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Abstract

The Cornell-Brookhaven CBETA machine is a four pass
< Energy Recovery Linac (ERL) with a Non-scaling Fixed-
Field Alternating gradient (NS-FFA) arc. For online mod-
eling of single particle dynamics in CBETA, a customized
version of the Tao program, which is based upon the Bmad
o toolkit, has been developed. This online program, called
g CBETA.V, is interfaced to CBETA’s EPICS control system.
£ This paper describes the online modeling system and initial
‘g experience during machine running.
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INTRODUCTION

The Cornell-Brookhaven Energy recovery linac Test Ac-
celerator (CBETA) [1], currently under construction at Cor-
nell University, is a 4-pass, 150 MeV Energy Recovery Linac
(ERL), utilizing a Non-Scaling Fixed Field Alternating-
& gradient (NS-FFA) permanent magnet return loop. CBETA
% is a joint collaboration of Brookhaven National Laboratory
g (BNL) and the Cornell Laboratory for Accelerator based
£ Sciences and Education (CLASSE).

work must maintain attrib

2
5 The CBETA project builds on the significant advance-
2 ments in high-brightness photoelectron sources and Super-

& conducting RF (SRF) technology developed at Cornell [2-5],
& as well as the FFA magnet and lattice design expertise from
§ BNL. One aim of CBETA is to establish the operation of a
© multi-turn SRF based ERL utilizing a compact FFA return
§ loop with large energy acceptance (a factor of roughly 3.6
§ in energy), and thus demonstrate the feasibility of one pos-
g sible cost-reduction technology under consideration for the
i eRHIC Electron-Ion Collider (EIC) currently being designed
E at BNL. The CBETA project involves the study and mea-
8 surement of many critical phenomena relevant to proposed
2 EIC machine designs: the Beam-Breakup (BBU) instability,
‘E halo-development and collimation, growth in energy spread
g from Coherent Synchrotron Radiation (CSR), and CSR mi-
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cro bunching. The CBETA project should provide valuable
insight for both the EIC and ERL communities [1].

As part of the CBETA commissioning sequence, a com-
bined test of the elements of all of the critical subsystems
required for the CBETA project was done in the spring of
2018. This “Fractional Arc Test” (FAT) involved the injector,
the Main Linac Cryomodule (MLC), the low energy split-
ter line, and a first prototype production permanent magnet
girder featuring four cells of the FFA return loop (see Fig. 1).
Besides hardware, the FAT commissioning involved testing
and benchmarking of CEBTA-V, the CBETA online model.
This paper describes the online modeling system and initial
experience during machine running.

ONLINE SIMULATION ENVIRONMENT

The online single particle dynamics simulation model
CBETA-V is based upon Bmad [6] and Tao [7]. Bmad is a
modular, object-oriented subroutine library for simulating
charged particle beams in high-energy accelerators and stor-
age rings. Tao is a general purpose design and simulation
program based upon Bmad and includes several optimiza-
tion routines allowing the user to correct orbits, fit measured
data, etc.

There were a number of advantages to basing CBETA-V
on Bmad and Tao. For one, the majority of the CBETA
lattice design was done using Bmad and Tao. This, and
the fact that any Bmad based program is able to read Bmad
lattice files, meant that offline and online simulations could
be seamlessly interfaced. Additionally, the modular nature
of both Bmad and Tao meant that CBETA-V development
essentially consisted of creating a custom version of Tao
which had the ability to communicate with the CBETA on-
line EPICS database [8]. This was a relatively simple pro-
cedure requiring development of only about 1500 lines of
code, and resulted in an online program which had all the
capabilities of Tao. The ease of which CBETA-V was im-
plemented is due in no small part to the fact that Bmad was
originally developed for use with online modeling. Chan-
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Figure 2: Schematic of the CBETA-V application showing
the linking of the Tao with the EPICS EZCA library.
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Figure 3: Schematic of the CBETA Virtual Machine ap-
plication showing the communication between an outside
EPICS user and CBETA-V via the CBETA Virtual Machine
“virtual" control system.

