PHYSICAL REVIEW ACCELERATORS AND BEAMS 21, 021001 (2018)

Examining mitigation schemes for synchrotron radiation in high-energy
hadron colliders

G. Guillermo,l’z’* D. Sagan,3 and F. Zimmermann’

lDepartamento de Fisica Aplicada, Cinvestav del IPN, Unidad Mérida, A.P. 73 Cordemex,
97310 Meérida, Yucatdn, Mexico
*CERN, BE Department, 1211 Geneva 23, Switzerland
3Cornell Laboratory for Accelerator-based Sciences and Education, Cornell University,
Ithaca, New York 14850, USA

® (Received 4 December 2017; published 14 February 2018)

At high proton-beam energies, beam-induced synchrotron radiation is an important source of heating, of
beam-related vacuum pressure increase, and of primary photoelectrons, which can give rise to an electron
cloud. We use the Synrad3D code developed at Cornell to simulate the photon distributions in the arcs of
several existing, planned, or proposed highest-energy hadron colliders to analyze the efficiency of several
techniques developed, or proposed, to mitigate the negative effects of synchrotron radiation, such as a

sawtooth surface and slots in the beam screen.
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I. INTRODUCTION

Athigh proton-beam energies, beam-induced synchrotron
radiation is an important source of heating, of beam-related
vacuum pressure increase, and of primary photoelectrons,
which can give rise to an electron cloud [1-7].

The simulation code Synrad3D developed at Cornell [8]
generates and tracks synchrotron-radiation photons in an
accelerator beam line, including specular and diffuse
reflection on the chamber surface. The photons are gen-
erated randomly in any bending field, with the initial
parameters determined by the local beam distribution,
the local electromagnetic field, and the beam energy.
When a photon hits the chamber wall, its reflection
probability depends on the energy and angle of incidence,
as well as on the material, including combinations of
multiple layers, and on the surface roughness. As one option,
reflection tables provided by the Lawrence Berkeley
National Laboratory Center for X-Ray Optics [9] can be
employed. The simulations reported in the following will
make use of these tables.

An earlier tracking code for synchrotron radiation, called
PHOTON [10], considered only a generic reflection coef-
ficient, which was applied independently of the photon
energy and incidence angle.
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A first approach to this problem using the new tool
Synrad3D was presented in Ref. [11] and a second one
in Ref. [12].

We are now deploying Synrad3D to simulate the photon
distributions in the arcs of various high-energy circular
hadron colliders (LHC [13], HL-LHC [14], HE-LHC [15],
and FCC-hh). Specifically, for the LHC we study the effect
of the sawtooth pattern imprinted on the vacuum chamber;
for the HL-LHC, the consequences of the achromatic
telescopic squeeze (ATS) optics [16] with large beta beat-
ing in the arcs; for the FCC-hh, the effect of a novel beam-
screen design, with a long slit surrounded by a “folded”
antechamber [17]; and finally, for HE-LHC, we analyze
two proposed options for the vacuum chamber.

A. Modeling the diffuse reflection

The model used by Synrad3D for simulating diffuse
reflections was developed by Dugan and Sagan [8]. The
model gives the probability P(x, ¢) of scattering a photon
diffusely, where x = cos(6) and (0, ¢) are the polar angles
of the scattered outgoing photon with ¢» = 0 indicating that
the scattered photon’s velocity vector is in the plane formed
by the incoming photon’s velocity vector and the surface
normal. Generally, the scattering probability P(x, ¢) from a
rough surface depends on the rms surface roughness o, the
photon wavelength 4, and the incident photon’s angle,
as well as the atomic properties of the surface.

For calculational convenience, instead of working with
the probability function P(x, ¢), which is a function of two
variables, two one-dimensional probability functions are
used. The first function is P,(x), which is P(x,¢) inte-
grated over ¢ [Eq. (A140) in Ref. [8]]. For a given
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scattering event, P,(x) is first used, with the help of a
random number generator, to choose a value for x. After
this, the probability function P(¢|x), which is the proba-
bility of scattering at an angle ¢ for a given x, is used to
choose a value for ¢.

