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ABSTRACT

Many particle accelerators rely on maintaining low pressures to ensure efficient operation, minimize beam losses,
and reduce radiation background. To ensure a beam lifetime of 1-20 hours for the Synchrotron-light for Experi-
mental Science and Applications in the Middle East (SESAME) vacuum system, an ideal average dynamic pres-
sure of 1x10” mbar was targeted. This pressure was intended to be maintained while running the accelerator at a
current of 400 mA after a cumulative dose of 100 Ah. In this study, a MATLAB code was employed to develop a
series of one-dimensional equations that simulate the behavior of the vacuum system within the SESAME storage
ring. The proposed model was then compared with the results generated by the VACCALC software and the Par-
ticle Monte Carlo (TPMC) MOLFLOW code, establishing a comprehensive assessment framework. The collected
data from the model was subsequently compared with the recorded static and dynamic pressure measurements
obtained during more than 1000 Ah of beam conditioning at 2.5 GeV. In results, the projected and actual values of
dynamic pressures exhibited a satisfactory degree of agreement across the investigated range of beam conditioning
doses, with a consistency factor exceeding 2 after a 100 Ah dose.

Keywords: gas flow modelling, photon stimulated desorption, synchrotron light source storage ring, MATLAB.

INTRODUCTION illustrated in Figure 1. Meanwhile, Figure 2 pro-
vides a comprehensive depiction of the dipole

The Synchrotron-light for Experimental  chamber configuration, meticulously delineating

Science and Applications in the Middle East
(SESAME) is a cutting-edge third-generation
synchrotron light source strategically located
near Amman, Jordan. Since its commencement
in 2018 [1-3], SESAME has been powered by
a storage ring housing sixteen dipole arc cham-
bers, thoughtfully partitioned into eight short and
eight long straight chambers. The overall vacuum
layout of these sixteen storage ring chambers is
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the strategic placement of vacuum pumps, dipole
magnets, straight sections, and sextupoles.

The storage ring of the synchrotron comprises
sixteen individual cells, each encompassing both
a dipole arc and a straight chamber (either long or
short) that is sealed by a UHV RF shielded gate
valve. These vacuum cells can be categorized
into two distinct types [4]. The first type features
an arc dipole chamber along with long straight
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sections, spanning a combined length of 9.35
meters. Conversely, the second type consists of
a short straight section, with a collective length
of 7.3 meters. The cumulative length of all the
vacuum cells aggregates to 133.2 meters. Close
to the absorbers, diode sputter ion pumps (SIPs)
have been incorporated, boasting a combined
nominal pumping speed of 20400 L/s. Addition-
ally, near the absorbers characterized by elevated
SR (synchrotron radiation) absorption and sub-
sequently increased outgassing, non-evaporable
getter (NEG) pumps have been strategically po-
sitioned. It is noteworthy that the simulation does
not encompass the impact of the NEG pumps.

The remaining three straight sections fulfill
distinct functions: they serve as areas for kickers,
injections, and radio frequency (RF) operations.
As per the design criteria, following a beam con-
ditioning of 100 Ah, the storage ring is supposed
to achieve an ultimate pressure of 10 mbar (CO
equivalent) or even lower, while accommodating
a stored beam of 400 mA.

The lifetime of the Gas Bremsstrahlung radia-
tion emission of the stored beam critically hinges
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on the ultimate operating pressure. This concept
is underpinned by the discussion of photon-stim-
ulated desorption yield, elucidated for various
vacuum vessel configurations, including factory-
baked stainless steel, copper-plated vessels, fired
vessels, glow-discharged vessels, and unbaked
vessels. These discussions serve as guiding prin-
ciples for numerous contemporary synchrotrons
[5,6]. In the scope of this simulation, the photon-
stimulated data obtained from in-situ baked ves-
sel scenarios will be employed both within the
simulation and incorporated into the vessel con-
struction and subsequent installation processes.
Synchrotron light/radiation sources have
been considered to be one of the most powerful
testing tools for scientific exploration [7]. These
tools have played a vital role in driving numer-
ous breakthroughs across a wide range of disci-
plines, encompassing physics, chemistry, materi-
als science, and various other fields. The opera-
tional foundation of synchrotrons fundamentally
involves propelling high-energy electrons into
evacuated chambers, expertly controlled by so-
phisticated arrangements of magnetic systems [8].