nel Access between CBETA-V and the EPICS database is
achieved via the EZCA [8] C/Fortran interface library as
illustrated in Fig. 2. Additionally, CBETA-V (and Tao) can
be interfaced to Python using the Python foreign function
library ctypes or the Python pexpect module. The Bmad
lattice files for CBETA have EPICS Process Variable (PV)
information attached to corresponding physical elements
which allows CBETA-V to translate between EPICS PV
values and the CBETA machine state. The calibration con-
stants needed to convert machine readback quantities (such
as magnet currents) into field strengths (such as quadrupole
focusing strengths) are incorporated into the EPICS database
so that CBETA-V works independently of any calibration
constants.

In order to simulate space charge effects in the low en-
ergy part of CBETA, the General Particle Tracer (GPT) pro-
gram [9] is used for simulations from the cathode through
the first pass of the main linac. MATLAB was interfaced to
GPT to facilitate communication between GPT and EPICS.
Features of this MATLAB/GPT program include the ability
to save and load optics settings and simulation results to and
from a file, the ability to load injector settings from the ma-
chine and independently adjust them in simulation, as well
as the ability to visualize all relevant simulation data [3].

Building on CBETA-V, a second application, called the
CBETA Virtual Machine (CBETA-VM), was designed. This
software creates its own copy of the CBETA EPICS con-
trol system, allowing users to command the virtual optical
elements in the simulation via standard EPICS commands.
Figure 3 shows a schematic of this application. By chang-
ing any of the element strengths in the model, the software
computes all relevant single particle tracking parameters
(that is, centroid orbit, dispersion, transfer matrix, etc), and
publishes the results to its own EPICS records, thus making
the virtual machine data available to the user via EPICS in
exactly the same manner as real machine data. This allows
for any automated measurement procedure to command and
take data from either/both the real or virtual machine. This
provides the ability to easily produce simulated predictions
of measurement results, as well as the ability to realistically
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Figure 4: Real time comparison of an orbit bump. Circles
indicate data read from the CBETA BPMs, while the blue

line indicates the simulated values.

debug automated measurement procedures. Many of the ex-

perimental procedures used in CBETA were developed and
tested offline in this manner. The software also provides a
“sync” mode where the Virtual Machine continuously moni-
tors the status of the real CBETA settings, and updates the
simulated machine data upon detecting a change in the set-
tings of the real machine, thus providing a useful online
diagnostic.

REAL TIME COMPARISON WITH
MEASUREMENTS

By serving simulated physics data from CBETA-V via
EPICS records, the CBETA-VM enables any client appli-
cation which can read EPICS PVs capable of accessing
simulation data by reading the corresponding virtual EPICS
records. For machine data that can be read out continuously,
such as BPM data, this makes visual comparison of the mea-
sured and simulated data straightforward. Figure 4 shows
an example snap shot of an orbit bump generated in the S1
splitter line. With CBETA-VM in sync mode, changing the
S1 corrector responsible for the bump produced a simulated
curve and measured data points that closely moved together.

In general, data (such as orbit data) from the real machine
is limited to a finite number of locations throughout the
machine. This makes the real time inclusion of simulated
smooth data curves in the same displays as the real data use-
ful as it “completes” the real data by filling in the values in
between diagnostic points. In addition to this, once the accu-
racy of the CBETA-VM was established, it provided accurate
simulated information for which there is no corresponding
read out that is continuous in time. Quantities useful in op-
eration include the beam energy, dispersion, BPM time of
arrival through the FAT lattice, Rs¢ transfer matrix element.

