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Abstract

The evolution of the beam parameters during luminosity
production in the Future Circular Hadron Collider (FCC-hh)
is described based on basic models of the effect of syn-
chrotron radiations, intra-beam scattering, luminosity burn-
off and beam-beam limitations, allowing for an estimation of
the luminosity performance in different running scenarios.
It is shown that a large variations of the beam parameters
is expected during a cycle. Potential operational schemes
adapting to these variations are considered.

INTRODUCTION

The FCC-hh features a significant emittance damping
mechanism at high energy due to synchrotron radiation,
which drastically modifies the behaviour of the beam pa-
rameters during luminosity production with respect to lower
energy hadron colliders. Nevertheless the damping rate nor-
malized to the revolution frequency is lower than previous
and existing lepton colliders by at least one order of magni-
tude. The behaviour of the beam parameters in the FCC-hh
is therefore very different than previous colliders. This paper
provides a description of the expected machine and beam
parameter evolution starting from the baseline parameters
summarised in Tab. 1 based on first-order estimations of the
dominant effects, such as to provide a basis to evaluate the
performance in term of luminosity production rate.

Table 1: Baseline parameters of the FCC-hh, further details
may be found in [1].

Parameter Value
Bunch spacing : 25 ns Sns
Beam energy [TeV] 50
Circumference [km] 100
Bending radius [km] 10.4
Bunch intensity [p] 1o 2.10°
Number of bunches 10600 53000
Norm. transverse emittance [um] 2.2 0.44
Bunch length [cm] 8
Relative energy spread 1.1-107*
B [m] 1.1
Maximum beam-beam parameter 0.01
Normalised long-range

. 12
beam-beam separation
Turn around time [h] 5

MODEL

The bunch intensity /(¢) is mainly affected by the parti-
cles lost due the collision at the interaction point. The first
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equation of the luminosity model (Eq. 4) shows the depen-
dency on the instantaneous luminosity per interaction point
L p(t), the number of interaction points nyp, the number of
bunches per beam n;, and the total cross section for proton-
proton collisions o;,; = 1.53 - 1072 [em™2] [2]. Several
other loss mechanisms may affect the bunch intensity, they
are modelled as a brightness independent lifetime 7;.

Due to the emission of synchrotron radiations, each turn the
particles lose energy given on average by [3]:

5 4
e
——— — =~ 4.4 [MeV]. (1
360(mpc2)4 rp )
As a consequence, the transverse emittances € () and €, (7)
are subject to damping due to synchrotron radiations with :

AE

Trad = — ~ 1.1+ 107 [turn] ~ 1 [h], 2)
Ey

the longitudinal emittance €(¢) is also subject to syn-
chrotron damping with 27, ,4. While in the transverse plane
the large tune spread caused by beam-beam interaction al-
lows the emittances to be largely reduced without expecting
coherent instabilities, coherent instabilities in the longitu-
dinal plane impose a limit on the minimum longitudinal
emittance. Assuming that the design parameters are at the
limit of longitudinal stability, the minimum emittance may
decrease proportionally to (I(t)/Ip)*> [4].

The quantum nature of the synchrotron radiations provokes
an excitation, which in realistic configurations is only rele-
vant in the horizontal plane. Assuming a lattice with a phase
advance of 900 and a bending angle § = 8 [mrad] per cell
[5], we find the normalised equilibrium emittance [3]:

€xequ =2V2———926> ~0.04 [um],  (3)

32«/_mp

with vy, the relativistic factor.

The intrabeam scattering causes a growth of the beam emit-
tances proportional to the six-dimensional phase space den-
sity and on lattice parameters [6]. Using the Bjorken-
Mtingwa algorithm [7] implemented in MAD-X [8] with
the first lattice design [5] and the beam parameters listed
in Tab. 1 one obtains a growth time of 7, ;s = 361 hours
in the horizontal plane and 7, ;gs = 1504 hours in the lon-
gitudinal plane. While negligible with these initial beam
parameters, the relative effect of intrabeam scattering can
increase strongly as the beam emittances are reduced. We
will neglect coupling between the three planes as well as
the dispersion in the vertical plane, as a result the emittance
growth rate in the vertical plane is neglected.

