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Abstract

In the future High Luminosity (HL-)LHC the influence
of intra-beam scattering (IBS) will be stronger than in
the present LHC, because of higher bunch intensity, small
emittance and new optics. The new ATS-optics scheme [1]
modifies the lattice in the arcs around the main interaction
points (IP) to provide 5* values as small as 0.15m at the
IP but these modifications affect the IBS growth rates. In
this paper proton IBS emittance growth rates are calculated
with MADX [2] and the Collider Time Evolution (CTE)
program [3] for two ATS-optics versions, different settings
of the crossing angles and required corrections and various
beam conditions at injection (450 GeV) and collision (7
TeV) energy. CTE simulations of the expected luminosity,
intensity, emittance and bunch length evolution during fills
are also presented.

HL-LHC AND ATS-OPTICS

For the LHC upgrade, the HL-LHC (High Luminosity
Large Hadron Collider), very high bunch intensities IV,
combined with small emittances ¢ are necessary to reach
the desired high luminosities £,
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where fj is the revolution frequency, k;, the number of col-
liding bunches, 5* the [-function at the interaction point
(IP), 6. the crossing angle, o, the bunch length. The second
factor describes the geometric reduction of the luminosity
introduced by the crossing angle. A summary of the beam
parameters for the case of 25 ns or 50 ns bunch spacing un-
derlying the calculations in this paper is given in Table 1,
a list of the official parameters can be found in [4]. The
official choice of 5* is 0.15 m in combination with a half-
crossing angle of 295 mrad, which differs from the values
given in Table 1. Here 5* = 0.1 m with a corresponding
half-crossing angle of 360 mrad was used as a baseline to
treat the extreme case.

According to (1) the luminosity can be improved fur-
ther by reducing the [-function at the IP. However, as
B* is reduced the S-function in the inner triplets, which
are the first magnets before and after the IP, rises, leading
to aperture and magnet strength limits. The ATS (Achro-
matic Telescopic Squeezing) scheme [1] uses the match-
ing quadrupoles from the neighbouring interaction regions
(IR), in addition to those located nearby, for a telescopic
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squeeze to further reduce 5*. As Figure 1 shows, this dras-
tically increases the maximum value of 3 in the enclosed
arcs. Note that the plot was cut at 5 = 1000 m, but actu-
ally reaches about 24 km around the main IPs (s;p; = O m,
sips = 13329 m) for 5* = 0.1 m. The procedure is achro-
matic since the sextupole strengths are kept constant, while
the peak S-function in the arcs increases. The chromatic-
ity, generated by the low-g triplets, is corrected more effi-
ciently by ensuring a phase advance of 7/2 in the neigh-
bouring sectors. Within the sequence of optics that occur
in the squeeze, this feature emerges only at 8* = 0.4m;
above that value the optics are basically identical with the
standard ones, as currently used in the LHC.

Table 1: HL-LHC Beam Parameters

Parameter 25ns 50ns
E [TeV] 7 7
B [m] 01 0.1
N, [10'! charges] 2.2 3.0
ep =¢7 [pmrad] 2.5 3.0
€l [eVs] 2.5 2.5
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Figure 1: pS-functions for ATS optics with §* = 11m

(blue) and 0.1 m (red) in IP 1 and 5.

IBS GROWTH RATES

The IBS growth rates ayps; (¢ = 2,1, y) in the horizon-
tal, longitudinal and vertical plane can be written [5] as

QIBS,z o
QIBS,1 =A Z? «
QIBS,y By
€y
~ AL/ [as A+ by)
/0 (A3 +ar2 + bA + ¢)*/? [wA+bi] o dA

()
01 Circular and Linear Colliders

A01 Hadron Colliders



Proceedings of IPAC2013, Shanghai, China

with
B r%ch(log) 3)
— 8my(y2 1)3/2€,e,050,
and
D2
H, = 3 —Z(1+0a?)+ B.D? +20,D, D, (4
x

where 7 is the relativistic factor, €, the transverse emit-
tances, o, the bunch length, o5 the energy spread, rq the
classical particle radius, c the speed of light, 3, , the hori-
zontal and vertical S-function, (log) a Coulomb logarithm
and the remaining coefficients inside the integral can be
found in Table 1 of [5], they depend on the optics and beam
parameters. In this form the horizontal IBS growth rate
RS, is proportional to the horizontal H-function form
(4) which is plotted in Figure 2. It only depends on optics:
the horizontal dispersion D, and its derivative D/, and the
optical functions S, and o, = — [ /2. The H-function in-
creases in the four arcs around the main IP for the squeezed
optics (red), similar to the S-functions in Figure 1.
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Figure 2: Horizontal H-function.

