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INTRODUCTION

The Bmad software library [1] has been used very suc-
cessfully at Cornell for modeling relativistic charged parti-
cles in storage rings and linacs. Associated with this library
are a number of programs used for lattice design and analy-
sis. Recently, as part of the CESRTA program [2], a new pro-
gram that uses the Bmad library, called Synrad3D [3, 4],
has been developed to track synchrotron radiation photons
generated in storage rings and linacs.

The motivation for developing Synrad3D was to esti-
mate the energy and position distribution of photon absorp-
tion sites, which are critical inputs to codes which model
the growth of electron clouds. Synrad3D includes scatter-
ing from the vacuum chamber walls, based on X-ray data
from an LBNL database [5] for the smooth-surface reflec-
tivity, and an analytical model [6, 7] for diffuse scattering
from a surface with finite roughness. Synrad3D can handle
any planar lattice and a wide variety of vacuum chamber
profiles.

In the following sections, the general approach used in
Synrad3D will be described. The models used for the vac-
uum chamber, for specular reflection, and for diffuse reflec-
tion, will be described. Examples of the application to the
program to predict the radiation environment in the CESRTA
ring will be presented. Comparison of the scattering model
with X-ray data from DAPNE will be given. Finally, an ap-
plication of the program to predict the radiation environ-
ment in the ILC damping ring will be shown.

GENERAL APPROACH

Synrad3D uses Monte Carlo techniques to generate sim-
ulated photons based on the standard synchrotron radia-
tion formulas for charged beam particles traversing dipoles,
quadrupoles and wigglers, in the lattice of an accelerator.
Any planar lattice can be handled. The lattice can be spec-
ified using Bmad, MAD, or XSIF format [8].

Photons are generated with respect to the particle beam’s
closed orbit, so the effect of variations in the orbit can be
studied. In a linear accelerator lattice, since there is no
closed orbit, the orbit is calculated from the user supplied
initial orbit. The particle beam size is also taken into ac-
count when generating the photon starting positions. The
emittance needed to calculate the beam size can be supplied
by the user or is calculated from the standard synchrotron
radiation formulas.
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Figure 1: Vacuum chamber model

VACUUM CHAMBER MODEL

The vacuum chamber wall is characterized at a number
of longitudinal positions by its cross-section. The cross
section model is shown in Fig. 1. As shown in the figure,
antechambers can be included.

A vacuum chamber wall cross-section may also be char-
acterized as a general shape, by specifying points and con-
necting them with elliptical or linear segments.

In between the cross-sections, linear interpolation or tri-
angular meshing can be used. Linear interpolation is faster
but is best suited for convex chamber shapes. If triangular
meshing is used, the segments connecting the points defin-
ing a general shape must be linear.

SCATTERING MODEL

Simulated photons are tracked until they hit the vacuum
chamber wall, where the probability of being scattered, and
the scattering angle, are determined by their energy and
angle of incidence. This section describes the scattering
model.

Specular reflection

The smooth-surface reflectivity characterizes the proba-
bility of specular reflection when a photon strikes the wall.
This reflectivity is a function of the incident angle, the pho-
ton energy, and the material properties of the surface. The
reflectivity is entered into the program in the form of a ta-
ble. The smooth-surface reflectivity model for a technical
aluminum surface (a 10 nm carbon film on an aluminum
substrate), which is current default in the program, is illus-
trated in Fig. 2. It has been taken from an LBNL X-ray
scattering database[5].

In the following subsections, we present four examples
of Synrad3D photon production, transport and absorption
simulations using CesrRTA lattices and vacuum chambers.
All scattering is specular only in these examples.
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Figure 2: Smooth surface reflectivity for a 10 nm C film on Al substrate: from [5]

Example S1: Photon Emission in a Dipole As the of the dipole but propagate downstream and can scatter.
first example, we consider the CesrTA ring with a 5.3 GeV
positron beam, and use Synrad3D to simulate photon emis-
sion only in one arc dipole. The vacuum chamber is a
simple ellipse (dimensions 9 cm horizontal by 5 cm ver-
tical).The photons are generated only in the upstream end