OFFLINE MEASUREMENT ANALYSIS

Some important quantities are not directly measured but
must be calculated from direct measurements. For example,
to measure the dispersion, the voltage of the last MLC cavity
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© Figure 5: Comparison of the measured (blue circles) and
§ simulated (black line) data. Measurements where made at
& the nominal 42 MeV energy. (a) Dispersion measurement,

< and (b) The time of arrival derivative with respect to energy,
; Rse. The two data points correspond to the first BPM after
8 the MLC and the first FA BPM in the fractional arc.

eC

< was scanned and the resulting orbit position changes mea-
o sured downstream. The dispersion was computed by fitting
g curves to the position changes on each BPM and extracting
< the linear variation around the nominal voltage set-point.
Since such quantities as the dispersion require some amount
2 of time to take data, the analysis essentially has to be done
5 “offline”.

Figure 5(a) shows measured dispersion data along with
@ the simulated prediction at the nominal ST energy of 42 MeV.
2 In addition to recording the BPM positions downstream of
E the linac during the dispersion measurement, the procedure
8 also saved the BPM time of arrival ¢ (in units of the RF
« phase) on the first BPM after the MLC as well as the first FA
= BPM in the fractional arc. This allows for the determination
£ of the Rss matrix element through the splitter line. Fig-
= ure 5(b) displays the resulting measured and simulated Rsg,
% defined as Rsq = (c/w)d¢p/dSs where § denotes a relative
O
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(b) Orbit response to the MSICRVO1 vertical corrector.

Figure 6: Measured orbit response (points) compared to
simulation (lines). Horizontal response is shown in red, and
vertical in blue. (a) Response to the variation of the first S1
splitter dipole. (b) Response to the variation of the first S1
splitter vertical corrector.

energy change. The excellent agreement between simulation
and measurement seen in both the dispersion and Rs¢ data
required adjusting the simulated S1 quadrupole settings by
1%. Similar agreement were found for the comparison of
the measured dispersion and Rsg at beam energies ranging
from 38.5 to 59 MeV.

In addition to the above results, the orbit response ma-
trix was also measured during FAT commissioning. To do
so0, every corrector and dipole magnet in the machine was
scanned and the resulting orbit position changes recorded.
The slope of the fit of position verses magnet strength at
the nominal magnet settings gives the response matrix. Fig-
ures 6(a) and 6(b) show the BPM response to the variation
of two S1 magnets downstream of the MLC. The measured
data and simulated responses agree well, especially for the
horizontal orbit.

A-2 Modeling of Current and Future Machines
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TESTING ORBIT CORRECTION
PROCEDURES OFFLINE

Orbit correction studies for the CBETA machine up un-
til FAT commissioning were carried out offline from the
EPICS control system/real machine. Unfortunately, the tight
schedule of the Fractional Arc Test did not allow for signifi-
cant tests of orbit correction software during the experiment.
Consequently, the CBETA-VM was used to perform virtual
orbit correction experiments originally planned for during
commissioning [10]. Orbit corrections were done using Sin-
gular Value Decomposition (SVD) since that technique had
proved robust in the past.

One test involved the viability of orbit correction in the
injector section following the ICM and before the MLC. The
test proceeded as follows: first the orbit response matrix
R is computed in the lattice model. Random errors to the
quadrupole calibrations in the beamline were assigned by
scaling the corresponding quadrupole currents using a 25%
RMS normal distribution. In addition, random quadrupole
offsets with an RMS spread of 1 mm in both the horizontal
and vertical planes were introduced. Finally, the correctors
in the sections of the machine between the ICM and MLC
were randomly set in order to produce initial “uncorrected”
orbits. Fig 7(a) shows 100 examples of these uncorrected
orbits. In this plot (as well Fig. 7(b)), the red dots indicate
BPM readings.

These orbits were then corrected using SVD, with a sin-
gular value tolerance of 0.4345 used for finding the pseudo-
inverse of R. Because R was computed for the nominal
machine state (on-axis orbit, no quadrupole scaling errors
or misalignments), the correction algorithm was iterated 10
times. Figure 7(b) shows the resulting orbits which have
been reduced in scale by a factor of roughly 100.

