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Abstract
In previous work it was shown that at high proton-beam

energies, synchrotron radiation is an important source of
beam-screen heating, of beam-related vacuum pressure in-
crease, and of primary photoelectrons, which can contribute
to electron-cloud formation. We have used the Synrad3D
code developed at Cornell to simulate the photon distribu-
tions in the arcs of the LHC, HL-LHC, and FCC-hh. In par-
ticular, for the LHC we studied the effect of the ‘sawtooth’
chamber. In this paper, specific results of the Synrad3D
simulations are compared with simulations by another code,
Synrad+, developed at CERN, and with experimental data
from a synchrotron-light beam line at BESSY II for actual
LHC vacuum-chamber samples.

INTRODUCTION
In previous work [1], using the tool Synrad3D [2], we stud-

ied the efficiency of the sawtooth pattern imprinted on the
outer side of the vacuum wall at the arcs of the LHC. These
Synrad3D simulations confirmed that the sawtooth greatly
reduces the amount of photoelectrons finally absorbed at
either the bottom or top of the chamber, by almost a factor of
10, from 33% to 4% (sum of top and bottom), as had been
its purpose. In the present work we first benchmark the tool
Synrad3D against a different program called Synrad+, and
then compare its prediction with experimentally obtained
photon reflectivities for different photon energies and an-
gles of incidence, measured on LHC beam-screen sample
surfaces in a synchrotron-light beam line at BESSY II. It
has been shown that at- wavelength synchrotron radiation
reflectivity measurements can give important parameters to
perform simulations of realistic systems [3–7]. The reach of
such experimental approach recently received a significant
boost once the new metrology station become available at
BESSY II [8]. The new setup allows to study reflectivity
and photon yields at very grazing incident angles (in some
cases below 0.5°) in the 36-1800 eV region.
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Synrad3D and Synrad+
Synrad3D [2] was developed at Cornell U. by D. Sagan

and G. Dugan. Our previous simulation results obtained
with Synrad3D [1] can be benchmarked against another code,
Synrad+ [9].
Synrad+, like Synrad3D, is a Monte Carlo simulator for

synchrotron radiation, developed since the 1990s. With Syn-
rad+ the user can define the beam properties and magnetic
regions, typically representing dipoles or quadrupoles. The
software then calculates the beam trajectory and generates
virtual photons distributed evenly along the beam path inside
the magnetic regions. These photons are then traced in a
geometry described by polygons, that can be defined inside
the code or imported from external CAD programs. Due
to the 3D visualization and since geometries of arbitrary
complexity can be treated, Synrad+ is suitable for detailed
simulations of accelerator components. Since the number
of polygons is limited to a few hundred thousands, however,
Synrad+ cannot simulate large (e.g., several km long) ma-
chines without significant simplifications of the geometry.

Although in principle one should be able to use either code
for any synchrotron radiation analysis, we find that Synrad3D
is much more practical for complex or long lattices, while
Synrad+ is better suited at treating difficult and irregular
chambers, such as places where BPMs are installed.

CODE COMPARISON
As in Ref. [1], we consider the optical lattice of an LHC

arc cell arcs at top energy, i.e., 7 TeV. One optical arc cell
consists of two halves with three bending magnets each.
We limited our simulations to synchrotron radiation emitted
while passing through the fields of these dipoles. We started
by comparing the emission mechanisms, and then moved
into the tracking of photons through all reflections till final
absorption; for each case 0.2 million photons were tracked
using Synrad3D and 100 million with Synrad+.

For the first part we defined the wall as a perfect absorber,
so that the absorption points would depend solely on the
emission, and we used an ideal beam with zero emittance.
Figure 1 shows the absorption of photons along the coordi-
nate s as determined by both codes.
Next, we included the size of the beam and the material

properties of the chamber wall in the simulation. We con-
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Figure 1: Simulated photon absorption as a function of
longitudinal coordinate s for one LHC arc cell, treating the
chamber wall as a perfect absorber; the blue line is the re-
sult using Synrad+, while the red area is the result from
Synrad3D.

sidered a copper wall, without any carbon coverage on the
surface, with a surface roughness of 40 nm. In addition,
the sawtooth pattern on the horizontally outward side of the
vacuum chamber was included. For this simulation model,
the absorption points along the coordinate s obtained from
each code are compared in Fig. 2.

Figure 2: Comparison of photon absorptions as a function
of s simulated by Synrad+ and Synrad3D, for the realistic
model of the beam pipe.

MEASUREMENTS

Figure 3: BESSY II optics beamline [8].

The reflectivity measurements were performed at
BESSY II. The general experimental setup is described
in Refs. [8] and [10], as schematically shown in Fig. 3.