For a typical technical vacuum chamber surface, the rms
surface roughness is of the order of ¢ ~ 200 nm [8]. Given
the low surface roughness used for our simulations
(6 = 50 nm) [18], the probability function P,(x) becomes
highly peaked where the reflected polar angle x equals
the incident polar angle. That is, the diffuse reflection
distribution resembles the delta function distribution for
specular reflections [8]. In prior simulations, a 30th-order
Chebyshev fit to P,(x) was used to integrate P, (x) (the
integration is needed to normalize the scattering proba-
bility). With the low surface roughness of the present
simulations, this proved to be a poor fit due to the delta-
function-like nature of P,(x). To address this issue, the
Chebyshev fit was replaced by an adaptive Akima spline fit
[19], which better represents extremely peaked functions
for a number of reasons. The Akima spline has the
advantage of locality in that the calculated slope at a knot
point is affected only by the neighboring knot points.
Additionally, the Akima spline does not mandate a con-
tinuous second derivative at the knot points. This is an
advantage with highly peaked functions, since, in this case,
there are large changes in the second derivative. Finally, the
adaptive point selection places knots points to minimize the
estimated error in integrated area. With a peaked function,
more knots will be used near the peak where the second
derivative is changing the most. This nonuniform distribu-
tion of knots minimizes the computation time needed.

II. LHC

The Large Hadron Collider (LHC) at CERN presently
collides two proton beams with an energy of 6.5 TeV each.
At the design beam energy of 7 TeV, the synchrotron
radiation heat load amounts to 0.17 W/m per aperture.

In the LHC cold arcs, the synchrotron radiation is
intercepted by a beam screen at a temperature of 4.6—
19 K, e.g., higher than the 1.9 K of the cold bore [13]. The
beam screen is made from stainless steel with a 75 ym
copper coating. The total thickness of the beam screen is
1.08 mm including the copper layer [20].

Some example reflection probabilities for an LHC-like
chamber surface with a 10-nm-thick carbon layer on top of
the copper are presented in Fig. 1. The carbon layer models
the effect of surface conditioning due to electron bombard-
ment (“electron-cloud scrubbing”) [21]. For protons of
7 TeV energy passing through an arc bending magnet, the
critical photon energy for LHC proton synchrotron radia-
tion is about 44 eV. To reduce photon reflections, the inner
surface of the beam screen, on the horizontally outward
side, features a sawtooth pattern, which should ensure
an almost perpendicular impact. The sawtooth has a
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FIG. 1. Specular photon reflectivity as a function of the angle of
incidence for several different photon energies, considering a
10 nm carbon layer on top of a copper surface and 50 nm rms
surface roughness.

longitudinal period of about 500 ym and a horizontal
amplitude of around 35 ym. The vertical extent of the
sawtooth pattern is £7.5 mm from the equatorial plane
[20]. This vacuum chamber is shown in Fig. 2.

Since 2008, a number of LHC arc beam screens have
been installed with the wrong orientation (“inverted saw-
tooth”) [23]. Figure 3 shows the model of the LHC inverted
sawtooth beam screen implemented in Synrad3D.

Simulated distributions of absorbed photons in Fig. 4
and the corresponding reflection distributions in Fig. 5
illustrate the effect of the sawtooth surface as well as the
effect of an inverted sawtooth. The number of passages is
defined as the number of reflections plus one.

For the case of the sawtooth, most photons are absorbed
at the moment and location of primary impact (¢ = 0), as
the mean number of passages is about 1, or the mean
number of reflections close to 0, in Fig. 5. This explains the
peak of the absorbed photon distribution at ¢ = 0, in Fig. 4.