Figure 1. Vacuum layout of SESAME storage ring
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Figure 2. Construction of long straight chambers
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Subsequently, these electrons generate streams of
radiation and/or light. In the context of third-gen-
eration synchrotron light sources such as SESA-
ME, these light beams are captured and confined
within vacuum-sealed chambers known as stor-
age rings. As a standard feature, third-generation
synchrotrons generate X-ray beamlines, which
are employed for the examination of diverse
materials and samples. Illustratively, a preced-
ing investigation employed a synchrotron light
source to conduct time-elapsed micro-computed
tomography (CT) imaging of neck fractures [9].
The study revealed significant potential in the ex-
ploration of micromechanics within neck bones,
enabling researchers to generate highly detailed
imaging of the bone microstructure. An addi-
tional illustration of leveraging this tool involves
the examination of photovoltaic modules cov-
ered with polycarbonate (PC) [10]. In this case,
the study explored the potential for fractures at
interface points between PC and other materials,
employing X-ray beamlines. A similar scenario
is demonstrated in [11], where the stability of
organic-inorganic metal halide perovskite photo-
voltaic materials was evaluated through synchro-
tron X-ray diffraction for optical stability. These
assessments underscore the significant advantag-
es of reconsidering flawed designs at the micro-
structural level. Furthermore, synchrotron light
sources have played a pivotal role in advancing
medical applications, contributing significantly to
various developments in the field. For instance,
X-ray beamline screenings have been harnessed
in structure-guided drug research, aiding in the
identification of fragment hits at the microstruc-
tural level [12]. Other studies have employed
synchrotron infrared atomic force microscopy
to explore biological materials at the subcellular
level [13]. Additionally, synchrotron microspec-
troscopy has been applied to monitor the release
of anticancer drug molecules from their com-
posites [14], thereby aiding in the modulation of
drug release rates. These finding offer research-
ers enhanced insights into various aspects of their
studies, including the tracking of DNA and genes
responsible for drug delivery mechanisms [15].
The development of the SESAME vacuum
system proceeded through various phases, aligned
with available resources and design development
prerequisites:
e Initial project phase: Commencing with the
project’s inception and the creation of the
white book, MOLFLOW was employed [16].

166

e Elaborate design and manufacturing stage:
Advancing from detailed design to manufac-
turing, the one-dimensional gas dynamic equi-
librium of the vacuum vessel was analyzed us-
ing MATLAB and VACCALC [17-19].

e Parameter identification phase: A MOLFLOW
model was generated to identify essential pa-
rameters for the vacuum system [20,21].

The goal of this study was comparison of
measurement and simulation results of pressure
within accelerator vacuum systems using predic-
tion models from MATLAB, VACCALC, and
MOLFLOW software.

