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APPLICATIONS OF PARTICLE ACCELERATORS

M. Uesaka', Japan Atomic Energy Commission, Tokyo, Japan

Abstract

Applications of particle accelerators amid global poli-
cies of carbon neutrality and economic security. are re-
viewed. Downsizing of high energy large scaled accelera-
tors by advanced technologies enables a variety of medical
and industrial uses. One of the highlights is upgrade of sus-
tainable supply chain of medical radioisotopes by the best
mix of research reactors and accelerators. *Mo/**™Tc for
diagnosis are going to be produced by low enriched U re-
actor and proton-cyclotron, electron rhodotron and elec-
tron linac. Moreover, the theranostics by '""Lu (beta) and
2I1A2% Ac (alpha) are going to be realized. Proton-cyclo-
tron and electron linac are expected to produce them soon.
This new affordable radiation therapy should play an im-
portant role in the IAEA project of Rays of Hopes. Next,
proof-of-principle trails of on-site bridge inspection of the
portable X-band (9.3 GHz) electron linac X-ray/neutron
sources are under way. The technical guideline for the
practical inspection is to be formed in a couple of years.
They are also expected to apply on-site material analysis at
the decommissioning of TEPCO Fukushima Daiichi Nu-
clear Power Station.

DOWNSIZING OF ACCELERATORS

Particle, energy and choice of accelerator are schemati-
cally described in Fig. 1. What kind of reaction is needed
gives the choice of particle, energy and finally type of ac-
celerator. If you induce chemical, atomic and nuclear reac-
tions, the ranges of the energy become eV, keV and more
than MeV, respectively. In order for the beam to penetrate
into a macroscopic specimen, at least hundreds keV is nec-
essary for the beam energy. Depending on the beam energy
from hundreds keV to GeV, the choice of accelerator varies
as electrostatic, linac, cyclotron and synchrotron, basically.
Other new accelerators are now available, too. As for the
linear collider, the linac is again chosen to reduce SR loss.
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Figure 1: Particle, energy and choice of accelerator.
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Downsizing of high energy big accelerator is crucial for
saving the space, budget and so on. Higher RFs like S/C/X-
bands are adopted for smaller electron linac. Even laser
plasma acceleration (THz) and optical dielectric laser ac-
celeration are under development. Concerning ion acceler-
ators, superconducting magnet and optimization of align-
ment are the key techniques for downsizing. Laser plasma
ion injector is expected to be used for the quantum knife,
which is the carbon superconducting synchrotron, of QST
(National Institutes for Quantum Science and Technology)
in Japan.

This downsizing of accelerators offers a variety of appli-
cations in a limited space with a reasonable budget and fur-
ther portability for on-site one-table-top operation [1, 2].

MEDICAL RI PRODUCTION BY BEST
MIX OF RESEARCH REACTORS
AND ACCELERATORS

Most of medical radioisotopes are produced by highly
enriched uranium (U) research reactors and supplied via air
transportation in the world. Actually, those research reac-
tors are facing the aging problem. Due to the security on
nuclear and supply chain, the current supply chain of *® Mo
is expected to shift to regional supply chain based on low
enriched U research reactors and accelerators such as elec-
tron rhodotron, linac and proton cyclotron (see Fig. 2).

Low Enriched U Research Reactors /
Medium Sized Accelerators
and Just-in Supply

Highly Enriched U Research Reactors
and Air Transportation

I Electron Rhodotron I I Electron Linacy-ray Source I

Figure 2: Supply chain shift of *Mo.

Figure 3 explains theranostics (“therapuetic and diag-
nosis”) by using ?2°Ac. These are the very famous and out-
standing achievement of treatment of prostate cancer with
multiple metastasis by Dr. Kratochwil’s group of Univer-
sity Hospital Heidelberg [3]. Theranostics is a combination
of therapy and diagnosis using the different RIs and the
same carrier. Here, the ?’Ac-PSMA (Prostate Specific
Membrane Antigen) is used as therapy while the %*Ga-
PSMA PET (Positron Emission Tomography) is used as
diagnosis. Not only the prostate cancer but also multiple
metastasis disappears remarkably.
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CRAB CAVITY RF NOISE: ESTIMATES AND MITIGATION*
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Abstract

The Electron-Ion Collider (EIC) requires crab cavities
to compensate for a 25 mrad crossing angle and achieve
maximum luminosity. The crab cavity Radio Frequency
(RF) system will inject low levels of noise to the crabbing
field, generating transverse emittance growth and potentially
limiting luminosity lifetime. In this work, we estimate the
transverse emittance growth rate as a function of the Crab
Cavity RF noise and quantify RF noise specifications for
reasonable performance. Finally, we evaluate the possible
mitigation of the RF noise induced emittance growth via a
dedicated feedback system.

INTRODUCTION AND SIMULATIONS

A theoretical formalism evaluating the transverse emit-
tance growth rate due to RF phase (0a¢) and amplitude
(oaa, AA = AV /V) noise was derived in [1]. The emittance
growth rate depends on:

* Operational and accelerator parameters. There is little
or no control of these values. This term is effectively
inversely proportional to 1/8* for a given full crabbing
angle 0.

* The bunch length. This term is almost constant over
the EIC operational range.

* The RF noise power spectral density sampled by the
beam. This term depends on the RF and LLRF tech-
nology.

Simulations were performed [2] to confirm the above rela-
tionships for the EIC, using PYHEADTAIL, a macro-particle
tracking code that simulates collective beam dynamics [3].
There was very good agreement between simulations and
the theoretical expressions.

BUNCH LENGTH EFFECTS

The EIC Electron Storage Ring (ESR) and Hadron Storage
Ring (HSR) bunch lengths vary depending on the collision
energy and hadron species. The verified theoretical expres-
sions were used to estimate the effect of the planned EIC
bunch lengths on the EIC transverse emittance growth rates
due to RF noise, shown in Table 1. The results were also
compared to the High-Luminosity Large Hadron Collider
(HL-LHC). The terms Ca 4 (0g) and Caa (o) show the scal-
ing of the phase and amplitude noise effects respectively due

* This work is partially supported by the U.S. Department of Energy, Office
of Science, Office of High Energy Physics, under Award Number DE-SC-
0019287.
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Table 1: HL-LHC and EIC ESR/HSR Bunch Length and
Crgp(0g), Caa(og) Terms

oz (em) oy (rad) Cyy Caa
HL-LHC 7.5 0.630 0.726  0.137
ESR 5 GeV 0.7 0.058 0.996 0.002
ESR 10 GeV 0.7 0.058 0.996 0.002
ESR 18 GeV 0.9 0.074 0.995 0.003
HSR 41 GeV 7.5 0.309 0.913 0.043
HSR 100 GeV 7 0.289 0.922 0.038
HSR 275 GeV 0.248 0.942 0.029
Au 41 GeV 11.6 0.479 0.816 0.092
Au 110 GeV 7 0.289 0.922 0.038

to the bunch length. o4 is the bunch length in radians with
respect to the crab cavity frequency.

Clearly, there is lower sensitivity to amplitude noise in the
EIC than in the HL-LHC due to the shorter bunch length, es-
pecially for the ESR. This is significant if a bunch-by-bunch
transverse feedback system is employed in the EIC. Such a
system acts on the bunch centroid and can thus only counter-
act the effects of phase noise in the crabbing system. Since
phase noise is dominant in the EIC, a bunch-by-bunch trans-
verse feedback can considerably reduce transverse emittance
growth due to crab cavity RF noise.