In Fig. 3, we show a collection of photon trajectories,
projected onto the bend plane. Photons generated by the
beam strike the dipole vacuum chamber a short distance
downstream. Some are absorbed here, but most scatter and
strike the vacuum chamber further downstream, in the next

3840511-156

Figure 3: Projections onto the bend plane of photon trajectories from radiation in a dipole. The red dots at the lower
right are the photon source (the radiating beam in a section of the dipole). Black lines are projected photon trajectories,
and blue dots are photon absorption sites. The green lines in the lower right are the edges of the vacuum chamber in the
dipole; the red lines are the edges in a straight section, and the green lines on the left are the edges of the vacuum chamber
in the next dipole. The geometry has been distorted for purposes of illustration.
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Figure 4: Photon trajectories from a dipole in three dimensions. The photon source is on the right. Black lines are
trajectories, and blue dots are photon absorption sites. The transverse geometry has been distorted from an ellipse to a
circle, and the longitudinal dimension has been rectified and divided by 10, for purposes of illustration.

dipole. More are absorbed here, but many others scatter
again.

To emphasize the three-dimensional nature of the sim-
ulation, these photon trajectories in three dimensions are
shown in Fig. 4. Photons from the source (on the right)
propagate and strike the vacuum chamber. Blue dots rep-
resent absorption sites. For this simple example, in which
the photon source is localized longitudinally, the absorption
site locations tend to be clumped in several clusters (at the
location of downstream dipoles), with decreasing intensity
as we get further from the source.

Other features of the photon scattering and absorption
process are shown in Fig. 5 and Fig. 6.

In Fig. 5 (left), a histogram of the number of reflections
is presented. Many photons suffer no reflections, that is,
they are absorbed as soon as they hit the vacuum chamber,
but most are reflected several times before being absorbed.
The mean number of reflections is 5.4.

In Fig. 5 (right), a histogram of the energy of all absorbed
photons is presented. This is strongly peaked at zero but
has a long tail out to several keV.

In Fig. 6, a two dimensional histogram of the number of
photons vs. location of the absorption site along the vac-
uum chamber perimeter is presented. This is is peaked at
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Figure 6: Distribution of photon absorption sites around the
vacuum chamber perimeter

the outside edge of the vacuum chamber, where the direct
photon strikes occur, but there is long tail extending around
the entire surface of the vacuum chamber, due to the re-
flected photons.
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Figure 5: Reflection distribution (left) and energy distribution (right). The mean number of reflections is 5.1
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Figure 7: Distribution of photon absorption sites vs. longitudinal position, for different magnetic environments. The
origin for the longitudinal coordinate is the center of the LO straight section. The ring circumference is about 760 m.
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Figure 8: Photon intensity distribution (in photons/meter/radian) vs. polar angle (measured around the vacuum chamber,
with zero angle corresponding to the radial outside direction), averaged over each type of magnetic environment. A 9
cm (horizontal) by 5 cm (vertical) elliptical vacuum chamber profile is assumed throughout the ring, and all scattering is
specular. Top-bottom symmetry is assumed.
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Example S2: Photon emission throughout the ring,
elliptical vacuum chamber, no diffuse scattering For
the second example, photon emission throughout the
CesrTA ring from a 2.1 GeV positron beam is simulated.
(The lattice name is 2085mev_20090516). The vacuum
chamber is again a simple ellipse, and the scattering is
purely specular.

In Fig. 7, the distribution of photon absorption sites
around the ring is shown, sorted by the type of magnetic
environment in which the absorption occurs. This informa-
tion is important for simulations of electron cloud growth,
which is strongly influenced by the magnetic environment.

The wigglers in the LO straight section are responsible
for the large peaks near s = 0. The large peaks near s =
£130 m are due to wigglers in the arcs near these locations.
The small peaks in the arcs are due to the regular CESRTA
dipoles.

In Fig. 8, we present the photon intensity distribution (in
photons/meter/radian) vs. polar angle (measured around
the vacuum chamber, with zero angle corresponding to the
radial outside direction), averaged over each type of mag-
netic environment.