METHODOLOGY OF MODELING
AND SIMULATION

The initial phase of model generation in-
volves identifying relevant drawings and desorp-
tion rates using surface elements in proximity to
pump locations. Once pumping characteristics
are established, the vacuum system model is con-
structed through probabilistic methods. These en-
compass numerical simulations of extensive ran-
dom molecular motion, involving processes such
as ensemble generation, transmission probability
calculation, molecular interactions, and their in-
terplay with solid surfaces. To achieve a height-
ened level of accuracy, a 3D Direct Simulation
Monte-Carlo (DSMC) code is employed. This ap-
proach effectively captures the intricacies of com-
plex geometrical configurations within vacuum
vessels, accounting for obstacles like absorbers
and contributing to a more precise model. Con-
versely, the creation of the DSMC model, which
permits adjustments during design optimization,
is a time-consuming process demanding special-
ized personnel, a resource that is seldom readily
accessible. The Monte-Carlo method relies on a
set of assumptions, including a steady gas flow
and adherence to the Maxwell-Boltzmann distri-
bution of molecular velocities under molecular
conditions. The calculation procedure initiates
by randomly generating the spatial position of a
molecule at the entrance orifice of a duct. Sub-
sequently, random cosine directions and velocity
vectors are assigned, and this sequence persists
until the molecule traverses the duct opening,
completing its motion trajectory. This process
progression then proceeds with the handling of
the next molecule, encompassing the generation
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of its spatial coordinates at the duct orifice along
with cosine directions, and so forth. The calcu-
lation process is deemed finalized once a satis-
factory number of molecular histories have been
computed, facilitating the accurate determination
of probability [22]. An alternative approach in-
volves employing a deterministic method through
the solution of kinetic equations. In this study, a
one-dimensional (1D) model is employed, based
on a balanced equation of gas dynamics within
a vacuum vessel, to compute the conductance of
individual segments within the vacuum chamber
[23]. To assess the pressure values within a unit
cell, a code of MATLAB program was developed
to solve a linear system of balanced equations
pertaining to three consecutive interconnected
elements. The unit cell comprises 152 elements,
each approximately 11 cm in length, except for
elements hosting pumps, which extend to 20 cm.
Overall, the total length of the unit cell is approxi-
mately 16.3 m.

The governing continuity equations:

Ci.(Pi—lipi) + Ci+l‘(P 7Pi) + Qi :Si.Pi (1)

i+l
(i=1,2,.,n=152)

According to the following periodic boundary
condition:

Pl = P152
where: P, P, P, —represent unknown pressure
of the elements i—1, i and i+1, respectively;
C,and C,_ — denote the conductance value
i and i —1 and between element i and i+1,
respectively.

These values are determined by evaluating
for CO molecules using the MOLFLOW method;
S, signifies the pumping speed of element i; and
Q, stands for the total gas load of element i.

The gas load, Q,, is computed as the summa-
tion of two distinct terms:

0=0,%9, 2
where: O — represents the stimulated photon de-
sorption for the copper absorber;

0, — indicates the gas load attributed to
thermal desorption within the stainless-
steel chamber.

In practical units:

0,= 5.6x102! [mbar-L-s]

0,,=5.6x10?" x5 x Ny x Dg,[mbar-L-s'] (3)

where: # = 10 molecules/photon represents the
yield for OFHC copper subsequent to a
dose of 100 Ah;
Dgq, — signifies the angle intercepted by
the absorber from the synchrotron radia-
tion fan,
Ny — stands for the total number of pho-
tons per second per degree, computed us-
ing the following approximate formula:

Ny =8.08x10"xEx[/360 =2.25x10"  (4)
[photons/(degree-s)]

where: E — energy in giga-electronvolt [GeV],
I—current [A].

The gas load, O, at a temperature of 20 °C,
is finally obtained by multiplying the surface
of each element by a typical coefficient of 10"
mbar-L-s!-cm?, attainable through effective
cleaning and pre-backing processes.

Similarly, analogous to the MATLAB pres-
sure profile calculation, the VACCALC program,
designed to determine beam pipe pressure pro-
files and developed by Michael Sullivan, utilizes
the finite difference technique to evaluate pres-
sure distributions. This process entails leveraging
insights into outgassing, pumping speed, and con-
ductance for each discrete segment constituting
complex vacuum chambers.

The materials composed the vacuum cham-
bers of the accelerators, such as copper and stain-
less steel, desorb gas into the vacuum system. This
process, known as thermal desorption, quantifies
the static pressure within the storage ring when
no beam is present. The desorption rate assump-
tion draws from historical data across numerous
Synchrotron Radiation Sources such as Dares-
bury, SLS, and SOLEIL. This data includes the
information from in-situ baked vacuum vessels
that have been nitrogen-vented and subsequently
re-pumped.

