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Abstract

Synchrotron light is used for a wide variety of scien-
tific disciplines ranging from physical chemistry to molec-
ular biology and industrial applications. As the electron
beam circulates, random single-particle collisional pro-
cesses lead to decay of the beam current in time. We report
a simulation study in which a combined neural network
(NN) and first-principles (FP) mode is used to capture the
decay in beam current due to Touschek, Bremsstrahlung,
and Coulomb effects. The FP block in the combined model
is aparametric description of the beam current decay where
model parameters vary as a function of beam operating
conditions (e.g. vertical scraper position, RF voltage, num-
ber of the bunches, and total beam current). The NN block
provides the parameters of the FP model and is trained
(through constrained nonlinear optimization) to capture the
variation in model parameters as operating condition of
the beam changes. Simulation results will be presented to
demonstrate that the proposed combined framework accu-
rately models beam decay as well as variation to model pa-
rameters without direct access to parameter values in the
model.

INTRODUCTION

Synchrotron light is used for a wide variety of scien-
tific disciplines ranging from physical chemistry to molec-
ular biology and industrial applications. The synchrotron
light is radiated from a relativistic electron beam circu-
lating in a storage ring particle accelerator [1, 2, 3]. As
the electron beam circulates, random single-particle colli-
sional processes lead to decay of the beam current in time.
As the electron beam decays, so does the intensity of the
synchrotron light resulting in detuned optics in the photon
transport lines (e.g. mirrors, gratings, dits), changesin ma-
terial propertiesof the experimental sample, degradation of
detector performance and uncertainties in data reduction.
Hence, at al synchrotrons, a premium is placed on deliv-
ering constant photon beam intensity to the photon beam
lines[4].

Effortsto systematically model the electron beam lossin
synchrotron light sources have therefore been of primary
interest. At SPEARS, for example, every two weeks, up
to 48 hrs of beam time is alocated for machine develop-
ment studies, including programsto measure, characterize,
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Figure 1: Block diagram of aPUNDA model. The PUNDA
model is formed by the series connection of a Nonlinear
Empirical Model (NEM) block and a Parametric First-
principles Model (PFM) block.

and mitigate electron beam loss. In this paper aframework
for the systematic modeling of electron beam loss is pre-
sented. This framework, known as Parametric Universal
Nonlinear Dynamics Approximator (PUNDA), consists of
aseries connection of aNonlinear Empirical Model (NEM)
block and a Parametric First-principlesModel (PFM) block
(see Figure 1). The parameters, P, in the PFM block may
vary as a function of process inputs, #. For the beam loss
model of interest in this study, the instantaneous electron
beam current, Eq. (1), constitutes the PFM block, where
the characteristic beam decay time constant is the varying
parameter. A neural network (NN) model forms the NEM
block. ThisNN model istrained to capture the variationin
the characteristic beam decay time constant as afunction of
variation in vertical scraper position (Ys), RF voltage (Vif),
initial beam current (1), and total number of bunches (M y,).

The ultimate goal of this study is to build accurate and
computationally efficient models that quantify beam loss
from electron-gas scattering (elastic and inelastic) and in-
trabeam scattering (electron-electron). Once such models
are constructed, an optimization-based approach may be
adopted to: (a) minimize beam loss in standard modes of
operation, (b) optimize synchrotron performance based on
forecasts of beam loss, (c) provide design guidelines for
performance at high beam current and top-up mode of op-
eration, and (d) provide design guidelines for installation
of future small-gap undulators.

PHYSICSOF ELECTRON BEAM LOSS

The physics behind electron beam loss is conceptu-
ally straight-forward but nevertheless a highly non-linear
process. In principle, the electron beam current de-
cays in time due to (a) elastic electron-gas collisions
(Coulomb scattering ) (b) inelastic electron-gas collisions
(bremsstrahlung scattering), and (c) intrabeam electron-
electron collisions [5, 6, 7, 8]. In this section, global mod-
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elsfor electron beam loss are briefly described.
At any giventimet, the instantaneous el ectron beam cur-
rent may be written as:

=t
T

IL(t)=1Ie D

where I, is the initial beam current, and 7 is the charac-
teristic beam decay time constant. Due to the uncorre-
lated nature of the collisional processes, the characteristic
decay time depends on the individual contributions from
Coulomb, Bremsstrahlung, and I ntrabeam sources for scat-
tering. Given that we can only measure the net beam de-
cay time, (1), the gas and intrabeam components must be
inferred from an array of measurements under different ex-
perimental conditions. For the simulation study in this pa-
per, 7 is assumed to be a non-linear function of vertical
scraper position (y,), RF voltage (V;.f), initial beam cur-
rent (Ip), and total number of bunches (My).