FIG. 2. Cross section of the LHC vacuum chamber [22].
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Synrad3D model of the LHC beam-screen design. (a) xy cross section, (b) enlarged xy cross section, (c) xs cross section. If the

beam is moving towards the positive s direction, it will see an inverted sawtooth; if it is moving towards negative s, it will see the correct

form of the sawtooth.

1x10° -
1x107 } > “s 3
11072 | ooeeesee anante “‘% ]
1x10° } d S ]
1x10* F S o - ]
1109 f o’ o
1510 . . . . . .
- 4 3 2 A 0 1 2
@ [rad]
Smooth surface e
Sawtooth pattern
Inverted sawtooth e

FIG. 4. Simulated azimuthal distribution (integral normalized
to unity) of absorbed photons without (blue curve) and with a
sawtooth (teal curve) and with an inverted sawtooth (purple
curve) chamber.

In the case of the smooth chamber, the average number
of reflections is higher than 80, in Fig. 5, and, as a result,
the location of absorbed photons is almost uniform around
the azimuth, in Fig. 4, with only a slight bias towards the
primary impact area, and tiny local maxima corresponding
to the transitions between circular and flat portions of the
beam screen in Fig. 3 (top left).

Finally, for the inverted sawtooth, the average number of
photon reflections is about two (Fig. 4), which gives rise to
almost equally high absorption maxima on the horizontally
outward and inward sides of the chamber in the horizontal
plane, as can be seen in Fig. 4. With this rather low number

of reflections, photons are not yet spread towards the top
and bottom of the vacuum chamber.

With the sawtooth, only 0.2% each of the photons are
absorbed on the top and bottom surfaces, whereas 99.6%
are absorbed on the sides as is shown in Fig. 6.

By contrast, with no sawtooth, 41% of the photons are
absorbed on the primary impact side, 23% on the opposite
side, and 18% each on the top and bottom of the chamber.
These results can be compared with experimental mea-
surements at the VEPP-2M electron-positron collider at the
Budker Institute of Nuclear Physics in Novosibirsk,
Siberia, Russia [24,25] and the ELETTRA synchrotron
research center in Trieste, Italy [26].

For a quantitative comparison, the VEPP-2M measurement
for a smooth copper coated surface without a sawtooth at
20 mrad grazing incidence revealed a photon forward reflec-
tivity R of up to 95% [25]. This would correspond to an
average number of (n) = (1 -R)Y_,R"'=1/(1-R)~
20 photon passages through the chamber until absorption.
Adding another 2%—-4% diffusely reflected photons [25], the
average number of photon passages in the measurements
would be between 33 and 100, which is consistent with the
value of about 80 found by the Synrad3D simulations, in the top
picture in Fig. 5. For the sawtooth surface, a much lower total
reflectivity of about 10% was measured [26]. This translates
into an average number of passages not much above 1, and the
Synrad3D simulations also predicta value barely above 1 (see the
bottom picture in Fig. 5).

The almost tenfold reduction of photons hitting the top
and bottom of the chamber confirms the intended effect of
the sawtooth structure, namely, to greatly reduce the number
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FIG. 5. Distribution of the number of photon passages till
absorption without (top) and with a sawtooth chamber (bottom)
and an inverted sawtooth (center). The blue line represents the
mean number of passages.

of photoelectrons generated at the top and bottom of the
vacuum chamber in the arc dipole magnets (from where they
could approach the beam, following the vertical field lines,
and contribute to further electron-cloud buildup).

While for the inverted sawtooth the average number
of reflections is higher than for a correct sawtooth
(Fig. 5), to our surprise the inverted sawtooth proves
even more efficient than the sawtooth in reducing the
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FIG. 6. Fraction of photons absorbed at the top and bottom of
the vacuum chamber of the LHC, with a 95% confidence interval.

number of photons absorbed at the top or bottom of the
chamber (Fig. 4). This strongly suggests that the assump-
tions for an inverted sawtooth made in Ref. [27] were very
pessimistic.