In the wigglers, most of the photons come from the radi-
ation fans in an upstream wiggler region, so there are strong
peaks on both edges of the vacuum chamber. In the bends,
most of the radiation is from direct strikes from upstream
dipoles, so there is only a strong peak on the radial outside
edge, together with a long tail, due to scattering. In the
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quadrupoles and drifts, there are two peaks, with the higher
one at the radial outside. The peak on the radial inside, and
the distribution between the peaks, are due to scattering.

Example S3: Photon emission throughout the ring,
realistic vacuum chamber, no diffuse scattering For
the third example, photon emission throughout the CEsRTA
ring from a 2.1 GeV positron beam is simulated again, but
now with a realistic vacuum chamber profile. The scatter-
ing is purely specular, as in the previous example.

In Fig. 9, we present the photon intensity distribution (in
photons/meter/radian) vs. polar angle (measured around
the vacuum chamber, with zero angle corresponding to the
radial outside direction), averaged over each type of mag-
netic environment.

Compared to the previous example, the photon intensity
on the top and bottom of the chamber (polar angles of 7 /2
and 37/2) is substantially suppressed, while the radiation
striking the radial inside edge of the vacuum chamber (po-
lar angle near 7) is enhanced. This is primarily due to the
local shape of the vacuum chamber at the strike point of
the direct synchrotron radiation. For the elliptical chamber,
the wall is curved at the radiation strike point, which, for a
finite width radiation stripe, enhances scattering out of the
median plane. For the real CESRTA chamber, for most of
the ring, the wall is vertical at the radiation strike point, so
scattering out of the median plane is reduced.
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Figure 9: Photon intensity distribution (in photons/meter/radian) vs. polar angle (measured around the vacuum chamber,
with zero angle corresponding to the radial outside direction), averaged over each type of magnetic environment. A
realistic model for the CEsRTA vacuum chamber throughout the ring is used. All scattering is specular. Top-bottom

symmetry is assumed.
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Specular reflection probability vs. energy and angle, for 6 = 200 nm
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Figure 10: Specular reflection probability [6], vs. photon energy and angle, for an rms surface roughness of 200 nm.

Diffuse reflection

Generally, the probability of specular reflection of a pho-
ton from a rough surface depends on the the rms surface
roughness o, the photon wavelength A, and the grazing an-
gle. An explicit formula for this probability is [6]

Pspec = e—g(a:,y)7 (D
in which
4m20% (z + y)*

22

where x is the cosine of the incident polar angle, and y is
the cosine of the scattered polar angle. For a typical tech-
nical vacuum chamber surface, the rms surface roughness
o ~ 200 nm is greater than most of the X-ray wavelengths
of interest, for all except the lowest energy photons. In this
regime, except at very small grazing angles, diffuse scat-
tering from the surface dominates over specular reflection.
This is illustrated in Fig. 10.

The theory of diffuse scattering of electromagnetic
waves from random rough surfaces is a well-developed
subject, and is covered in detail in references [6] and [7].
The model used in Synrad3D is based on scalar Kirchhoff
theory; this model has been used successfully to describe
the scattering of soft X-rays from metal surfaces [9, 10].
In Synrad3D, we assume a Gaussian distribution for both
the surface height variations (rms o) and for the transverse
distribution (equal in both transverse directions, with auto-
correlation coefficient 17).

The most general expression for the diffusely scattered
power involves an infinite sum. This full expression is used
in Synrad3D. However, the expression simplifies substan-
tially in the limit g(x,y) > 1. This condition is satisfied
for very rough surfaces, corresponding to technical vacuum
chambers, and for high energy photons, for which typically
o > . In this limit, the diffusely scattered power per unit

g(z,y) = ()

solid angle is given by

d Pgife _
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In this expression, P, is the incident power, (R) is the
smooth-surface reflectivity, and ¢ is the scattering angle out
of the plane of incidence. Note that the relative power de-
pends on the ratio 7 = T'/o, and not on T or o separately.

The smooth-surface reflectivity (R) depends on the
atomic structure of the surface materials (including any thin
layers which may be deposited on the surface). The surface
roughness parameters o and 7" depend on the geometry of
the surface deviations from a perfect plane. These param-
eters may be determined from inspection of the vacuum
chamber surface, for example, using an atomic force mi-
croscope.