RF NOISE REQUIREMENTS

Using the verified theoretical expressions, we can then set
an RF noise requirement to achieve a target transverse emit-
tance growth rate. The target emittance growth rate for the
HL-LHC is 1%/hr to minimize the impact on luminosity. For
the EIC ESR, the emittance growth rate must be lower than
the emittance damping time due to synchrotron radiation.
For the HSR, the emittance growth rate target is set equal to
the Intra-Beam Scattering (IBS) growth rate. This is possibly
an optimistic threshold since the EIC Strong Hadron Cooling
is designed to just counteract the IBS to maintain luminosity.
There are also additional sources of growth (beam-beam
effects for example). So, the HSR thresholds might have to
be lowered further in the future.

The target transverse emittance growth rate for all EIC
energy cases are presented in [2]. In summary, the ESR
target growth rate is many orders of magnitude higher than
the rate for the HSR due to the strong synchrotron radiation
damping. The HSR also has much higher target rates than the
HL-LHC. This is due to the very tight HL-LHC specification
to achieve minimal impact on luminosity and the much lower
transverse emittance. Using these targets and the theoretical
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Abstract

The emittance growth of ion beam is subject to numer-
ical noises in the strong-strong beam-beam simulation for
the Electron-Ion Collider (EIC). This paper discusses the
impacts of model parameters: number of macroparticles,
longitudinal slices, and transverse grids, on the beam size
evolution in Particle-In-Cell (PIC) based strong-strong sim-
ulations. This study helps us better understand the causes of
emittance growth in strong-strong beam-beam simulation.

INTRODUCTION

The beam-beam interaction is one of the most important
phenomena to limit the luminosity in colliders. Beam-beam
simulation is an essential tool to study beam-beam effects.
Two models are often used in simulations: weak-strong and
strong-strong. The weak-strong model is used to study the
single particle dynamics, while the strong-strong model is
used to study the coherent motion.

The particle-in-cell (PIC) approach is widely used in
strong-strong simulation. It uses a computational grid to
obtain the charge density distribution. The beam-beam force
can be calculated from an arbitrary beam distribution by
solving the 2D Poisson equation. Both beam distribution
are updated during collision.
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Figure 1: Strong-strong versus weak-strong simulation for
EIC. The beam parameters can be found in [1], and the
growth rate is linearly fitted from the last 60% tracking data.

* Work supported by Brookhaven Science Associates, LLC under Contract
No. DE-SC0012704 with the U.S. Department of Energy.
" dxu@bnl.gov
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Therefore, this kind of method is self-consistent. However,
the PIC based strong-strong simulation is subject to numer-
ical noise. The discrepancy between the weak-strong and
strong-strong simulation for Electron-Ion Collider (EIC) has
been found, as shown in Fig. 1. It is important to understand
the difference in case there is some coherent mechanism
shadowed by the large numerical noise.

In the following section, the strong-strong simulation is
performed by the code BeamBeam3D [2].

SCALING LAW OF MACROPARTICLES

In PIC simulation, both bunches are represented by a
number of macroparticles. In real beam, there are about
10" charged particles per bunch. Due to the limitation of
computation resources, only several million macroparticles
are used in simulation. Therefore we are sampling the par-
ticle distribution at a rate about one in 10° particles. The
sub-sampling causes artifical Monte Carlo noise.

The numerical errors are unavoidable in PIC simulation.
In each time step, each macroparticle is interpolated on a
finite grid. The Poisson equation is solved on that grid.
The field is then interpolated according to the position of
the macroparticle. The interpolations generate numerical
errors.

The numerical noise will cause the particle diffusion in
phase space. More macroparticles can reduce the impact of
numerical errors. If the beam size or emittance growth is

purely determined by numerical noise, it should obey the .

scaling law [3]
ldo 1
car <M M
where M is the number of macroparticles, and o is beam
size.

To understand the proton size growth in EIC strong-strong
simulation, we scanned the number of electron macroparti-
cles from 0.5 million to 4 million with a step of 0.5 million.
All other parameters remain same. The scanned result is
shown in Fig. 2. The horizontal and vertical growth rate are
fitted with two different models:

_ Axy
gx, y = m

Axy
M
where g, , are horizontal or vertical growth rate which is
calculated from the tracking data, A, , and By , are fitting
parameters. Two more examples of M, = 6 million and
M. = 8 million are used to validate the fitting model. From

Fig. 2, model 2 is a better guess.
The proton macroparticles are also scanned, and the cor-
responding results are shown in Fig. 3. We can see that the

MOYD4
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Abstract

The Electron Ion Collider (EIC) presently under construc-
tion at Brookhaven National Laboratory will collide polar-
ized high energy electron beams with hadron beams with
luminosities up to 1 x 10**cm™2s~! in the center mass en-
ergy range of 20-140 GeV. Due to the detector solenoid in
the interaction region, the design horizontal crabbing angle
will be coupled to the vertical plane if uncompensated. In
this article, we study the tolerances of crab dispersion at the
interaction point in the EIC Hadron Storage Ring (HSR).
Both strong-strong and weak-strong simulations are used.
We found that there is a tight tolerance of vertical crabbing
angle at the interaction point in the HSR.

INTRODUCTION

The Electron Ion Collider (EIC) presently under construc-
tion at Brookhaven National Laboratory will collide polar-
ized high energy electron beams with hadron beams with
luminosities up to 1 x 10**cm~2s~! in center mass energy
range of 20-140 GeV [1]. To reach such a high luminos-
ity, we adopt high bunch intensities for both beams, small
transverse beam sizes at the interaction point (IP), a large
crossing angle 25 mrad, and a novel strong hadron cooling
in the Hadron Storage Ring (HSR) at store energies. To
compensate the geometric luminosity loss due to the large
crossing angle, crab cavities are installed on both sides of
IP to restore head-on collision.

Based on the operational experiences of previous and
existing lepton and hadron colliders, we must have a very
good control of optics parameters at IP to achieve the design
luminosity and to maintain a stable physics store. Those
parameters include orbit, Twiss parameters, momentum dis-
persion, local coupling, and so on. In the EIC, the horizontal
crab cavities will create a z-dependent horizontal offset along
the bunch length at IP. Here z is the longitudinal offset w.r.t.
the bunch center. Conventionally, we define dx/dz as the
horizontal crab dispersion. There are other three terms of
first order crab dispersion: dx’/dz, dy/dz, dy’/dz. dy/dz
is the vertical crab dispersion. In this article, we also call
dx/dz and dy/dz at IP as horizontal and vertical crabbing
angles.

* Work supported by Brookhaven Science Associates, LLC under Contract
No. DE-SC0012704 with the U.S. Department of Energy.
 yluo@bnl.gov
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We adopt a local crabbing compensation scheme for the
EIC. We need to have dx/dz = 12.5x 1073 at IP and to keep
other 3 first order crab dispersion to be zero or close to zero
as possible. However, due to the detector solenoid in the
interaction region (IR), horizontal crab dispersion may be
coupled to the vertical plane and generate non-zero vertical
crab dispersion at IP. To avoid vertical orbit excursions at the
non-collisional symmetric points in IRs, we intentionally tilt
the Electron Storage Ring (ESR) by 200 prad with the axis
connecting IP6 and IP8. Therefore, the ESR and HSR will
not be in a same horizontal plane anymore. This generates
an equivalent vertical crabbing angle 50 prad at IP for both
rings. Other coupling sources, such as residual magnet roll
errors, vertical orbit in sextupoles, and crab cavity roll error,
also can couple horizontal crab dispersion to vertical plane.

