condition
of high average luminosity one needs to increase the number of bunches — indeed, in the
Tevatron the pile-up was kept under Npiieup<15 with Ng=36 bunches, while the pileup of up

to 30 is expected for the LHC at the design luminosity with Ns=2808 bunches.
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Separation of two beams is needed to avoid multiple 2Ng collisions points which
would immediately lead to unacceptable total beam-beam tuneshift parameters & — see Eq.
(8) - and leave only one or a few dedicated IPs with head-on collisions. Such separation
can be implemented either by the use of high-voltage (HV) electrostatic separators in
single-aperture proton-antiproton colliders, like Tevatron, or by an independent aperture
for each beam, like in RHIC (two magnetic systems) or in the LHC (“two-in-one” magnet
with two beam openings, each having same but opposite magnetic fields). But even in the
latter case, there are by necessity regions near the main IPs where to beams have to join
each other in the same vacuum chamber. Usually these regions are much longer than the
bunch-to-bunch spacing (longitudinal distance between neighboring bunches) and a
significant number of such parasitic long-range beam-beam interactions between separated
bunches can take place. For example, there 70 long-range encounters per revolution in the
Tevatron and up to 120 in the LHC. Altogether they can produce significant, sometimes
dominating effects on the beam dynamics. It is typical for hadron colliders that beams are
brought to head-on collisions only at the very end of the preparatory part of the operational
HEP store cycle. Therefore, the beam dynamics during preceding stages of injection,
energy ramp, and the low-beta squeeze (focusing optics adjustment) is mostly driven by
the long-range beam-beam effects. The parasitic interaction effects depend on the
normalized radial separation S of the beams orbits [32,33,27], expressed in the units of the
RMS betatron beam sizes oy yz:

S = (Ax/ ,p)? +(Ay /)7 (10)

Experience in the Tevatron and the LHC is that even a few long-range encounters with
S<5-6 could cause unsatisfactory losses. So, supercollider designers typically aim at the
orbit separations of S~9 or so. The long-range interactions contribute a tune spread of
about:

AQ, ~ Z 254'2" . (11)
parasitic encounters

The pattern of the long-range interactions and, hence, their strength differs for each bunch
with especially large variations at the end of bunch trains. This makes all beam dynamics
indicators dependent on the bunch position in the train of bunches. For example, in the
Tevatron collider operating with three trains of 12 bunches in each beam that were
observed: significant variations of the beam orbits of about 40 microns, of the betatron
tunes - by as much 4Qr=0.005, of the coupling and of the chromaticities AQ'1r=
AdQ/(dp/p))Lr =6 [21]. It is not surprising that with such significant differences in the
tunes and chromaticities, the antiproton and proton bunch intensity lifetime and emittance
growth rates varied substantially from bunch to bunch (we will discuss that in more detail
discussion in the following sections).

Other complications of the beam-beam interactions can come from the facts that
bunch dimensions at the IPs are not always the same between two beams or between
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vertical and horizontal planes, or that beam intensities are sometimes significantly
mismatched. Many other factors - like the presence of either external noises or machine
impedance, synchrotron radiation damping or other means of beam cooling, nonlinear
magnetic focusing components in the machine or collisions assisted by crab-cavities or
crab-waist elements — can play a significant role, too. All in all, the beam-beam effects
remain one of the most critical challenges for hadron supercolliders.

Let us use the Tevatron collider as an illustration of the importance of the beam-
beam interactions. During the Collider Run 1l (2001-2011), the beam losses during
injection, ramp and squeeze phases were mostly caused by beam-beam effects. Fig. 9
shows that early in Run I, combined beam losses only in the Tevatron (the last accelerator
out of total 7 in the accelerator chain) claimed significantly more than half of the
luminosity. Due to various improvements, losses have been reduced significantly down by
some 20-30% in 2008-2009, paving the road to a many-fold increase of the luminosity. In
“proton-only” or “antiproton-only” stores, i.e., without any collisions, the losses did not
exceed 2-3% per specie. So, the remaining 8-10% proton loss and 2-3% antiproton loss
even before the start of the HEP store was due to beam-beam effects and they
correspondingly reduced the initial luminosity Lo.

