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Abstract
The energy scale for new physics is known to be in the

multi-TeV range, signaling the potential need for a collider
beyond the LHC. A 10 34 cm−2 s−1 luminosity 100 TeV
proton-antiproton collider is explored. Prior engineering
studies for 233 and 270 km circumference tunnels were
done for Illinois dolomite and Texas chalk signaling man-
ageable tunneling costs. At a pp̄ the cross section for high
mass states is of order 10× higher with antiproton collisions,
where antiquarks are directly present rather than relying
on gluon splitting. The higher cross sections reduce the
synchrotron radiation in superconducting magnets, because
lower beam currents can produce the same rare event rates.
In our design the increased momentum acceptance (11 ±
2.6 GeV/c) in a Fermilab-like antiproton source is used with
septa to collect 12× more antiprotons in 12 channels. For
stochastic cooling, 12 cooling systems would be used, each
with one debuncher/momentum equalizer ring and two ac-
cumulator rings. One electron cooling ring would follow.
Finally antiprotons would be recycled during runs without
leaving the collider ring, by joining them to new bunches
with synchrotron damping.

PROTON ANTIPROTON COLLIDER
REMARKS

Physics beyond the standard model will motivate searches
for new high mass states at present and future colliders for
years to come. It is readily understood that direct qq̄ an-
nihilation processes make a significant contribution to the
production cross section for high mass states, in addition to
gluon splitting present in both pp̄ and pp collisions. The
presence of the anti-quark in the p̄ gives a significant advan-
tage to pp̄ colliders for production of high mass states near
threshold [1–4].

Figure 1: Feynman diagrams for W′ production in (a) qq̄
collision, and (b) qq collision (t channel). The two final state
quarks cross in the u channel, which is not shown.

Figure 1 shows the Feynman diagram for W ′ production
from qq̄ and qq collision. Using the event generator, Mad-
graph [5], the W ′ cross section is obtained for different W ′
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masses using proton-proton and proton-antiproton collisions
at a center of mass energy of 100 TeV. The results are shown
in the Fig. 2. As the mass increases the W ′ cross section
obtained with pp̄ collisions is greater compared to pp col-
lisions, becoming approximately 10 times larger at higher
masses.

Figure 2: W ′ boson production cross section as a function
of the mass for pp and pp̄ collisions with a Ecm = 100 TeV.

Synchrotron radiation (SR) effects, growing as E 4/ρ 2,
may become a serious problem in a collider’s superconduct-
ing magnets and vacuum systems, but less so in pp̄ designs.
See the recent design of a 100 km high energy (100 TeV) pp
collider (FCC-hh) [6]. With higher cross sections available
at a pp̄ collider it can be run at lower luminosities, with less
SR effect, and even less detector pileup. Scaling to a 200 km
pp̄ ring, the SR is reduced from 35 W/m [6] to 1.75 W/m.

OBTAINING HIGH LUMINOSITY
An important goal in designing the 100 TeV pp̄ collider

will be achieving a luminosity of 1034cm−2s−1. As a
starting point, taking as reference the Tevatron collider, the
gain in luminosity for the 100 TeV pp̄ collider, for which the
beam energy is 50 TeV, the ring circumference is 200 km,
and β∗ = 14 cm (half of the Tevatron), the luminosity can

Figure 3: Configuration to divide the beam into two parts.
An initial beamwith momentum acceptance p = 11.0 GeV/c
± 24% is collected by the Li lens and dispersed by amagnetic
dipole to be then divided by a electrostatic septa ES and two
magnetic dipoles MS.
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Figure 4: An initial beam with momentum acceptance p = 11.0 GeV/c ± 24% is divided to get finally twelve beam with
momentum acceptance of ±2%.

be scaled as,

Lscaled = Eincreased × fdecreased × β
∗
factor × Lcurrent

=
50 TeV

0.98 TeV
×

6.28 km
200 km

× 2 × (3.4 × 1032 cm−2s−1)

= 1.1 × 1033 cm−2s−1

Thus, with 10x more bunches a luminosity of 1034 is
achieved. The antiproton burn rate for a 100 TeV pp̄
collider, with total cross section σ = 150 mbarn [7] and
L = 1034cm−2s−1 is σ L or 540 x 1010 p̄ /hr.