Vertical crab dispersion or vertical crabbing angle at IP
will generate a z-dependent vertical offset along the bunch
length. Offset beam-beam interaction may cause the proton
beam emittance blow up and leads to a bad proton beam life.
In this article, we will study the tolerances of crab disper-
sion at IP, in particular, we will focus on the vertical crab
dispersion dy/dz. The design beam and machine parame-
ters for the collision between polarized 10 GeV electrons
and 275 GeV protons are used. At this mode, the design
transverse beam sizes at IP are (95 um, 8.5um). Both beams
reach their maximum beam-beam parameters in the EIC,
that is, 0.1 for the electron beam and 0.015 for the proton
beam [2]. The design peak luminosity is 1.0 x 103*cm 2571

STRONG-STRONG SIMULATION

Two kinds of beam-beam simulation models have been
used for the EIC: strong-strong and weak-strong [3—5]. In the
strong-strong model, both beams are represented by a half to
2 millions of macro-particles. At IP, each bunch is longitu-
dinally sliced. Each slice of one bunch will interact with all
slices from the opposite bunch in a timed order. The spcae
charge or beam-beam force is calculated with Particle-in-cell
(PIC) Poisson solver. The ring lattice is simply represented
by a linear uncoupled 6x6 matrix. Synchrotron motion is
included.

In our simulation, the horizontal crab cavities are virtually
placed on both sides IP with an exact 71/2 horizontal betatron
phase advances to IP. This arrangement constructs a closed
local horizontal crab dispersion bump. To introduce a verti-
cal crab dispersion dy/dz at IP, similarly we place a vertical

01: Colliders
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Abstract

To achieve Ampere-class electron beam accelerators the
pulse delivery rate need to be much higher than the typical
photo injector repetition rate of the order of a few kilohertz.
We propose here an injector which can, in principle, gen-
erate electron bunches at the same rate as the operating
RF frequency. A conduction-cooled superconducting ra-
dio frequency (SRF) cavity operating in the CW mode and
housing a field emission element at its region of high axial
electric field can be a viable method of generating high-
repetition-rate electron bunches. In this paper, we report
the development and experiments on a conduction-cooled
Nbs3Sn cavity with a niobium rod intended as a field emitter
support. The initial experiments demonstrate ~0.4 MV/m
average accelerating gradient, which is equivalent of peak
gradient of 3.2 MV/m. The measured RF cavity quality fac-
tor is 1.4 x 108 slightly above our goal. The achieved field
gradient is limited by the relatively low input RF power and
by the poor coupling between the external power supply and
the RF cavity. With ideal coupling the field gradient can be
as high as 0.6 MV/m still below our goal of about 1 MV/m.

INTRODUCTION

High current (>100 mA) electron beam accelerators have
applications ranging from building new radiation sources to
medical applications and water treatment in large metropoli-
tan areas.[ 1] The high charge beam requires continuous wave
(CW) operation of the accelerator and electron bunch emis-
sion rate close to the operating RF frequency.

Unlike normal conducting copper cavities, superconduct-
ing RF (SRF) cavities made of niobium or Nb3Sn can be
operated in the CW mode, which makes them an ideal build-
ing block of a high-repetition rate field emission electron
source. Normally, SRF cavities are operated in liquid helium
that provides the cryogenic environment. However, they can
also be conduction-cooled with compact, closed-cycle 4 K
cryocoolers as demonstrated by Dhuley et al. [2, 3]. In
this work, Dhuley et al. produced the first-ever practical
CW gradients using an SRF cavity without liquid helium
[4, 5], making the SRF cavity highly accessible for other
applications such as high-repetition-rate field emitters.

Mohsen et al. has developed a multiphysics simulation
model for a SRF cavity based field [6]. Using Dhuley et

MOYE3
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al.’s conduction-cooled 650 MHz Nb3Sn cavity and pulse
tube cryocooler parameters, Mohsen calculated that a nio-
bium rod inside the cavity with its tip near the center of the
cavity can produce peak field of 8 MV/m at its tip. Using
Dhuley’s conduction-cooled SRF cavity test setup, Mohsen
et al.’s initial experiments using a niobium rod placed in-
side a bulk niobium cavity produced a tip CW gradient of
~0.9 MV/m. The performance in the experiment was limited
by contamination on the stem and the flange. To overcome
this limitation, the next set of experiments were conducted
using a high-Qp Nb3Sn cavity and a surface-cleaned nio-
bium rod. This paper presents the preliminary results from
the new configuration and future experiment plans.

EXPERIMENTAL SETUP

The cavity used in this experiment is a single-cell,
650 MHz, SRF grade niobium (RRR>300) niobium cav-
ity coated with Nb3Sn on the RF surface. The RF power
system provides up to 10 W of CW power at f=650 MHz
and Af=5 MHz. The cavity is cooled by high purity SN
aluminum thermal link, connected to a cryocooler with 2 W
of cooling capacity at 4.2 K.

10.000

20.000 (in)
[ S——  SS—

5.000 15.000

Figure 1: (a) CAD model of the support rod inside the RF
cavity. (b) Picture of the RF cavity and (c) the support rod
with flange.

Figure 1 displays the rod used to extend the field-emitter
into the center of the SRF cavity, where the electric

07: Accelerator Technology



5th North American Particle Accel. Conf.
ISBN: 978-3-95450-232-5

NAPAC2022, Albuquerque, NM, USA
ISSN: 2673-7000

JACoW Publishing
doi:10.18429/JACoW-NAPAC2022-MOYE4

DIAGNOSES AND REPAIR OF A CRACK IN THE DRIFT TUBE LINAC
ACCELERATING STRUCTURE AT LANSCE*

W. C. Barkley', D. A. Bingham, M. J. Borden, J. A. Burkhart, D. J. Evans,
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Abstract

Many were perplexed at the inability of Module 3 at
LANSCE to maintain full power and duty factor while run-
ning production beam. First occurring during the 2018 pro-
duction run, the Drift Tube LINAC module began to
intermittently trip off, leading to a series of root cause in-
vestigations. These analyses included eliminating the usual
suspects: vacuum leak, debris in tank, drive line window,
amplifier tube degradation, etc...The throttling back of
repetition rate from 120 to 60 Hz allowed continued pro-
duction with a diminished beam, one that reduced neutron
flux to three experimental areas. During the annual long
shutdown in 2019, a more thorough investigation involving
the use of x-ray detection, high resolution camera and bo-
rescope was performed. Although x-ray detection was able
to broadly indicate areas of arcing, the best diagnostics
turned out to be the high resolution camera and borescope.
After a tenacious search, a 30 cm long crack in a weld was
discovered at one of the ion port grates. Because this area
was inaccessible from the outside for welding and in a con-
fined space, non-intrusive repairs were unsuccessfully tried
first. Ultimately, an expert welder had to enter the tank un-
der high-level institutional management scrutiny to per-
form a weld on copper with very unfamiliar welding
conditions. This paper describes the diagnoses, discovery,
unsuccessful solutions and ultimate repair of the crack in
the accelerating structure.

INTRODUCTION

The Drift Tube LINAC (DTL) at LANSCE accelerates
two species of proton beam from 750 keV to 100 MeV en-
ergy through a set of four accelerating structures (Fig. 1).
The four modules accomplish this acceleration when
driven with 201.25 MHz RF power that generates electrical
fields in the regions between the noses of each drift tube.
The beams experience nearly zero fields while inside the
drift tubes.

Arcing may occur when initiated by a vacuum leak, de-
bris, compromised vacuum window or other initiating
mechanism. When excessive arcing in Module 3 occurred
during the middle of the 2018 run cycle, the usual causes
were investigated and eliminated. As the staff pursued the
problem further, a work around was construed whereby the
machine could be operated at reduced repetition rate (60
vs. 120 Hz, Table 1) to preserve run cycle availability ra-
ther than taking the downtime hit and its unpredictable du-
ration. Although neutron experiments are accomplished

* Work supported by the United States Department of Energy, National
Nuclear Security Agency, under contract DE-AC52-06NA25396.
T barkley@lanl.gov
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more efficiently with greater flux, the experimental areas
at LANSCE are not all dependent on repetition rate.