® Antiproton Inefficiency HEP/Injection
m Proton Inefficiency HEP/Injection

Luminosity Loss from Beam-Beam Effects @ HEP

B

Figure 9: Evolution of the Tevatron beam losses in 2002-2009. Red shows fractional loss of antiprotons between
injection into the Tevatron and start of collisions, next (blue) shows loss of protons, green — fractional reduction
of the luminosity integral caused by beam-beam effects in collisions [34].
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During the HEP stores, the Tevatron luminosity decay could be well approximated by a
simple empirical fit with just two parameters - the initial luminosity Lo and the initial
luminosity lifetime 7 [34]:

L,
Lit)y=——, 12
® 1+t/7, (42

Correspondent luminosity integral for the store duration T depends on the product of the
peak luminosity and the luminosity lifetime lsLozIn(1+ T /7). From Eq.(6), the collider
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luminosity lifetime is determined by the speed of the emittance growth, proton and
antiproton beam intensity loss rates, and bunch lengthening (that affects the geometric
luminosity reduction factor F):
o GLO)
L(t)dt

At the end of Run II, the luminosity loss rates were in the range of 19-21 %f/hr. at the
beginning of stores, i.e., 7.=5 hours. For the 2010-2011 HEP stores in range of initial
luminosities were between 3.0 and 4.3 10% cm?s?, and the largest contribution to
luminosity decay came from beam emittance growth with a typical time of z ~ 9-11 hrs.
The growth was dominated by intrabeam scattering (IBS) in the proton bunches, with small
contributions from the IBS in antiprotons and external noises. Beam-beam effects usually
manifested themselves in the reduction of the beam emittances or their growth rates rather
than in increases. The antiproton bunch intensity lifetime z ~ 16-18 hours was dominated
by the luminosity burn-up with a total cross section of about ot [mbarn]= 70 mbarn — see
Eq. (5) - which accounted for 80-85% of the lifetime, while the remaining 10-15% came
from parasitic beam-beam interactions with protons. Proton intensity loss varied in a wide
range 7, ~ 25-45 hr. and was driven mostly (~50%) by the head-on beam-beam interactions
with smaller size antiprotons at the main IPs. The proton lifetime caused by inelastic
interactions with antiprotons in collisions and with residual gas molecules varies from 300
to 400 hours. The hourglass factor F decays with z= ~ 70-80 hours due to the IBS again,
mostly in proton bunches. Beam-beam effects sometime lead to reduction of the proton
bunch length growth (longitudinal “shaving”) in a poorly tuned machine. Combining all of
these loss rates together, one can estimate the hit on the luminosity lifetime z. due to the
beam-beam effects can be as much as 12-17% (that is equal to (2.5-3.5 %/hr.) out of total
(19-21 %fhr.)). Therefore, the full impact of the beam-beam effects on the luminosity
integral should include beam-beam driven proton and antiproton losses at the injection
energy (about 5% and 1%, correspondingly), on the energy ramp (2% and 3%), and in the
low-beta squeeze (1-2% and 0.5%) which proportionally reduce the initial luminosity Lo.
So altogether, at the end of the Tevatron collider Run Il operation, after about a decade of
studies, improvements and optimizations, the beam-beam effects reduced the luminosity
integral by 23-33% [21].

Operational implications of the beam-beam interactions in RHIC and LHC are
similarly serious [34, 35].