In Figure 3 the local contribution of the IBS growth
due to a specific element around the ring calculated with
MADX is shown for the unsqueezed case (8* = 11m,
blue) and the fully squeezed optics (6* = 0.1m, red).
Again, the oscillations in the arcs surrounding the main
IPs are enhanced for small 5*. In the horizontal plane this
arises from proportionality of the IBS growth rate to the
‘H-function, in the longitudinal plane the dependence on
the lattice functions is less dominant. The black and red
lines represent the cumulative sum, which accumulates the
local growth rates (blue and red, respectively) at each ele-
ment with increasing s. They indicate that the squeeze in-
creases the total IBS growth rate for the whole ring (max-
imum value of the cumulative sum) in the horizontal and
slows it down in the longitudinal plane.

The evolution of this effect along the squeeze is shown
in Figure 4, where the total IBS growth rate is plotted as a
function of S* for the longitudinal (dashed lines) and hor-
izontal (solid lines) plane. The calculations were done for
the beam parameters of the two possible scenarios given in
Table 1. Since the bunches are expected to have a higher
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Local Hor. IBS Growth Rates and Cumulative Sum for f*=0.1m & 11m

11m)
11m)

S
15}
=

0.15

0.1m) (l’ms,x,x(s) B

0.10

0.1m) X arps(s) (B"

M

I _‘ i“l“ ||||IIH“==

0.05

Z tmsslE) (B

0.00} &
0 5000

[1/h] arpsxs) (B*

10000 15000 20000 25000

s ml

Local Long. IBS Growth Rates and Cumulative Sum for £°=0.1m & 11m
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Figure 3: Local contribution of the IBS growth rates. Top:

horizontal, bottom: longitudinal plane.
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Figure 4: IBS growth rates along the squeeze.

brightness for the 50 ns case, the growth rates are also en-
hanced with respect to the 25 ns option.

The computations described above were done in a flat
machine, without crossing angle and separation bumps.
However, switching on the crossing angle bumps in the IPs
enhances the dispersion, since the particles pass the triplet
quadrupoles on an off-centred orbit. Dispersion is induced
in both planes by the alternating crossing scheme in IP1
and 5. This can have a major influence on the stability of
the beam and must be corrected. In a machine with cross-
ing angle bumps and dispersion correction the IBS growth
rates behave very similar compared to the flat machine.

Two ATS-optics versions were considered, based on the
nominal sequence (ATS-V6.503 [6]) and including new
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triplet magnets around the IPs (SLHCV3.1b [7]). The dif-
ferences between these optics have only a marginal effect
on the IBS growth rates.

Table 2 summarises the total IBS growth rates calculated
with MADX at injection (450 GeV) and collision (7 TeV)
energy for the nominal value of §* = 0.15m. See [8] for
full details.

Table 2: Summary of the IBS Growth Rates

Spacing 25 ns 50 ns

FE [GeV] 450 7000 450 7000
B*[m] 11 0.15 11 0.15
args, [1/h] 0.096 0.049 0.124 0.062
a1Bs,z [1/h] 0.096 0.054 0.103 0.058
QIBS,y [10*4/h] -6.4 -0.015 -69 -0.016

SIMULATIONS OF THE BEAM
EVOLUTION

The simulations were done with the Collider Time Evo-
lution (CTE) program [3] using the ATS-V6.503 optics of
the flat machine. The differences in IBS between the two
optics versions with/without crossing angle bumps and dis-
persion correction are small. Figures 5 and 6 show the evo-
lution of the luminosity and beam parameters as a function
of time in collisions.
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Figure 5: Simulated single bunch luminosity evolution per
bunch crossing (without levelling and crab-cavities).

The red and blue lines correspond to a single bunch with
the initial parameters given in Table 1 for the 25ns and
50ns scenario, respectively. The luminosity calculation
does not include levelling or crab-cavities, it only indicates
the achievable “virtual” bunch luminosity. Table 1 shows
that the bunches have a higher brightness for the 50 ns op-
tion so produce a higher luminosity per bunch crossing.
However the luminosity burn-off and intensity decay are
faster and emittance growth is also stronger. The particle
losses are dominated by the luminosity production and the
debunching losses arising from IBS are estimated to be be-
low 1% in all cases. The bunch length shrinks because of
the rather strong radiation damping at 7 TeV which over-
comes the counter-effect of IBS in the longitudinal plane.
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Figure 6: Simulated bunch evolution.
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