! \i H -‘i"' ¢ ‘. \ |
Figure 1: LANSCE DTL modules.
Table 1: History of Stable RF, Module 3

Length Pulse Power
I - kw

usec usec

120 1010 625 1563.75
120 810 475 116.85
120 830 525 129.15
120 830 565 138.99
120 880 625 1563.75
120 760 520 127.92
120 700 400 98.4

60 1010 625 76.875
60 1060 625 76.875
60 1060 725 89.175
60 1040 725 89.175

A more disciplined and thorough diagnosis for the arc
down phenomenon could be accomplished during the long
outage, scheduled for a few months away. Resources were
dedicated to this vital task and it was performed systemat-
ically such that the likely causes could be entertained and
accepted or eliminated.

Diagnosis
Any tests to diagnose the Module 3 arcing issue with RF
on would need to be performed at the end of the run cycle
MOYE4
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IN SITU PLASMA PROCESSING OF
SUPERCONDUCTING CAVITIES AT JLAB*

T. Powers’, N. Brock, T. Ganey
Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

Abstract

Jefferson Lab has an ongoing R&D program in plasma
processing which is close to going into production pro-
cessing in the CEBAF accelerator. Plasma processing is a
common technique for removing hydrocarbons from sur-
faces, which increases the work function and reduces the
secondary emission coefficient. The initial focus of the ef-
fort is processing C100 cavities by injecting RF power into
the HOM coupler ports. The goal will be to improve the
operational gradients and the energy margin of the CEBAF
linacs by processing cryomodules in situ. Results from pro-
cessing a cryomodule in the cryomodule test bunker as well
as cavity vertical test results will be presented. This work
describes the systems and methods used at JLAB for pro-
cessing cavities using an argon/oxygen gas mixture.

METHODS

Plasma processing [1] is being explored by a number
of facilities that work with superconducting cavities [2].
Between 2015 and 2018 it was used to process 32 cavities
in the SNS accelerator at ORNL where they achieved
an average improvement in operational gradients of
2.5 MV/m [3, 4]. Unlike helium processing which relies on
ion bombardment of the field emitters, plasma processing
uses atomic oxygen produced in an RF plasma to break
down the hydrocarbons on the surface of the cavity. Pro-
cessing of SRF cavities is done using a mixture noble gas
such as argon, neon or helium and oxygen. The discharge
is operated at pressures between 50 and 250 mTorr.

Gas Supply and Vacuum Systems.

Process gas was supplied by a mobile cart that had a cyl-
inder of argon, 80% argon / 20% oxygen, and 95% argon /
5% methane. Using a series of valves and flow controllers
we were able vary the percentage of oxygen in the process
gas as well as to regulate the flow and pressure in the cav-
ities. The pumping system consisted of two turbo molecu-
lar pumps, a 300 L/s primary pump and a 70 L/s secondary
pump. The 70 L/s pump was used as part of a differentially
pumped RGA system. In addition to monitoring the argon
to oxygen ratio, the RGA is used to monitor H,, CO, CO,
and H>O, which are hydrocarbon fragments that are pro-
duced when the free oxygen interacts with the hydrocar-
bons. Two gas supply and pumping systems have been fab-
ricated which will allow us to process two cryomodules
simultaneously in the CEBAF accelerator.

* Funding provided by SC Nuclear Physics Program through DOE SC
Lab funding announcement Lab-20-2310.
T powers@jlab.org
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RF System

Two 2-channel and one 1-channel RF systems which is
described in [5], have been fabricated. Each RF system is
capable of processing one cavity at a time by applying up
to 100 W of RF power through a higher order mode (HOM)
coupler antenna. The output of two RF sources and net-
work analyzer are combined and after amplification are ap-
plied to one of the HOM antennae on a C100 cavity. The
system monitors the incident and reflected power and the
power that is emitted from the fundamental power coupler.
The latter is effectively acting as a field probe for the elec-
tric field in the cell furthest away from the HOM couplers.

Figure 1 is a plot of the relative electric field amplitudes
for some of the modes of a C100 cavity. The data was
taken using standard bead pull methods and scaled by the
real part of S11 [5, 6]. Control over which cell or combina-
tion of cells is processed is accomplished by selecting
which of the field patterns is applied to the cavity. Using
the modes in Fig. 1 as an example if one were to apply RF
to the HOM coupler at 1913.24 MHz and increase the RF
power a plasma would ignite in the cell with the highest RF
fields, which is cell 4. Moving from cell to cell is accom-
plished by turning on an additional RF source at the fre-
quency that supports a plasma in the new cell then turning
off the original cell. It is described in detail in Ref. [5].
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Figure 1: Relative gradient for the 5 modes that are used
for plasma processing a C100 cavity. Note: the center of
the cells are on even 100 mm intervals between 100 and
700 mm.

Using our off-line system we were able to confirm that
by applying two frequencies, we could establish plasma in
two adjacent cells. The standard processing combination
that was chosen was to process in cell 7, then 5/6, then 3/4,
then 1/2. Using this protocol reduced the processing time
by 40%.

Cryomodule Issues

One of the issues with processing a C100 cryomodule is
that both of the HOM coupler antennas are located on the

07: Accelerator Technology
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SPIN POLARIZED ELECTRON PHOTOEMISSION AND
DETECTION STUDIES

A. C. Rodriguez Alicea, University of Puerto Rico - Mayaguez, Mayaguez, PR, USA
O. Chubenko, S. Karkare, Arizona State University, Tempe, AZ, USA
R. Palai, University of Puerto Rico - Rio Piedras, San Juan, PR, USA
L. Cultrera, Brookhaven National Laboratory, Upton, NY, USA

Abstract

The experimental investigation of new photocathode ma-
terials is time-consuming, expensive, and difficult to accom-
plish. Computational modelling offers fast and inexpensive
ways to explore new materials, and operating conditions,
that could potentially enhance the efficiency of polarized
electron beam photocathodes. We report on Monte-Carlo
simulation of electron spin polarization (ESP) and quantum
efficiency (QE) of bulk GaAs at 2, 77, and 300 K using the
data obtained from Density Functional Theory (DFT) cal-
culations at the corresponding temperatures. The simulated
results of ESP and QE were compared with reported exper-
imental measurements, and showed good agreement at 77
and 300 K.

INTRODUCTION

Photocathodes are very important in accelerator physics,
they generate high brightness spin polarized electron beams
that will allow scientist to unravel mysteries about the fun-
damental particle interactions and cosmology history [1].
Spin polarized electron beams can be characterized by quan-
tum efficiency (QE), electron spin polarization (ESP), and
lifetime. GaAs photocathodes as a source for spin polarized
electrons was first proposed in 1974, and shortly after exper-
iments obtained 40% ESP and 10% QE from bulk crystals
of the material using circularly polarized light [2]. Due to
the degenerate light-hole and heavy-hole band states in the
P35 valence band, the theoretical limit of ESP for these
bulk GaAs sources was about 50%. To overcome this prob-
lem, strained layers (SL) of GaAs alloys have been studied,
since the pseudomorphic strain alleviates the electron level’s
degeneracy limitation. Although the SL enabled measured
ESP over 90%, its QE drastically dropped to below 1% [3].
Deploying a distributed Bragg reflectors (DBR) allows the
material to retain more light, and increases the QE to around
10% [4]. Several other approaches have been explored, but
desirable beam properties, high ESP with high QE and long
lifetime, have not been achieved [5], which warrants further
investigation beyond III-V semiconductors as photocathodes.

The experimental investigation of new photocathode ma-
terials is time-consuming, expensive, and difficult to accom-
plish. Computational modeling offers an inexpensive way to
explore new materials and operating conditions that could
potentially enhance the efficiency of GaAs based photocath-
odes, with relatively more ease and at much lower cost. The
main objective of the present work is to develop a framework
where the ab-initio numerical calculation data of electronic

MOYEo6

band structures can be used to provide inputs to a Monte
Carlo (MC) simulations, that have successfully reproduced
experimental observations of QE and ESP in bulk GaAs [6],
in order to predicts the photoemission from novel materi-
als. The QE and ESP strongly depend on the experimental
conditions such as, photon energy and temperature. The
present work investigate how these parameters can change
with temperature for bulk GaAs and compare the results
with experimental observations from Liu ef al. [7]. Once
the framework has been completed for this material, we can
explore new ones and screen possible candidates for experi-
mental studies, making the overall process of research and
development more feasible.