Other mechanisms are modelled as a brightness independent
growth times 7._  for the horizontal and vertical planes
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respectively.

The beam-beam interactions around the interaction points
enforces the presence of a crossing angle ¢ between the
beams at the interaction point in order to avoid head-on col-
lisions outside of the detector centre. The required crossing
angle is defined by the stability of the single particle tra-
jectories under the influence of the non-linear fields of the
long-range beam-beam interactions. Studies at the LHC sug-
gest that this limitation scales with the normalized separation
between the beams in the drift space around the interaction
point Sg,;r; [9]. The FCC-hh design value is scaled from the
LHC design value [10] proportionally to the bunch charge
and the number of long-range beam-beam interaction, such
as to obtain an identical tune spread (oc S;fi fr [11]). We
shall assume that the crossing angle can be adjusted to the
evolution of the transverse emittance, as described by the
last equation of the model (Eqs. 4).

Putting together the effect of luminosity burn-off, syn-
chrotron damping, quantum excitations, intrabeam scattering
and long-range beam-beam interactions, we obtain the fol-
lowing system of equations for the relevant machine and
beam parameters :

1
FO = SRS Lip05 0
Oex ™ x 2€x,equ
5_et(t) 67_6():) B jrc(lid) Tr(u;

+ 1 M €x,0€y,0€5,0

7ies lo fx(t)fy(t)fs(t)
ey, &) €y (1)
)= Ty

A @
€s(0) = (]_0) €5.,0

b re\'N(t)27r CO~Y(¢(Z))2

Lip(r) = Lot

AnB*(t) \ ex(t)ey (1) o2 2

2B (1) Vex (Dey \/Hmzm(%
o) =\ FnSarifi-

The luminosity is computed neglecting the effect of hour-
glass, since 8 >> o5. The geometric reduction factor due
to the crossing angles depends strongly on the choice of
crossing angles in the different interaction points. Since we
scaled the effect of long-range beam-beam interactions from
the LHC, we shall consider an identical crossing scheme,
i.e. the crossing angles of the two IPs are alternated hori-
zontal and vertical. In this case o; = 0, and o in the two
interaction points respectively. While this scheme is very
robust, other schemes might have other advantages, however
the required studies are beyond the scope of this paper.
The effect of head-on beam-beam interactions plays an im-
portant role in the evolution of the beam parameters during
luminosity production, yet it is not included in this simple
model. Conservatively, the nominal configuration is based
on a limit of the total beam-beam tune shift at &;,, = 0.01 [1],
with [12] :

Nro 1
ftot = E B (5)
P ol ¢
1+ o_—tztan (7)
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Figure 1: Evolution of the beam parameters in the baseline
configuration (Tab. 1), with 8* = 0.3 m. The vertical emit-
tance is adjusted to the horizontal one, such as to keep round
beams in the transverse plane.

BEAM PARAMETER EVOLUTION

Solving the system of differential Eqs. 4, using finite dif-
ferences with a constant time step of 30 s, one characterise
the performance of a given configuration with its average
luminosity production rate. The results for the baseline sce-
nario as well as a few variations about the baseline are shown
in Tab. 2. The baseline scenario is strongly limited by the
large 7, since recent studies suggests that 8* = 0.3 [m] can
reasonably be achieved [13], we focus on that option. The
behaviour of the beam parameters shown in Fig. 1. This sce-
nario is significantly limited by the constraint on the head-on
beam-beam parameters, a detailed description of the limit-
ing mechanisms is critical to obtain an accurate modelling
of the evolution of the beam parameters and therefore of
the performance. Relaxing the constraint on the beam-beam
parameter allows to double the performance.