The Fermilab Debuncher cooled 40 x 1010 p̄/hr, thus the
number of antiprotons needed are roughly 12 times more. In
the Fermilab antiproton source a large fraction of antiprotons
were rejected because of the momentum acceptance, which
was 8.9 GeV/c±2%. We thus focus on collecting more
of these antiprotons, specifically ± 24 %. To collect more
antiprotons a Fermilab-like target station would be used.

Figure 3 presents the simulation of the basic cell to divide
the initial dispersed beam into two using G4beamline [8].
An initial beam enters the Li lens and then is spread by a
-1.8 T dipole. An electrostatic septa (ES) divides the beam.
Next to the electrostatic septa a 0.1 T magnetic septa (MS)
is placed to increase the beam separation. A 3.0 m long
magnetic septa, 1.0 T, is placed next to the 0.1 T dipole to
allow a greater separation between the divided beams. To
transport the beam focusing and defocusing quadrupoles are
used. The process is repeated to separate the deflected beam
into two again, obtaining two beams, and finally each of
these beams is separated into three to get the first six beams
(Fig. 4). To obtain the next six beams, the initial half beam,
which is was not deflected is transported to be dispersed
using a second -1.8 T dipole. Then, the same configuration
is used to obtain the others six beams. At the end 12 beams
are obtained as is shown in Fig. 4.
At Fermilab [9–15], antiprotons were stochastically pre-

cooled in the Debuncher ring in 2.2 s, with transverse emit-
tance reduction from 300 to 30 µm, then sent them to the
Accumulator ring to be stochastically cooled and stacked.
There, the transverse emittance was reduced from 30 to 3 µm.
The stochastic cooling time scales as the number of particles.

Thus, to cool 12x more antiprotons, 12 independent cooling
systems would be implemented as shown in Fig. 5.

Each debuncher ring phase rotates the beam to lower the
momentum spread and also ramps the beam central momenta
up or down to 8.9 GeV/c, thus the central momenta of all 12
channels would be equalized. The debuncher would alter-
nately feed two accumulator rings. This doubles the time in
the accumulator ring deposition orbit for more cooling and
reduces required stack sizes. The single Accumulator ring
at Fermilab could only handle 25 × 1010 p̄/hr, less than the
40 × 1010 p̄ / hr cooled by the Debuncher ring [16]. A single
electron cooling ring follows the stochastic cooling. Elec-
trons can cool large numbers of low emittance antiprotons
in one ring [17]. Electron cooling increases as the inverse
square of the relativistic γ factor and linearly with the ring
fraction η occupied by electrons. Lowering γ by a factor of
3 and increasing η by 10 would increase cooling by 90.

Figure 5: 100 TeV proton-antiproton collider.

Finally antiprotons would be recycled during runs without
leaving the collider ring, by joining them to new bunches
with snap bunch coalescence and synchrotron damping. The
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longitudinal damping time is 2 hours. This effectively in-
creases antiproton production by a factor of two and allows
running a second detector at L = 10 34 cm−2 s−1.