CALCULATION DETAILS

Density functional theory (DFT) calculations can predict
various macroscopic properties of materials, taking as in-
put only the basic crystal structure. For mott insulators,
in which the correlation and spin attributes of the material
makes their electrical properties deviate from classical pre-
dictions, DFT calculations tend to over-delocalize valence
electrons and to over-stabilize conduction bands, resulting in
smaller intrinsic energy gaps compared to what is observed
experimentally. The Hubbard correction takes into account
the energy contributions of spin correlations and enables
for more precise predictions for such materials [8]. This
approach has been implemented in this work using Quantum
Espresso program package to obtain accurate prediction of
GaAs electronic band structure, dielectric permittivity, and
phonon dispersion of GaAs [9].

All the energy approximations used for DFT calculation
are dependent on the lattice structure, which is affected by
temperature variations. To compensate for the tempera-
ture variation, we changed the lattice constant of the crys-
tal following the empirical formula a = a, + 7.3321 x
1075(T), where a,, is the optimal lattice for 0 K, found to
be 10.4549 a. u. with the relaxation calculation [10]. We
selected 2, 77 and 300K for the representative temperatures
of liquid Helium, liquid Nitrogen and room temperature
respectively.

The formulas used for the calculation of different parame-
ters are as follow; from the energy in k-space diagrams (band
structure) we can estimate the effective masses using the re-
lation 1/m* = d?>E/dk*m/h* [11]. The selected path goes
through the three symmetry points in the Brillouin zone, L,
X, and I', in three different directions to give the effective
masses as harmonic average, m* = 3 ( 1 Ly m%)‘l [12].

+

W W
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PRELIMINARY STUDY OF A HIGH GAIN THz FEL
IN A RECIRCULATING CAVITY"

A. Fisher', P. Musumeci
Department of Physics and Astronomy, University of California Los Angeles, CA, USA

Abstract

Recent experimental results have shown a large improve-
ment in the single pass efficiency of an FEL at 160 GHz
by introducing a waveguide to match the average electron
longitudinal velocity to the subluminal radiation group ve-
locity. We now consider the possibility of using a cavity to
recirculate a portion of the THz radiation to seed successive
electron bunch passes through the undulator. The effects of
waveguide dispersion are discussed along with a method to
correct the group velocity delay of the radiation pulse. Fi-
nally, we simulate power outcoupling for four electron beam
passes and evaluate the benefit of dispersion correction.

INTRODUCTION

Among the electromagnetic radiation sources in the 0.1-
10 THz frequency range, FELs have the unique ability to
provide high peak and average power at tunable frequen-
cies with repetition rates limited only by the availability of
electron beams. While FEL lasing conditions are relaxed at
longer wavelengths, radiation diffraction and FEL slippage
reduce the interaction length and gain for a single pass. For
this reason, most operating and planned THz FEL facilities
employ cavity designs where the gain can be increased over
hundreds of micropulses [1-6].

A promising option to increase the single pass gain is
a THz waveguide FEL where the radiation group velocity
is tuned to match the average longitudinal velocity of the
electron beam, eliminating slippage effects. The electron
beam can then be compressed without limit, increasing the
peak current and making it possible to seed the interaction
with a large bunching factor. Recent experimental results
have demonstrated 10% average energy extraction from a
5.5 MeV electron beam in a 1-meter undulator [7]. In this
high gain regime, the interaction quickly saturates and sig-
nificant tapering of the undulator parameters is necessary to
maintain the resonant conditions [8].

The efficiency can be increased further by recirculating
a fraction of the produced THz radiation to seed the inter-
action of successive electron bunches [9, 10]. This could
increase the frequency range of the waveguide FEL as the
gain is limited at higher frequencies by wakefield effects,
smaller bunching factors, and reduced charge transmission.
Additionally, it could compensate for cases where the elec-
tron beam brightness is insufficient to achieve large energy
extraction in a single pass.

The article is organized as follows. First we discuss a
preliminary cavity design for the Pegasus beamline including

* This work was supported by DOE grant No. DE-SC0009914.
T afisher000@g.ucla.edu
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comments on undulator tapering. Next we present ideal
simulations with no outcoupling to emphasize the benefit
of seeding with radiation. Finally, we discuss a method
for dispersion correction and its effect on the interaction at
different power outcoupling fractions.

a) Mirror
Undulator THz
Electrons
b)
OAP
Waveguide
Diagnostics
| Undulator

>

Figure 1: Two cavity designs for the Pegasus beamline with
differing complexity.

CAVITY DESIGN

Figure 1 shows two possible cavity designs for the Pegasus
beamline at UCLA where space constraints in the bunker
restrict the electron beam path to a straight line. Electron
bunches are generated by illuminating a Cu photocathode
in a RF gun with a 40 fs laser pulse. Multiple beams with
tunable delay (necessary to inject electron bunches at the
decelerating radiation phase) can be produced by separating
the pulse with polarizing beamsplitters and using tunable
delay lines.

The first cavity design consists of two concave mirrors on
either side of the undulator. A small hole in the upstream
mirror is needed to accommodate the focused, incoming
electron beam and the radiation is outcoupled with a larger
hole in the downstream mirror. The simple design is appeal-
ing, but the radiation will experience significant waveguide
dispersion on the return trip reducing the peak electric field
that can seed the next pass. A more complicated but versa-
tile design uses an off-axis parabolic (OAP) mirror to reflect
the THz radiation outside the beamline. An outcoupling
THz beamsplitter reflects some radiation to a diagnostics
section for spectral and temporal measurements. A second
waveguide (with larger radius to reduce dispersion) confines
the radiation and limits diffraction losses of the large band-
width pulse. We can easily switch between multiple pass
measurements and single pass measurements by replacing

02: Photon Sources and Electron Accelerators
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UNCERTAINTY QUANTIFICATION OF BEAM PARAMETERS
IN A LINEAR INDUCTION ACCELERATOR INFERRED
FROM BAYESIAN ANALYSIS OF SOLENOID SCANS*

M. A. Jaworski, D. C. Moir, S. Szustkowski
Los Alamos National Laboratory, Los Alamos, NM, USA

Abstract

Linear induction accelerators (LIAs) such as the DARHT
at Los Alamos National Laboratory make use of the beam
envelope equation to simulate the beam and design experi-
ments. Accepted practice is to infer beam parameters using
the solenoid scan technique with optical transition radiation
(OTR) beam profiles. These scans are then analyzed with
an envelope equation solver to find a solution consistent
with the data and machine parameters (beam energy, current,
magnetic field, and geometry). The most common code for
this purpose with flash-radiography LIAs is xtr. The code
assumes the machine parameters are perfectly known and
that beam profiles will follow a normal distribution about
the best fit and solves by minimizing a y2-like metric. We
construct a Bayesian model fo the beam parameters allow-
ing maching parameters, such as solenoid position, to vary
within reasonable uncertainty bounds. Posterior distribu-
tion functions are constructed using Markov-Chain Monte
Carlo (MCMC) methods to evaluate the accuracy of the xtr
solution uncertainties and the impact of finite precision in
measurements.

INTRODUCTION

Without some quantification of uncertainties in the mea-
surement and analysis of experiments, model differentiation
becomes difficult or impossible. In fields with ever increas-
ing accuracy of models and theories, the demands on experi-
mental measurement precision and analysis are even greater
if new advances are to be made. Such is the case in the
mature technology of linear induction accelerators (LIAs)
such as the DARHT [1].