A. HL-LHC

The High-Luminosity LHC (HL-LHC) is an approved
upgrade of the LHC, to be implemented around the year
2025, which aims at a tenfold increase in the total
integrated luminosity of the LHC.

Aside from an almost 2 times higher beam current,
which will approximately double the photon flux in the
arcs, the main difference between the LHC [13] and
HL-LHC [14] is a beta wave intentionally introduced
through the adjacent arcs to squeeze the f* at two high-
luminosity collision points. This optics scheme is called
the ATS [16]. It exists in round (fy = ;) and flat
configurations (fy > f7). With a large vertical beta beat
in the LHC arcs “45” and “56,” the distribution of photons
hitting the chamber wall (and being absorbed there) may
change. For example, in the “presqueeze” optics with
pry = 0.44 m, the minimum beta function in the arc is
32 m, whereas for a nonbaseline flat ATS optics with g =
0.05 m in IP5 [28], the minimum vertical beta function
shrinks to f, in ~ 16 m in arcs 45 and 56. This is to be
contrasted with the baseline flat ATS optics, which has a
vertical beta function in IP5 of 0.075 m [29]. Nevertheless,

with a geometric rms emittance &, of about 0.3 nm,

the corresponding maximum rms divergence of 6/ .y &
(&:/Pymin)"/? =5 x 1076 is still small compared with the
rms angle of the photons emitted, ~y~' ~ 1.3 x 1074,
Therefore, no large effect of the ATS optics on the photon
distribution is expected. This expectation was confirmed
in Synrad3D simulations by comparing photon distributions
for a squeezed flat optics with those for the presqueeze
(equal to the standard LHC arc optics) [12].
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FIG.7. Cross section of the proposed FCC-hh vacuum chamber
[22].
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FIG. 8. Vacuum chamber cross sections for FCC-hh, LHC, and
scaled LHC chambers. The thicker line represents the sawtooth
on the wall, and the transparent region is an opening slot
(modeled as a perfect absorber).

III. FCC-hh

A proposed Future Circular Hadron Collider (FCC-hh),
providing proton collisions at a center-of-mass energy of
100 TeV, would utilize novel 16 T bending magnets, based
on the Nb;Sn superconductor, and be installed in a new
~100 km tunnel near Geneva [30-32]. In the collider arcs,
the 50 TeV proton beams would emit an average synchro-
tron radiation power of 28 W/m per aperture, which is
roughly 100 times higher than the corresponding figure for
the HL-LHC. The critical photon energy is above 4 keV,
also 100 times higher than for the LHC. A new type of
higher-temperature beam screen [22] inside the cold bore of
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FIG. 9. Simulated fraction of photons absorbed on the inner
FCC-hh beam screen as function of the peak vertical orbit error.

fraction of photons

4 6 8 10
Orbit y offset [mm]

the arc magnets is intended to intercept this synchrotron
radiation while minimizing the generation of an electron
cloud in the beam pipe proper.

The FCC-hh beam-screen shape with an integrated
compact antechamber is illustrated in Fig. 7. Slots in the
equatorial plane with a vertical full height of 5 mm will
absorb most of the photons, thereby facilitating the beam-
screen cooling and stabilizing the beam vacuum [30,31].
As a first approximation, we model these slots as perfect
absorbers as shown in Fig. 8.

The simulation considered two half cells of the FCC-hh
arcs with a length of 213.89 m. In a half cell, the main
synchrotron radiation source is six dipole magnets, each
14.3 m long, with a dipole field of 16 T [30,31]. A value of
the normalized emittance of € = 2.2 um is considered [32]
and the energy equal to the collision beam energy (50 TeV).