In addition of getting 10 times as many antiproton bunches
to get the desired luminosity, β∗ is reduced 28 to 14 cm.
The Tevatron used NbTi final focus quadrupole triplets,
which could be replaced with Nb3Sn quadrupoles, that can
reach 13T fields [18]. Events from pp̄ collisions are more
central than pp collisions allowing a shorter detector with
quadrupoles closer to the IP. The Tevatron triplet quadrupole
system is taken as a reference to determine the new parame-
ters for a 100 TeV collision energy. This is simulated using
Mad-X [19], where the β* value is fixed and the quadrupole
lengths are varied in order to get βx,max = βy,max in the beta
functions plot (Fig. 6). In order to keep the same distance
from the interaction point to the quadrupole Q1 (L∗) and β∗
= 14 cm, the quadrupole length (l), the separation between
the quadrupoles (a) are increased by a factor of 5. Figure 6
shows the inner triplet quadrupole system scaled, where
βx,max = βy,max = 27 km. Also, to get that optimization the
field gradients of the quadrupoles are fixed to be 605 T/m
for Q1 and Q3, and 354 T/m for Q2.

Figure 6: Beta functions plots for the 100 TeV pp̄ collider
interaction region.

Using the βmax value, a maximum beam size of 1.1 mm is
obtained. The quadrupoles field aperture should be around
10σmax [20] to be large enough for the beam, and a factor
of 2 for field quality could be added, to get finally a 40 mm
aperture. Reducing β∗ and bunch length by a factor of two
allows one to double the number of bunches and halve pileup,
while keeping the luminosity constant.

COLLIDER PARAMETERS
For the construction of the 100 TeV pp̄ collider, two

possible sites are considered: Fermilab [21] and Dallas,
Texas [22]. Fermilab has the advantage of existing infras-
tructure and Texas has the advantage of lower tunneling
costs. Figure 5 shows the configuration proposed. Included
are an 800 MeV Linac, an 8.9 GeV/c Booster ring, and a
120GeV ring, which sends protons to the antiproton source.

For antiproton production, a Fermilab-like antiproton source
would be adapted to the new collider with 12 Debuncher
and 24 Accumulator rings for stochastic cooling. In the
120GeV ring, both protons and antiprotons are accelerated
to 120GeV before transfer to the 20 TeV Injector, where
once this energy is reached are sent to the 50 TeV collider
ring. Both, Injector and Collider ring share the same tunnel.
The relatively inexpensive 3 T superferric magnet [23, 24]
injector would be built first and used as a collider. The 8 T
NbTi magnets would be an upgrade. Collisions would in-
clude pp̄, p̄ Pb, and asymmetric 20 x 50 TeV Pb Pb. Lepton
colliders might also share the tunnel [1, 2, 25–32].
The 200 km ring could not be built at CERN due to the

difficulty of tunneling under the Jura. Table 1 shows the cost
per meter for tunneling with different geography for a 4 m
diameter tunnel [33] together with the total cost for a 200 km
tunnel. The rock composition in Texas is the fastest to bore,
about 45 m/day [34]. Thus a 200 km tunnel in Texas would
require 3 years using 4 tunneling machines.

Table 1: Comparison between Tunneling Cost for Three
Different Places Considered for a 200 km Collider Ring [33]

Cost/m 200 km tunnel

CERN (Molasse/limestone) $39,000 100 km limit
FERMILAB (Dolomite) $15,000 $3 billion
Texas(Chalk/marl) $6,000 $1.2 billion

In a collider the dipole magnets represent a large budget
item. A 100 km collider, 100 TeV collider requires expensive
Nb3Sn 16 T magnets. Three or 4.5 T superferric magnets
[23, 24, 35] use about half as much NbTi per Tesla/meter as
8 T cos θ magnets.

CONCLUSIONS
A high luminosity 100 TeV proton-antiproton collider has

advantages as a future collider in order to explore physics be-
yond the standard model. Among them is the reduction
in synchrotron radiation and pileup as compared with a
100 TeV pp collider, due to higher rare event cross sections.
To obtain high luminosity, a Fermilab like antiproton source
would be implemented and extended to capture and store
12× more antiprotons, with 36 independent stochastic cool-
ing rings. Finally, two location options are presented to build
the proton-antiproton collider. In Texas tunneling is cheaper
and at Fermilab the existing facilities would represent an
advantage. All ring magnets are made with NbTi.
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