More practical considerations also demand uncertainty
quantification (UQ) efforts. Multiple measurements tech-
niques may be applied to the same physical quantity at which
point a comparison of measurement precision may be de-
cisive. Efforts in this direction include an analysis of the
solenoid scan method (e.g. Ref. [2]), emittance mask meth-
ods [3], or PIC-based analysis of the same experiments [4].

THEORY AND BACKGROUND

Analysis of solenoid scans in LIAs have continuously
developed with code capabilities and experimental meth-
ods [2,4]. The most common analysis determines a set of
beam initial conditions, upstream of the solenoid magnet
being varied, which can then be used to simulate the beam

* This work was supported by the U.S. Department of Energy (Contract
No. 89233218CNA000001).
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through the remainder of a machine. The beam envelope
equation is most relevant to this type of analysis as it in-
cludes space-charge effects on the beam; various derivations
can be found in the literature [5, 6]. The general form of the
envelope equation is given as follows:

Y ’ 2
, v r B
o+ 2”’+)2/2m + (Zq-/})rm
By 2By mcpPy
2
€ K
—— N __Z -0 (1
(BY)?ry  Tm

Leading order effects on the propagation of the beam arise
from modifications to the space charge of the beam as
might arise from neutralizing of the space charge, current,
or ground planes impinged by the beam (e.g. foil focus-
ing [3,7]).

In beam envelope solutions, the beam edge, a, is associ-
ated with the 2 RMS radius of the marginal distribution of
the beam. When evaluating the quantities in Eq. (1) at this
position, significant corrections are found by inclusion of
beam potential depression (BPD). Taking into account this
reduction in y with respect to the beam radius and wall radius
creates BPD modifications to Eq. (1) when calculating y/,
and y,,.

Two codes are compared: xtr and simpleEnvelope. The
xtr code has been developed over a number of years by per-
sonnel at LANL and most physics effects have been validated
against experimental measurements. In addition to BPD ef-
fects, xtr also takes into account beam diamagnetism effects,
which can reduce the effective field of a solenoid magnet
by ~ 1% [8]. A new, python-based code, simpleEnvelope,
has been developed to further simulate LIAs with the beam
envelope code and enable new modes of analysis. Effects
listed above related to space charge and BPD are included
in both codes, though simpleEnvelope has not implemented
beam diamagnetism.

Analysis of Solenoid Scans

xtr implements an internal profile optimization routine to
obtain beam initial radius, divergence, and emittance (R, R(’),
and €)) whereas simpleEnvelope is called within a Bayesian
framework script: BayesBeam. The xtr solution is obtained
by minimizing a y?-like figure of merit given as:

N (Fmeas.i /T ._1)2 2
FOMXtr - |:; meas,1 ]Vt,t l (2)
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ERL-BASED COMPACT X-RAY FEL*

F. Linf, V.S. Morozov, Oak Ridge National Laboratory, Oak Ridge, TN, USA
J. Guo, Y. Zhang, Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

Abstract

We propose to develop an energy-recovery-linac (ERL)-
based X-ray free-electron laser (XFEL). Taking advantage
of the demonstrated high-efficiency energy recovery of the
beam power in the ERL, the proposed concept offers the
following benefits: i) recirculating the electron beam
through high-gradient superconducting RF (SRF) cavities
shortens the linac, ii) energy recovery in the SRF linac
saves the klystron power and reduces the beam dump
power, iii) the high average beam power produces a high
average photon brightness. In addition, such a concept has
the capability of delivering optimized high-brightness CW
X-ray FEL performance at different energies with simulta-
neous multipole sources. In this paper, we will present the
preliminary results on the study of feasibility, optics design
and parameter optimization of such a device.

INTRODUCTION

A Free-Electron Laser (FEL) that has been invented and
experimentally demonstrated in the 1970s [1, 2] holds a
great potential to serve as a high-power and coherent pho-
ton source. FEL performance extends beyond the limita-
tions of fully coherent laser light sources by covering a
broad range of wavelength from infrared down to X-ray
with a stable and well-characterized temporal structure in
the femtosecond time domain. Particularly, XFEL allows
scientists to probe the structure of various molecules in de-
tail, and simultaneously explore the dynamics of atomic
and molecular processes on their own time scales.

Techniques have been developed and improved to am-
plify the spontaneous radiation to provide intense quasi-
coherent radiation [3-6]. The FEL process strongly de-
pends on the local electron beam properties: current, en-
ergy, emittance and energy spread. Therefore, all existing
XFELs [7-15] are driven by linear accelerators to ensure
preservation of the electron beam quality from the source
for achieving a high peak brightness. Normal conducting
RF cavities, with very high accelerating gradients of up to
60 MV/m, are used to keep the linac length as short as pos-
sible. This limits the bunch repetition rate up to about
100 Hz in a pulsed beam operation mode, resulting in av-
erage photon brightness of as much as 10 orders of magni-
tude lower than the peak one. Therefore, several XFEL fa-
cilities [9, 13] have started considering a CW beam opera-
tion mode that is made possible by the high-gradient SRF
technology. There were two ERL-based concepts [16, 17]

* Work supported by UT-Battelle, LLC, under contract DE-ACO05-
000R22725, and by Jefferson Science Associates, LLC, under contract
DE-ACO05-060R23177.

T linf@ornl.gov
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explored to produce FELs in the UV and/or soft X-ray re-
gions.

CONCEPT

We propose an ERL-based compact XFEL facility, sche-
matically illustrated in Fig. 1. Note that the energy gain of
2 GeV from the SRF is chosen for this study only, consid-
ering relatively realistic SRF gradient, magnet fields, and
geometric footprint of such a facility. Optimization of these
parameters can be carried out in each individual case. We
leverage the ongoing world-wide efforts on the further im-
provement of injector and XFEL techniques and focus on
the feasibility study of the accelerator system.

Electron beams are generated from the source and accel-
erated to 250 MeV before the first bunch compression
(BC). Then the beams are accelerated in the ERL by SRF
cavities with the desired energy gain of 2 GeV. Since space
charge effects are significantly suppressed at the GeV elec-
tron beam energy, one can utilize the first arc to compress
the beam for the second time if needed. The electron beams
are either directed into different undulators that can be de-
signed and optimized for particular XFEL radiations pa-
rameters or bypass the undulator sections. Electron beams
that have been used to produce XFEL can be energy recov-
ered in the ERL after the second arc and dumped down-
stream. The bypassed electron beams will double energy
up to ~ 4 GeV after the ERL and propagate through the
third arc. Same as in the first ~ 2 GeV energy loop, the ~
4 GeV electron beams will either be directed into different
undulator sections or bypass the undulators. Again, the
electron beams that have produced XFEL will be energy
recovered and dumped, and the bypassed electron beams
will be further accelerated to ~ 6 GeV for XFEL production
and energy-recovered in the ERL before the final dump.

ulafors

und

source

gndulators

Figure 1: Schematic drawing of the proposed ERL-based
XFEL facility.
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Abstract

The Cornell-BNL ERL Test Accelerator (CBETA) has
been designed, constructed, and commissioned in a collabo-
ration between Cornell and Brookhaven National Laboratory
(BNL). It focuses on energy-saving measures in accelera-
tors, including permanent magnets, energy recovery, and
superconductors; it has thus been referred to as a green
accelerator. CBETA has become the world’s first Energy Re-
covery Linac (ERL) that accelerates through multiple turns
and then recovers the energy in superconducting radiofre-
quency (SRF) cavities though multiple decelerating turns.
The energy is then available to accelerate more beam. It
has also become the first accelerator that operates 7 beams
in the same large-energy aperture Fixed Field Alternating-
gradient (FFA) lattice. The FFA is constructed of permanent
combined function magnets and transports energies of 42,
78, 114, and 150 MeV simultaneously. Accelerator physics
lessons from the commissioning period will be described
and applications of such an accelerator from hadron cooling
to EUV lithography and from nuclear physics to a compact
Compton source will be discussed.