-1 1 -1 1
|7, | +76a + Ty + 76 (13)

2.2. Single beam issues in hadron colliders

Besides the issues related to beam-beam interactions, many challenges arise from
one-beam phenomena specific for hadron supercolliders and driven by the quest for higher
luminosity. Comprehensive analysis of them is beyond the scope of this book so we only
provide a brief overview of them. An interested reader can be referred to detailed reviews



16 Vladimir D. Shiltsev

in, e.g., [12, 21, 37, 38]. Taking into account the beam-beam tuneshift limit (8), the
luminosity equation (6) can be re-written as:

L=~ 1ot @

where 1=efNgN; is the single beam total current, y=FE/mc? is relativistic factor and e is the
proton charge. The form factor F is always tried to be set as close to 1 as possible, so the
focus of the luminosity maximization efforts under the condition of the beam-beam limit
on parameter & usually goes towards an increase of the total beam current I and reduction
of the beta-function g* at the IPs.

The issues associated with high-current operation are numerous and start with the
beam production. One of the most severe limitations is set by space-charge forces in the
low-energy accelerators in the collider injection chain which lead to unacceptable
emittance growth and particle losses if the space-charge tuneshift parameter:

~AQq. = Lsz ’ (15)
Are, B,y

exceeds a certain value, typically about ~0.3 (here Sp=vp/c and y are relativistic parameters,
By is the bunching factor — ration of peak current to average current) [39,40]. Production
and accumulation of secondary particles, such as antiprotons has its own set of challenges
associated with the need of the beam cooling [41, 21]. High current proton beams are
subject of various collective instabilities both in the injectors and collider rings caused by
machine impedance [42] and electron-cloud initiated by either particle losses or by
synchrotron radiation [43]. Various cures are being implemented to keep such high
intensity beams stable, including minimization of the impedance, feedback systems to
damp beam oscillations, introduction of non-linear focusing elements to induce stabilizing
tune spread in the beams, operation at higher chromaticities Q’=dQ/(dp/p), special coating
or beam scrubbing of the beam vacuum chambers by enhanced proton losses to suppress
formation of the electron cloud, etc.

One of the biggest challenges for energy frontier superconducting colliders is safe
absorption of ever growing energy W=IE/f carried by the beams — see Table 2 - and beam
backgrounds. For example, in the LHC, with 1=0.5 A of circulating current and at E=7
TeV beam energy, the stored energy is W=360 MJ per beam in the nominal conditions —
see Fig.10 a). Even the modest loss rates of 1 % of the stored intensity in a period of about
10s would produce a peak power load of 500kW. That surely would pose a high risk as the
quench limit in the main LHC magnet is about 8 W/m. Sophisticated collimation systems
are required to protect the machine and the HEP detectors from beam losses and particle
halo backgrounds. A two-stage collimation system of the Tevatron collider comprised of
14 collimators successfully handled some 2MJ of beam energy at 1 TeV [45], while 108
collimators were installed in the LHC three-stage collimation system to guarantee
inefficiencies of less or about 2-:10- per m of accelerator for a circulating current of 3-101
protons per beam [46] — see Fig.10. To assure minimal inefficiency - defined as unwanted
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fractional leakage of high energy particles from the collimation system onto critical
machine elements, such as SC magnets - the collimators need to be placed within fractions
of a mm to the beam and become very troublesome dominating sources of impedance
which in turn can limit the maximum machine current [47]. Due to smaller beam size and
higher beam energy, record high energy densities in the LHC and future hadron
supercolliders — shown in Fig.10 b) - pose serious concerns about the collimator material
robustness against regular beam losses and accident scenarios [46].
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Figure 10: (a- left) Stored energy per beam versus beam momentum for record high intensity and energy
accelerators. The black squares indicate achieved values, red squares show design values and the blue square
represents the HE-LHC design [38]. (b- right) Energy density versus beam momentum (from [44]).
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Figure 11: Schematic diagram of the LHC three-stage collimation system: the primary collimator jaws are

positioned closest to the beam while the jaws of the secondary and tertiary collimators are retracted further away
from the beam (from [46]).