For the simulation, an outgassing rate of ap-
proximately 10" mbar-L-s'-cm? is employed
for CO equivalence. Conductance calculations
are derived using MOLFLOW software and then
integrated into both the MATLAB program and
VACCALC. In the MATLAB program, periodic
boundary conditions for pressure are iteratively
applied for each sector, while these conditions are
inherently built into the VACCALC framework.
Note that the simulation link was applied as in the
references [24-26].
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RESULTS

The MATLAB results depicted in Figure 3
closely resemble those predicted by VACCALC,
as indicated in Table 1, with a deviation of less
than 2% following a dose of 100 Ah. This con-
currence is expected, since both methods utilize
one-dimensional finite difference techniques; the
primary distinction lies in the imposition of peri-
odic boundary conditions within MATLAB. The
average pressure computed using MATLAB is
1.26x10? mbar, in comparison to 1.29x10° mbar
achieved through VACCALC simulation and
1.4x10° mbar using MOLFLOW.

Table 1 provides a summary of the compari-
son between the measured data from the SESA-
ME storage ring and the results obtained from
various models. This comparison is conducted at
dose rates of 0.01, 100, 500, and 1000 Ah. The
agreement between the measured pressure and the
model results falls within a factor of 2 at 100 Ah,
while notably improved outcomes (lower pres-
sure) are observed in the measured data of the
MOLFLOW model, achieving results within a
factor of 4. Notably, the measured pressure data
for the storage ring without the presence of a beam
reaches as low as 1.5x10!"! mbar. In Figure 4, a
comparison is presented between the linear trend

Table 1. Comparison of models versus measurements results

Models pressure (mbar) Measurements pressure (mbar)
Dose (Ah) Current (mA) -
MATLAB VACCALC MOLFLOW With Beam WO Beam
0.01 10 - - 1.26x107 2x10® 3x10°
1.26x10° 1.29x10° o o 0
100 100 (at 400 mA) (at 400 mA) 1.4x10 3x10 1x10
500 300 - - 1.05x10° 5x1071° 5x10™"
1000 400 - - 8.75x101° 2x101° 1.5x10™"
2,00E-09
1,50E-09
£
95? 1,00E-09
2 L
5,00E-10
0,00E+00
(0] 200 400 600 800 1000 1200 1400 1600 1800
Distance, cm
Figure 3. MATLAB simulation results with pressure at 100 Ah
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Figure 4. Comparison of pressure versus accumulated dose for storage ring: red line —
linear trend of the measured pressure; blue line — linear trend of the model results
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of the measured pressure and the linear trend of
the model results. Until a dose of 800 Ah, the
measurement results exceed the model outcomes,
following which the measured value begins to dip
below the MOLFLOW simulation results. These
measured pressure data contribute to extending
the beam lifetime to 24 hours.

CONCLUSIONS

The results demonstrated good agreement
between the pressure predictions obtained from
MATLAB, VACCALC, and MOLFLOW soft-
ware, and actual measured data, particularly for a
100 Ah dose. The disparities between model out-
comes and observed measurements can be attrib-
uted to the following factors. Firstly, MATLAB
and VACCALC adopt a 1D model, not account-
ing for the lateral dimensions of complex vacu-
um chambers that influence the actual averaged
pressure. Secondly, the model’s assumption of
CO-equivalent residual gas disregards the actual
distribution of gas species within the accelerator
vacuum system. Thirdly, variations in sensitivity
among total pressure gauges of different types in-
troduce variance in vacuum measurements. Last-
ly, deviations in vacuum vessel cleaning and con-
ditioning times can lead to desorption outcomes
differing from the model’s assumptions.

The pursuit of an optimal average dynamic
pressure of 1x10” mbar, as targeted in this study,
directly enhances the sustained operational effi-
ciency of the accelerator, thereby enabling beam
lifetimes spanning 1 to 20 hours.
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