CBETA

CBETA is the first successful demonstration of an SRF
multi-turn ERL [1-3]. Shown in Fig. 1, it features a non-
scaling fixed-field alternating-gradient (FFA) return loop
constructed using permanent magnets [4], which transport
the four beam energies (42, 78, 114, and 150 MeV) simulta-
neously in a common beam pipe [1,2]. The accelerator has
a 6 MeV injector, the main linac cryomodule (MLC), SX
and RX splitter sections, FFA return loop (FA, TA, ZX, TB,
FB), and the beam stop line.

CBETA can be configured for one to four turns, with the
top energies of each configuration corresponding to 42, 78,
114, and 150 MeV, respectively. For a configuration of ¥
turns, the beam completes 2Y passes through the MLC and
2Y —1 passes through the FFA return loop. In the SX and RX
sections, each beam energy has a corresponding splitter line;
this allows for independent control for ey y, Bx,y, horizontal
dispersion and its derivative, Rs¢, and orbit; the path length
is controlled by moving stages installed in the center of
the splitter lines. In the SX section, the splitter lines are
labeled S1, S2, S3, and S4, with the lowest line energy being

* Authored by Jefferson Science Associates, LLC under U.S. DOE Contract
No. DE-AC05-060R23177 and Brookhaven Science Associates, LLC
under Contract No. DE-SC0012704 with the US Department of Energy
(DOE).

T kirstend @jlab.org
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Figure 1: The four-turn configuration of CBETA.

transported in S1 which is located closest to the interior of the
loop. Consequently, S4, the highest energy line, is located
furthest from the interior. A similar numbering scheme and
orientation is applied for the RX section [1,2].

Select successes of the commissioning period include
single-turn high-transmission energy recovery [3], four-turn
energy recovery, orbit correction of multiple beams at differ-
ent energies using a common set of corrector magnets, and
measuring seven different beams simultaneously through
the FFA arc [1]. CBETA could be used to study a number of
critical beam dynamics effects, including beam-breakup in-
stability, halo development and collimation, microbunching,
and energy spread growth due to coherent synchrotron radi-
ation (CSR). All of these, among others, are critical areas

of study as ERLs are pushed to higher currents for various :

applications [1].

GREEN ACCELERATORS

As specifications of new facilities are being developed, the
trend is for beams of increasingly high energy and current.
In many cases, the quality desired may preclude storage
rings from being an acceptable design; however, these high-
power beams, if produced in linear accelerators, would have
infeasible power requirements, especially as sustainability
becomes an increasingly important aspect of accelerator
design [5,6].

ERLs operate by recovering the kinetic energy of previ-
ously accelerated bunches during deceleration and using
that recovered energy to accelerate subsequent bunches. Not
only does this minimize the amount of energy required by
the SRF cavities, the amount of beam power delivered can
actually exceed the installed power supplies. ERL operation
does impose some restriction on the application - for exam-
ple, delivering the beam into a target at an end station would
preclude energy recovery; however, ERLs have previously
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EMITTANCE MEASUREMENTS AND SIMULATIONS FROM AN X-BAND
SHORT-PULSE ULTRA-HIGH GRADIENT PHOTOINJECTOR*

G. Chen™, D. Doran, S. Kim, W. Liu, J. Power, C. Whiteford, E. Wisniewski
Argonne National Laboratory, Lemont, IL 60439, USA
C.lJ ingl, E. Knight, S. Kuzikov, Euclid Techlabs LLC, Bollingbrook, IL 60440, USA
X. Lu!, P. Piot!, W. H. Tan, Northern Illinois University, DeKalb, IL 60115, USA
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Abstract

A program is under way at the Argonne Wakefield Ac-
celerator facility, in collaboration with the Euclid Techlabs
and Northern Illinois University (NIU), to develop a GeV/m-
scale photocathode gun, with the ultimate goal of demonstrat-
ing a high-brightness photoinjector beamline. The novel X-
band photoemission gun (Xgun) is powered by high-power,
short RF pulses, 9-ns (FWHM), which, in turn, are generated
by the AWA drive beam. In a previous proof-of-principle
experiment, an unprecedented 400 MV/m gradient on the
photocathode surface was demonstrated. In the current ver-
sion of the experiment, we added a linac to the beamline
to increase the total energy and gain experience tuning the
beamline. In this paper, we report on the very first result
of emittance measurement as well as several other beam
parameters. This preliminary investigation has identified
several factors to be improved on in order to achieve one of
the ultimate goals: low emittance.

INTRODUCTION

High brightness photoinjectors are enabling technologies
for a host of scientific instruments including future linear
colliders, next generation free electron lasers (FELs) [1],
compact X-ray sources [2], and ultrafast electron diffraction
or microscopy [3,4]. There are two primary approaches for
decreasing the transverse emittance for increasing bright-
ness: lowering the thermal emittance of the photocathode
or increasing the gradient of the accelerating field on the
cathode surface, Ez. The program underway at the Argonne
Wakefield Accelerator (AWA) facility, in collaboration with
the Euclid Techlabs and Northern Illinois University (NIU),
takes the latter approach by attempting to increase Ez in an
RF gun to unprecedented levels. The collaboration is devel-
oping an ultra-high gradient X-band gun (Xgun) based on
the short RF pulse approach at room temperature, motivated
by the fact that the probability of RF breakdown is reduced
as the RF pulse length decreases [5].

EXPERIMENTAL SETUP

The experimental layout (Fig. 1) consists of two main
sections: the AWA drive beamline and the Xgun beamline.

* This work is supported by the U.S. DOE, under award No. DE-
SC0018656 to NIU, DOE SBIR grant No. DE-SC0018709 at Euclid
Techlabs LLC, and contract No. DE-AC02-06CH11357 with ANL.

 b288079 @anl.gov
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Table 1: List of Operating Parameters

Parameter Value Unit
Drive charge ~270 nC
Laser o 0.189 mm
Laser o, 0.234 mm
Laser bunch length (FWHM) 300 fs
Xgun peak E-field 280.0£3 MV/m
Xgun phase' 31.8 degree
Bunch charge 45+10 pC
Solenoid B-field 0.202 T
Linac peak field 86.9+2 MV/m

! Xgun phase is with respect to the zero phase (see
Fig. 2).

The drive linac produces a high-charge drive bunch train
(up to 400 nC) which is passed into a power extraction and
transfer structure (PETS) [6] to generate a high peak-power
short rf pulse (3-ns flat top) at 11.7 GHz. The rf power from
the PETS is then transferred through a directional coupler [6]
and to the Xgun beamline.

In the section of the Xgun beamline, it consists of a 1.5-
cell Xgun (more details on its rf properties can be found in
Ref. [7,8]), a brazeless linac (a structure that was designed
for wakefield power extractor [8,9] but here we reversed its
use) for further beam acceleration, a spectrometer dipole
for energy measurements, some diagnostics and focusing
elements are shown in Fig. 1. Given the extracted rf power
from the PETS, a variable power splitter was installed to
properly adjust the power ratio between the Xgun and the
linac. Additionally, in order to achieve in-phase acceleration
in the linac, a phase shifter has been introduced for the
linac phase adjustment. In the experiment, the power split
ratio between the Xgun and the linac is of 50:50. More
details on the power splitter and phase shifter can be found in
Ref. [8,10]. The basic operating parameters are summarized
in Table 1.