Figure 2 shows the evolution of the strength of the growth
rate mechanisms during luminosity production. Both the
vertical and longitudinal emittance can shrink to very small
values, assuming in particular that the longitudinal stability
can be insured for example with Landau cavities. Yet this
leads to a runaway situation were the effect of the intrabeam
scattering in the transverse emittance increases due to the
increase of the 6D phase space density. While smaller emit-
tances could be considered, both the longitudinal and vertical
emittance will need to be controlled such as to optimise the
overall perfomance. In the round beam configuration, the
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Figure 2: Comparison of the contributions to the transverse
emittance growth. The blue lines correspond to the round
beam configurations shown in Fig. 1. Letting the vertical
emittance shrink, the green lines are obtained. Letting the
longitudinal emittance shrink, the red lines are obtained. In
the latter two, the performance is lower than the round beam
option.

emittance growth mechanisms that drives the asymmetry
between the beams become important in the second part of
the fill. The possibility to be optimal for round beams at the
beginning of the luminosity production and for flat beams
towards the end is a challenge for the insertion design.

The beam-beam parameter increases at the beginning of lu-
minosity production due to synchrotron damping, which is
faster than luminosity burn-off, leading to an increase of the
transverse beam brightness. In that respect, achieving high
luminosity, e.g. with small 8%, is highly beneficial to reduce
the limitations due to the beam-beam tune shift.

Table 2: Average luminosity production rate in different
configurations, the left column mentions the difference with
respect to the baseline parameters (Tab. 1). The last line
corresponds to the ultimate scenario defined in [1].

Configuration Performance [fb~!/day]
Bunch spacing : 25 ns Sns
Baseline 2.3 2.3
B =03m 5.2 5.1
B =0.3m, &, <0.03 7.2 6.0
B =03m, &, <0.03, 79 71

Crab cavities

B =03m, &,y < 0.03,

Crab Cavities, 9.0 8.0
4h turn around time

LIFETIME

Except for the luminosity burn-off, two mechanisms dom-
inates the particle losses : Rest gas scattering and particle
diffusion due non-linearities and/or noise. The first defines
the vacuum quality that needs to be achieved, while the sec-
ond depends on the quality of several components and on
the machine configurations. The effect on the performance
is shown in Fig. 3, for most configurations lifetimes higher
than 30 hours are required to reduce the performance by
less than 10%. Similarly, relative emittance growth rates
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Figure 3: Ratio of the performance in term of average lu-
minosity production rate for a given intensity lifetime or
relative emittance growth rate to the maximum performance
with infinite lifetimes. Round beams are enforced. Dashed
lines correspond to configurations with &;,, < 0.01 and
solid lines to &;,; < 0.03, the round and cross markers
corresponds to the absence and presence of crab cavity re-
spectively.

about 1-2 hours are required (Fig. 3). While the intensity
lifetime required seems compatible with LHC observations,
the required emittance growth rate imposes tight constraints
on the external sources of noise, especially in configurations
where small transverse emittances and large beam-beam pa-
rameters are critical. Considering the emittance growth due
to beam-beam under external sources of noise [14, 15], in
the most of the configuration considered the orbit jitter at
the interaction point in the kHz range should stay below a
few nm.

CONCLUSION

The current baseline parameters for the FCC-hh seem
conservative, since there exist a number of reasonable sce-
narios that could achieve a significantly higher performance.
A proper evaluation of the limits due to beam-beam inter-
actions is needed to define possible improved interaction
design, possibly profiting from the synchrotron damping
mechanisms and mitigating the effect of intrabeam scattering.
Several improved scenarios could be envisaged, nevertheless
it is important to note that most variations saturate at a max-
imum average luminosity production rate of 10 fb~!/day
as the time spent in luminosity production becomes signifi-
cantly smaller than the turn around time. Therefore higher
performances requires a shorter turn around time and/or
larger beam intensities. Finally, such scenarios rely on high
instantaneous luminosities and would suffer from limitations
on the event pile-up.
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