Stringent requirements on beam loss in supercolliders, puts additional emphasis on orbit
control and ground motion drifts [48], intrabeam and gas scattering, external noises [21],
single particle diffusion due to nonlinear resonances, etc.

3. Discussion: Accelerator R&D Towards a 100 TeV p-p Collider

An extensive, decadal accelerator R&D program is needed to prove the feasibility of
a 100 TeV circular proton-proton collider. The program has to demonstrate significant
progress compared to the current state-of-the-art in three areas: a) “feasibility of energy” —
development of the 16-20 T SC magnets of accelerator quality; b) “feasibility of
performance” — resolution of the beam issues relevant to attainment of the design
luminosity; and c) “feasibility of cost” — practical solutions of numerous issues related to
financing of the construction and support of operation of a 100 km long accelerator. The
planning work on the development of the record high field accelerator magnets has started
[49]. The proposed program has four major objectives:
1. Develop accelerator magnets at the limit of NbsSn capabilities (16-20 T);
2. Investigate accelerator magnet designs with Low Temperature Superconductor (LTS)
and High Temperature Superconductor (HTS) coils for fields beyond the capability of
NbsSn;
3. Drive high-field conductor development, including NbsSn and HTS materials for
high-field accelerator magnets;
4. Address fundamental aspects of magnet design, technology and performance that
could lead to substantial reductions of magnet cost.
The program relies upon a collaborative effort of larger international community of
magnet designers in the US, Europe and Asia, industry and universities that takes
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maximum advantage of existing infrastructure and expertize at the participating
institutions.

The ultimate goal of an integrated luminosity for a 100 TeV p-p collider is thought
to be in the range of 10-20 ab™ per experiment, corresponding to an ultimate instantaneous
luminosity approaching 2x10% cm s [50]. It is not clear yet whether that goal can be
achieved because of the issues due to the beam-beam interactions, electron cloud and space
charge effects, particle losses and collimation, absorption of MW’s of the synchrotron
radiation power in the superconducting magnet environment, coherent beam stability at
injection energy, challenging requirements on the proton injection complex, beam RF
acceleration systems, etc. Corresponding R&D programs has been launched in Europe and
in China [13, 51, 52]. One can imagine that many if not all of the current advanced methods
will need to be employed at the energy frontier collider, including beam-beam
compensation [53-57], space-charge compensation [58-61], novel collimation using
hollow electron beams or bent crystals [62-64, 45, 65], photon stops [66, 67], non-linear
integrable optics [68, 69], etc. It might be of great help for the accelerator builders to be
allowed to design the machine with less aggressive luminosity goals, e.g., O(10% cm?s?),
and count on continuous luminosity improvements which we often have seen in colliders
[70]. As noted in Ref.[50]: “...For a large class of new-physics scenarios that may arise
from the LHC, less aggressive luminosity goals are acceptable as a compromise between
physics return and technical or experimental challenges. In particular, even luminosities in
the range of 10%2 cm2s are enough to greatly extend the discovery reach of the 100 TeV
collider over that of the HL-LHC, or to enhance the precision in the measurement of
discoveries made at the HL-LHC.”

Finally, the cost of the facility is expected to be high and one of the biggest challenges
is to find ways to make it not as prohibitively high as predicted by the phenomenological
afy-cost model [15] — see Eq.(4). While SC magnets usually dominate the construction
cost of the supercolliders and factor of ~(2-3) cost reduction (per TeV) of the magnet
technology is needed compared to the LHC, other cost drivers — such as civil construction
and power infrastructure — should be heavily cost optimized as well. Opportunities to re-
use existing accelerator tunnels, laboratory infrastructure and electric grid power
capabilities might become critical. Obviously, regional differences in the accounting
practices for construction of larger scientific facilities in the US, Europe and Asia can also
play significant role in the overall feasibility analysis of the next generation energy frontier
hadron supercolliders.
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