Diffuse scattering distributions for 30 eV photons are
shown in Fig. 11 and Fig. 12. At this low photon energy,
the approximation g(z,y) > 1 does not hold in general,
and the full diffuse scattering formalism is used to com-
pute these distributions. Diffuse scattering distributions for
high energy photons, for which g(z,y) > 1 are shown in
Fig. 13 and Fig. 14. These distributions have been com-
puted from Eq. 3.

In the following subsections, we present two examples
of Synrad3D photon production, transport and absorption
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Very rough diffuse scattering: 6 = 200 nm, g: 27.5, energy = 30. eV
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Figure 11: Diffuse scattering polar angular distributions for 30 eV photons. The full diffuse scattering expression has
been used to calculate these curves.
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Figure 12: Diffuse scattering out-of-plane angular distributions for 30 eV photons. The full diffuse scattering expression
has been used to calculate these curves.
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Figure 13: Diffuse scattering polar angular distributions for high energy photons. The curves are calculated from the
approximate relation given in Eq. 3.
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Figure 14: Diffuse scattering out-of-plane angular distributions for high energy photons. The curves are calculated from
the approximate relation given in Eq. 3.
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Figure 15: Photon intensity distribution (in photons/meter/radian) vs. polar angle (measured around the vacuum chamber,
with zero angle corresponding to the radial outside direction), averaged over each type of magnetic environment. A
realistic model for the CESR vacuum chamber throughout the ring is used, and diffuse scattering is included. Top-bottom

symmetry is assumed.

simulations using CesRTA lattices and vacuum chambers,
in which diffuse scattering is included in the simulation.

Example D1: Photon emission throughout the ring,
realistic vacuum chamber, diffuse scattering included.
For the first example, photon emission throughout the
CesrTA ring from a 2.1 GeV positron beam is simulated
again, with a realistic vacuum chamber profile. In this case,
diffuse scattering is included, using the model described
in the previous section. The surface roughness parameters
used in the simulation were ¢ = 100 nm and 7" = 5000
nm.

In Fig. 15, we present the photon intensity distribu-
tion (in photons/meter/radian) vs. polar angle (measured
around the vacuum chamber, with zero angle correspond-
ing to the radial outside direction), averaged over each type
of magnetic environment.

Compared to Example S3, with no diffuse scattering
(see Fig. 9), the photon intensity on the top and bottom of
the chamber (polar angles of 7/2 and 37/2) is now much
higher, and is comparable to that seen in Example S2. This
is due to the out-of-plane diffuse scattering, which results
in substantial amounts of radiation scattering out of the me-
dian plane. In addition, the radiation striking the radial in-
side edge of the vacuum chamber (polar angle near ) is
also increased.

Example D2: Effect of variation of the diffuse scatter-
ing parameters For the second example, photon emis-
sion throughout the CeSrRTA ring from a 2.1 GeV positron
beam is simulated again, with a realistic vacuum chamber
profile. In this case, the effects of varying the diffuse scat-
tering parameters is illustrated.

In Fig. 16, the photon intensity distribution, averaged
over each type of magnetic environment, is shown, for four
different cases. The red points correspond to the diffuse
scattering parameters ¢ = 200 nm and 7" = 5500 nm
(same as Fig. 15). The black points correspond to pure
specular reflection (same as Fig. 9). Two intermediate cases
are also shown: the blue points correspond to still a rough
surface, but with 0 = 100 nm, and 7" = 5500 nm; and the
cyan points correspond to a polished surface (¢ = 4 nm,
with 7' = 200 nm).