To further quantify the residual orbit, the RMS of the
virtual BPM readings,

— {1 2 2
ORes = ﬁzj:(xi +yi)’

after each iteration of the SVD procedure was calculated and
shown in Fig. 8. Here i runs over all the BPMs in the FAT
layout. From this we conclude that the SVD algorithm pro-
duces sub-micron residual orbit error within a few (roughly
3-4) iterations.

)

In addition to this test, the steering of the beam onto
the periodic orbit in the FA section of the FAT layout was
also solved using SVD. When the beam is steered onto the
periodic orbit, the FA BPMs should read the same value
horizontally (vertically the orbit should be zero). Before
correction, denote the horizontal positions on the FA BPMs
by x, and denote the desired periodic orbit by C = C -
(1,1,...,1D)T where the constant C is the as yet unknown
periodic offset. The matrix problem for finding the change
in corrector currents Al that will give periodic orbit readings
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can be written as:

Ry Ri2 Rin AL X

Ry Ry Ron Al X

R3; Rsn S S % 2)
: Aly :

Ry Ruyn 1 -C XM

where the R;; are the elements of the corrector to BPM
response matrix R. Inverting this equation using SVD allows
for the determination of both the corrector currents I and
periodic BPM reading C simultaneously.

To test this, the response matrix from the last two dipole
magnets in the S1 splitter line to the four BPMs in the FA
section was computed, and the matrix in Eq. (2) formed.
Using the fact that the periodic orbit solution in the FA
section is a function of energy, ten non-periodic orbits were
constructed by scanning the beam energy from 39 to 59
MeV (corresponding to the energy ranged demonstrated in
the FAT). The SVD steering algorithm was then applied and
iterated ten times at each energy. Figure 9(a) shows the ten
different non-periodic initial orbits.

The results of the SVD operation are shown in Fig. 9(b)
and show that the periodic orbit has been found. To get a
sense of the level at which the orbit is periodic on the FA
BPMs, the error in the periodicity of the orbit is defined as

f 1
= R L x.)2
ORes = N ;j (-xl X]) .

where i and j run over the four BPMs in the FFA fractional
arc. Clearly this quantity vanishes when the orbit is periodic.
Figure 10 shows the residuals found as a function of SVD
iteration for the ten example energies shown in Figs. 9(a)
and 9(b). Note that for some of the energies in this example,
the graph of the RMS orbit residual only extends to about

3)

three to five iterations. In these examples, applyting SVD +

algorithm resulted in a perfectly periodic orbit and thus the
RMS orbit residual is exactly zero (which is not shown on a
log scale plot). As can be seen, the SVD technique works
well in both examples and provides an important proof of
principle for the online procedure.

CONCLUSION

The flexibility built into the Bmad toolkit and the Tao
program allowed for the timely construction of both online
and offline models for CBETA and results from the FAT
experiment verified the rationality of the design approach as
well as the usefulness of both the CBETA-V online model
and virtual machine. The flexibility of the design allows
modifications to be added as needed relatively simply.

With this in mind, work on including a single pass CBETA
lattice into CBETA-V has begun which will allow for addi-
tional offline testing of more complicated orbit correction
and steering algorithms using the CBETA-VM prior to the
next beam commissioning period. In addition to this work,
significant effort is under way to fully take advantage of the
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flexibility of the Python language in restructuring the virtual
machine wrapper. The purpose of this future work is to
generalize and modularize the virtual machine layer so that
users can add new physics tasks to the software at runtime,
as well as allowing users to plug in different accelerator
€ physics codes. Tests are underway of the latest version, with
% the hopes of this being ready for the next CBETA commis-
sioning period as well.
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Figure 9: Steering onto the periodic orbit using SVD: (a)
shows the initial non-periodic orbit for ten different beam
energies, (b) shows the results of steering onto the period

orbit using the last two dipoles in the splitter S1 section. The
red circles indicate the BPM position and readout values.
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Figure 10: Correction error of the 10 simulated orbits with
energies ranging from 39 to 52 MeV, as a function of the

number of iterations of orbit correction.
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