For a centered orbit, a fraction of 0.05% of the emitted
photons are hitting the beam screen outside of the absorber
slots. Figure 9 shows the dependence of this fraction on a
vertical orbit offset, setting a tolerance on the acceptable
closed-orbit distortions in the FCC-hh of about 1 mm (peak
offset from the horizontal plane).

IV. HE-LHC

The High-Energy LHC (HE-LHC) is a proposed 27 TeV
proton-proton collider in the existing LHC tunnel [15].
The HE-LHC can be realized by replacing the LHC’s
8.33 T Nb-Ti dipole magnets with 16 T Nbs;Sn magnets
developed for the FCC-hh. A high-quality beam available
from the upgraded LHC injector complex together with
significant radiation damping allows achieving a respect-
able integrated luminosity. On the other hand, the average
arc synchrotron radiation power of 4.6 W/m per aperture is
much higher than for the LHC (0.17 W/m per aperture) or
HL-LHC (0.33 W/m per aperture). The critical photon
energy in the arc bending magnets is about 300 eV for the
HE-LHC, to be compared with 44 eV for the LHC optics.
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FIG. 10. Fraction of photons absorbed at the top and bottom of
two proposed vacuum chambers for the HE-LHC, with a 95%
confidence interval.

In the following, we consider, for the HE-LHC, the same
optics as for the LHC.

For this circular collider, two options for the vacuum
chamber were considered: an FCC-hh type or a scaled
version of the LHC beam screen; both are shown in Fig. 8.
Figure 10 illustrates that the FCC-hh chamber is 4 or 5
times more efficient than the scaled LHC chamber in
reducing photon absorption at the top and the bottom of
the chamber.

V. ENERGY DEPENDENCE

Since the angular distribution of the emitted synchro-
tron-radiation photons depends on the beam energy and
emittance, we simulate, for different beam energies, the
fraction of photons escaping from the slots of the FCC-hh-
type beam screen and being absorbed on the surface of the
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FIG. 11. Fraction of photons absorbed by an FCC-hh-type

chamber as a function of the beam energy for a normalized
emittance of ¢ = 2.5 ym and the LHC optics.

beam chamber proper. Considering the LHC (HE-LHC)
optics as an example, the result of such an energy scan is
displayed in Fig. 11. The FCC-hh beam screen is extremely
effective at 50 TeV, but a factor of 10 less at 7 TeV. As
indicated in the figure, the fraction of photons not entering
the slots decreases roughly inversely with the beam energy,
as the vertical opening angle of the synchrotron radiation.

VI. CONCLUSIONS

We have modeled the synchrotron radiation flux in the
arcs of four different hadron colliders, using the code
Synrad3D developed at Cornell. The effect of electron-cloud
surface conditioning (“scrubbing”) was modeled by con-
sidering a thin 10 nm carbon layer on top of the beam
screen’s copper coating.

For the present LHC, the simulations demonstrate the
efficiency of the sawtooth surface in reducing the average
number of reflections almost to zero. Thereby, as intended,
the sawtooth greatly decreases the number of photons
absorbed at the top and bottom of the chamber, from
where, in a dipole magnetic field, photoelectrons could
approach the beam. Remarkably, our simulations also
suggest that an inverted sawtooth, yielding an average
number of reflections of about 2, might be even more
efficient in this regard. This result could be attributed to a
predominance of specular over diffuse reflection for the
inverted sawtooth with extremely low surface roughness.

The ATS optics of the HL-LHC, with significant beta
beating across the arcs, does not noticeably change the
azimuthal photon distributions.

For the FCC-hh, a new type of beam screen is proposed.
The Synrad3D simulations confirm that this beam screen
significantly reduces the number of photons absorbed
inside the beam chamber proper, by more than 2 orders
of magnitude.

For the HE-LHC, the FCC-hh vacuum chamber is about
5 times more efficient than the scaled LHC chamber in
reducing the number of photons absorbed at the top and
bottom of the chamber and, therefore, in suppressing
possible electron-cloud buildup due to photoemission.
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