Over longer time periods of time, electron beam loss de-
viates from pure exponential and is governed by a more
general rate equation:

N, _ > AN, N,o, @)

dt

where N, is the number of electrons, N, is the number of
scattering centers, o, isthe scattering cross section for each
type of collision, and A, are characteristic proportionality
constants. The cross sections o, quantify the probability
of particle loss for each collision process. Note that inte-
gration of the rate equation, dd—fz’ = —aN’, yields a beam
decay profilein time:
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for short times ¢. The long-term decay curve is more com-
plicated than the exponential expression for instantaneous
decay because the density of scattering centersis reduced
roughly in proportion to circul ating beam current.

The objective of the current study is to build PUNDA
models that accurately predict the electron beam decay as
a function of electron beam parameters and synchrotron
operating parameters. The training of the NN block in
the PUNDA model will be constrained by first-principles
models (i.e. particle collision physics) for each scattering
mechanism, and hence the trained model will be physically
meaningful.

SIMULATION RESULTS

For the simulation study in this paper the following first-
principlesmodel is used to describe the electron beam loss:

_ Ie b
L+ (5) L (1 —e®)
where I, istheinitial beam current, and « and b are param-

eters of the parametric model for electron beam loss that
are functions of the beam operating conditions.

L,(t) (4)

The parameter ¢ = a, + a, + a,, is afected by Tou-
schek (a..), Bremsstrahlung (e ,), and Coulomb (a ) ef-
fects on beam loss [9] which in turn depend on gap volt-
age (V;), vertical scraper position (Y5), dynamic vacuum
pressure (den) and number of bunches (M,). The param-
eter b = b, + b, is affected by Bremsstrahlung (b,) and
Coulomb (b,,) collisions due to the base pressure.

For the simulation results shown in this section, four
major parameters, i.e. Y, V., M,, and I, are varied
over an operation range consistent with that at SPEAR3.
Electron beam loss is simulated using Eq. (4). Random
noise is added to the simulated electron beam current to re-
flect imperfect current measurements. The noisy electron
beam current is then used to construct a PUNDA model
where Eq. (4) constitutes the Parametric First Principles
Model block, and aNN constitutesthe Nonlinear Empirical
Model block. The combined PUNDA model is trained via
constrained optimization, identifying appropriate parame-
ter values for the FP model (i.e. a and b), at the same time
that the decay in electron beam current is modeled. Fig-
ure 2-5 capture typical simulation results.

CONCLUSIONS

PUNDA structure offers a framework in which both
beam data and first principles models may be used to com-
plement one another. The nonlinear empirical model block
may be used to capture the less known aspects of the beam
decay that is reflected in the operation data but is not fully
explained by first-principles information. Once a PUNDA
model is verified to capture the beam loss in a particle
accelerator, the model can be used to identify potential
sources of beam lossin real-time.
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Figure 2: Prediction of electron beam decay using PUNDA
model. The beam decay is accurately predicted while ac-
ceptable estimates of the decay model parameters are ob-
tained. Theactual parameter valuesused in the FP model of
Eq. (4) area ., = 1.8992¢ — 005 and b,., = 0.00018964.
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Figure 3: Prediction of electron beam decay using PUNDA
model. The beam decay is accurately predicted while ac-
ceptable estimates of the decay model parameters are ob-
tained. The actual parameter values used in the FP model
of Eq. (4) area .., = 1.882¢ — 005 and b,., = 0.0001905.
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Figure 4. Prediction of electron beam decay using PUNDA
model. The beam decay is accurately predicted while ac-
ceptable estimates of the decay model parameters are ob-
tained. Theactual parameter valuesused in the FP model of
Eq. (4) area,, = 1.9058¢ — 005 and b,.,, = 0.00018842.
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