It can be seen that there is not much dependence on o
for the two rough surface cases. A polished surface gives
considerably less scattering, as expected, but there is still a
significant difference between this case and pure specular
reflection.
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Figure 16: Photon intensity distribution (in photons/meter/radian) vs. polar angle (measured around the vacuum chamber,
with zero angle corresponding to the radial outside direction), averaged over each type of magnetic environment. A
realistic model for the CESR vacuum chamber throughout the ring is used. The different colors correspond to: red, diffuse
scattering parameters o = 200 nm and 7" = 5500 nm; blue, diffuse scattering parameters c = 100 nm and 7" = 5500 nm;
cyan, diffuse scattering parameters ¢ = 4 nm and 7" = 200 nm; black, pure specular scattering. Top-bottom symmetry is
assumed.
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flectivity for a technical aluminum vacuum chamber sur- Blue lino: sufms: Daphne gata @ et
face, and to provide an overall check on the scattering Red line: surface film 4 nm A1,0, on A2 substrate
model used in Synrad3D, we have relied on measure- 05!®
ments [11] of X-ray scattering from an aluminum vacuum

chamber surface made at DA®NE. For these measurements, 04
the rms surface roughness of the sample was reported to be
200 nm.

The Synrad3D scattering model was used to predict the
measured X-ray reflectivity. The autocorrelation parameter
T, together with the surface layer thickness and compo-
sition (which determine the smooth surface reflectivity, as
tabulated in the LBNL X-ray database [5]), were treated as ool. ¥ e 7
unknowns. (The substrate below the surface layer was as- 0 100 200 300 400
sumed to be aluminum). These quantities were adjusted to Photon Energy (eV)
give the best fit to the measurements.

The best-fit value for the transverse autocorrelation pa- Figure 17: Diffuse scattering at 5 deg from a surface layer
rameter, 1, was found to be 5500 nm. The best fit surface on an aluminum substrate: comparison of data [11] and
layer was found to be a 10 nm carbon layer. The assump-
tion of an aluminum oxide surface layer was not consistent
with the data. The data and the corresponding best fits are
shown in Fig. 17 and 18.
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Diffuse scattering into detector: ¢ = 200 nm, T = 5500 nm
45 deg grazing angle
Points: Daphne data
Blue line: surface film 10 nm C on A1 substrate
Red line: surface film 4 nm A1,0, on A2 substrate
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Red line: surface film 4 nm A1,0, on A2 substrate
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Figure 18: Diffuse scattering a from a surface layer on an aluminum substrate: comparison of data [11] and model. Left:
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Figure 19: ILC damping ring schematic layout

APPLICATION TO THE ILC DAMPING
RING

As part of the effort [12] to characterize the electron
cloud effect in the ILC damping ring, Synrad3D has been
used to predict the radiation environment in the vacuum
chamber of the ring. The ring layout is shown in Fig. 19.
The radiation environment will be different in the arc re-
gions, where the principal source of photons is the arc
dipoles, and the wiggler region, where the wigglers are a
source of intense radiation.

Fig. 20 shows the design of the vacuum chamber. The
radial inside and outside of the wiggler antechamber are
designed to fully absorb any photons which strike them.

In the arc and dipole antechambers, a slanted wall on the
radial outside reduces the scattering of photons back into
the chamber.

The photon distributions predicted by Synrad3D are il-
lustrated in Fig. 21. Top-down symmetry is broken here,
because of the backscattering from the slanted wall of the
arc and dipole antechambers. The absence of photons at
zero and 7 radians are due to the antechambers.

SUMMARY

As part of the Bmad code ecosystem, a program called
Synrad3D has been written to track synchrotron radiation
photons generated in storage rings. It can handle any planar
lattice and a wide variety of vacuum chamber profiles.

The program includes scattering from the vacuum cham-
ber walls, based on X-ray data from an LBNL database [5]
for the smooth-surface reflectivity, and an analytical model
for diffuse scattering from a surface with finite roughness.

The predictions of the scattering model have been bench-
marked against measurements at DA®NE. Additional bench-
marking against recent X-ray scattering measurements are
planned.

Results from the program have given photon absorption
site distributions for the CesrRTA ring, which have been
used as input to electron cloud buildup simulations, whose
results can be compared with tune shift [13], RFA, and
shielded pickup measurements[14]. The program has also
been used to model the radiation environment in the ILC
damping ring and the APS[15].
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Figure 20: Vacuum chamber designs for magnetic elements in the ILC damping ring. The upper part of the figures
correspond to the outer radius of the ring, when installed.
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Figure 21: Photon absorption rates in different magnetic environments and ring regions for the ILC damping ring.
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