Synchrotron radiation coming from BESSY II is made
monochromatic through a plane grating monochromator
(PM-1) with a blazed gratings (1200 l/mm), before arriving
to the end station. In this configuration, it is possible to vary
the photon energy from 35 to 1800 eV, the incidence angle
from 0° to 90° and the detectors position from 0° to 180°with
respect to the optical axes, collecting the specular and non-
specular reflections. The accuracy of the specular reflection
measurement depends on the purity of the monochromatic
light in the BESSY II beam line; a conservative error esti-
mate is 10−5. The error of total reflectivity measurements
for a rough surface can be 100 times larger. Our measure-
ments were performed on two different samples: a smooth
copper surface, with a roughness of Ra = 9.6 nm, and a
10 cm piece of a chamber, shown in Fig. 4, with the actual
sawtooth pattern used for the LHC beam screen.

Figure 4: Cu sawtooth sample.

The measured specular reflectivity for the smooth cop-
per sample, with an incident angle spanning from 0.25° to
7°, is reported in Fig. 5 and the simulated total reflectivity
(i.e., the sum of specular and diffuse reflection) in Fig. 6.
These two results agree rather well. In fact, for close to ideal
mirror-like surfaces the total reflectivity computed by Syn-
rad3D is essentially all in the forward direction and, in this
particular case, directly comparable with the experimental
measurements of specular reflectivity as shown in Fig. 5.
This would no longer be true for rough surfaces where the
forward reflected component is only a fraction of the total
reflectivity.

Certainly this correspondence is not fulfilled for the saw-
tooth structure, illustrated in Fig. 4. In Fig. 7 we present
the measured forward reflectivity for two angles of inci-
dence, 1° and 2°, for the sawtooth sample. The value of the
measured forward reflectivity is much reduced compared
with the specular reflectivity observed for a smooth surface;
compare for example the curve for 50 eV in Fig. 5 . The
sawtooth structure was indeed introduced to reduce forward
reflectivity to mitigate the electron-cloud build up due to
photoelectrons [4, 6, 11].
The curves in Fig. 8 represent the simulated total reflec-

tivity. The measured forward reflectivity of Fig. 7 is signif-
icantly lower than the total simulated reflectivity as would
be expected for an artificially rough surface.
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At three photon energies (36, 45 and 100 eV), and two
different angles of incidence (1° and 2°), we measured the
entire photon distribution over a significant solid angle. An
experimental estimate of the total reflectivity was obtained
by numerical integration of all forward, diffused and back
reflected photons over the available solid angle. Figure 8
includes these six measurement points of total reflectivity
for the sawtooth chamber (the dots), revealing a higher total
reflectivity than expected from the simulation model. In
particular, the simulated reflectivity decreases by more than
a factor of 10 as the photon energy increases from 35 to
100 eV, while the measured reflectivity at 35 eV is about 2
times larger than the simulated value, and remains almost
constant for higher photon energies. Both simulated and
measured reflectivities weakly depend on the (small) angle
of incidence.
The measured data demonstrate the ability of the

BESSY II system to distinguish between forward, diffused
and back reflected photons, representing an ideal test bench
to verify simulation codes.
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Figure 5: Measured normalized reflectivity vs. incidence
angle for different energies for a copper surface, for different
photon energies.

Figure 6: Simulated normalized total reflectivity vs. inci-
dence angle for different energies for a copper surface, for
different photon energies.

DISCUSSION
Synrad+ and Synrad3D produce nearly identical simu-

lation results for the photon flux in an LHC arc cell. This
was almost expected since the surface model used in the two
codes is rather similar, and they used the same reflectivity
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Figure 7: Measured normalized forward reflectivity as a
function of the energy of impinging photons (36 eV - 100 eV),
for two different incidence angles on a sawtooth chamber.

Figure 8: Simulated normalized total reflectivity as a func-
tion of the energy of impinging photons (36 eV - 100 eV),
for two different incidence angles on a sawtooth chamber.

tables. The primary differences between the two codes are
the modeling of the beam-pipe boundaries and the approxi-
mation used for the sawtooth pattern.

Comparing Synrad3D simulations with photon reflectivity
measurements at BESSY II, we observe a fairly good agree-
ment in the specular photon reflectivity, even in absolute
value, between the predictions from Synrad3D and the ex-
perimental results for flat samples. According to both simu-
lations and measurements, for the sawtooth pattern, the spec-
ular (forward) reflectivity is much reduced, at the expense
of increased diffuse scattering and backscattering. However,
the simulated total reflectivity is significantly lower than the
measured total reflectivity and decreases muchmore strongly
with photon energy. This qualitative difference might be due
to differences between the manufactured sawtooth and the
idealized model used in the simulation.
The results reported here represent work in progress. In

the future we plan to refine the sawtooth model used in
the simulation, to take and analyze more experimental data,
including at larger angles of incidence and higher photon
energies, and to proceed with this benchmarking of measure-
ments and simulations.
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