Xgun Phase Scan

The laser injection phase is controlled by a movable delay
stage by adding/subtracting additional laser travel distance,
thus change the relative laser arrival time on the cathode.
Fig. 2 shows a complete phase scan. The charge was mea-
sured by an integrated charge transformer (XICT1 in Fig. 1)
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CERAMIC ENHANCED ACCELERATOR STRUCTURE LOW POWER
TEST AND DESIGNS OF HIGH POWER AND BEAM TESTS*

H. Xu®, M. R. Bradley, M. A. Holloway, J. Upadhyay, L. D. Duffy
Los Alamos National Laboratory, Los Alamos, NM, USA

Abstract

A ceramic enhanced accelerator structure (CEAS) uses a
concentric ceramic ring placed inside a metallic pillbox cav-
ity to significantly increase the shunt impedance of the cavity.
Single cell standing wave CEAS cavities are designed, built,
and tested at low power at 5.1 GHz. The results indicate 40%
increase in shunt impedance compared to that of a purely
metallic pillbox cavity. A beam test setup has been designed
to use a single cell CEAS cavity to modulate a 30 keV direct-
current (DC) electron beam at an accelerating gradient of
1-2MV/m to verify the beam acceleration capability of the
CEAS concept and to study the potential charging effect
on the ceramic component during the operation. Another
single cell standing wave CEAS cavity has been designed for
high power test at 5.7 GHz for the high accelerating gradient
capability.

INTRODUCTION

In the designs of radiofrequency (RF) charged particle
accelerators, low-loss ceramic components have been in-
troduced as insertion in a variety of geometries with the
purpose of reducing the power dissipation inside the struc-
tures, so as to enhance the shunt impedance of the accelerator
cavities. Power saving achieved through the accelerator cav-
ity shunt impedance enhancement is particularly desired
in applications where the power availability is limited, e. g.
space-borne experiments. However, due to the nature of
ceramic material as dielectric and insulator, the main chal-
lenges of the applications of ceramic insertion in accelerator
structures include the charging effects, multipactor, and the
triple-point problem.

A ceramic enhanced accelerator structure (CEAS) was
proposed to improve the shunt impedance of an accelerator
cavity [1], as shown in Fig. 1. Inside an oxygen-free high
thermal conductivity (OFHC) copper pillbox enclosure, a
high-permittivity low-loss ceramic ring is positioned con-
centric with the metallic cell sidewall. A semi-loop coupler
feeds microwave power into the region inside the ceramic
ring. We investigated two types of the ceramic material, the
BT37 ceramic (relative permittivity €, = 37.6, loss tangent
tan § = 2.75 x 107#) produced by Euclid Techlabs, LLC and
the Skyworks 3500 series ceramic (relative permittivity €, =
34.5, loss tangent tan § = 1.06 x 107%).

The cavity operates in a TM,, mode at 5.100 GHz. The
radial distribution of the normalized longitudinal electric

* Work supported by the Laboratory Directed Research and Development
program of Los Alamos National Laboratory, under project number
20210083ER.

 haoranxu@lanl.gov

03: Advanced Acceleration

Figure 1: Section view of the low power test structure model
of a ceramic enhanced accelerator structure (CEAS).

field and of the normalized azimuthal magnetic field is given
in Fig. 2, calculated using the CST eigenmode solver for the
CEAS geometry with the Euclid BT37 ceramic. The radial
position of the ceramic ring overlaps with the node of the
radial distribution of the longitudinal electric field. As a
result, the dielectric loss inside the material of the ceramic
ring is minimized, and the risk of direct dielectric breakdown
is reduced as well. Because the ceramic ring possesses a
high dielectric constant and thus is highly reflective, the
magnitude of the fields in the region inside the ceramic ring
is in general much greater than that beyond the ceramic ring.
Therefore, the magnitude of the magnetic field at the metallic
cell sidewall is very small, leading to reduced ohmic loss.

1.0

—— electric field
—— magnetic field

0.8
0.6
0.4

0.2

normalized field (arb. units)

0.0

—025 10 20 30 )

r (mm)

Figure 2: Radial distribution of the normalized longitudinal
electric field and of the normalized azimuthal magnetic field
at z = 0. The light green section represents the radial range
of the ceramic ring made of the Euclid BT37 ceramic.

LOW POWER TEST

The goal of the low power test was to conduct the proof-of-
principle verification of the CEAS concept, and to confirm
the shunt impedance enhancement in a CEAS accelerator
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SIMULATION AND EXPERIMENTAL RESULTS OF
DIELECTRIC DISK ACCELERATING STRUCTURES

S. K. Weatherlyl’*, B. Freemire?, C. Jing2’3, E. E. Wisniewski!3, S. Doran>, J. Power>
llinois Institute of Technology, Chicago, IL, USA
2Euclid Beamlabs, Bolingbrook, IL, USA
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Abstract

A method of decreasing the required footprint of linear ac-
celerators and improving their energy efficiency is to employ
Dielectric Disk Accelerators (DDAs) with short RF pulses
(~ 9 ns). A DDA is an accelerating structure that utilizes
dielectric disks to improve the shunt impedance. Two DDA
structures have been designed and tested at the Argonne
Wakefield Accelerator. A single cell clamped DDA structure
recently achieved an accelerating gradient of 102 MV/m. A
multi-cell clamped DDA structure has been designed and is
being fabricated. Simulation results for this new structure
show a 108 MV/m accelerating gradient with 400 MW of
input power with a high shunt impedance and group velocity.
The engineering design has been improved from the single
cell structure to ensure consistent clamping over the entire
structure.

INTRODUCTION

To create high power, small footprint linear accelerators,
high gradient structures need to be utilized. Dielectric disk
loaded accelerating structures can provide large acceleration
to beams while being more compact than traditional acceler-
ating structures. Dielectric accelerating cavities were first
proposed because of their theorized high shunt impedances
and high accelerating gradients [1]. In recent years Dielec-
tric Loaded Accelerators (DLA) have proven more attractive
than Dielectric Disk Accelerators (DDA). DLA structures
are copper structures that are lined with dielectric tubes.
DDA structures are loaded with dielectric disks equally
spaced along the copper structure. DDA structures may be
better suited for use in a high power, small footprint linear ac-
celerator than a DLA because a DDA structure has a higher
shunt impedance and RF to beam efficiency and a smaller
input power requirement to achieve the same accelerating
gradient [2]. In this paper, the experimental results from a
single cell DDA structure will be presented and designs for
a multi-cell structure will be shown.

SINGLE CELL DDA STRUCTURE
RESULTS

Two single cell DDAs have been tested at high power at the
Argonne Wakefield Accelerator (AWA). The first structure
experienced problems due to the braze joint design [3]. To
avoid these issues, a single cell clamped DDA structure was
designed and high power tested.

*

sweatherly @hawk.iit.edu
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Design of a Single Cell Structure

A single dielectric cell is made up of two ceramic disks.
The ceramic-copper interface was designed with elliptic
rounding to minimize the field enhancement in the triple
junction region. The head of the ceramic was designed so
that it bit into the copper during assembly and was held
securely in place, as seen in Fig. 1.
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Figure 1: The RF design of the single cell clamped DDA
structure. The upper figure shows a cross section of the
entire structure. On the bottom left is one dielectric cell and
the bottom right shows the detail of the head of the ceramic.

High Power Results

High power testing was conducted at the Argonne Wake-
field Accelerator. The goal of high power testing was to
determine the maximum accelerating gradient and peak ce-
ramic surface electric field achievable. High power, short
RF pulses were produced at the AWA by decelerating high
charge bunches and transferring the extracted RF power to
the DDA [4].

During testing, the DDA structure withstood up to
320.9 MW of input power and achieved an accelerating
gradient of 102 MV/m. The maximum input power was
limited by the available drive beam charge at the AWA. Dur-
ing testing and in review of the recorded RF pulses, there
was no evidence of breakdown observed. Figure 2 shows
the transmitted vs. input power to the DDA structure. The
experimental data matches the predicted results well. The

03: Advanced Acceleration
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REALISTIC CAD-BASED GEOMETRIES FOR ARBITRARY MAGNETS
WITH BEAM DELIVERY SIMULATION (BDSIM)
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B. Ndihokubwayo, N. Pauly, R. Tesse, M. Vanwelde
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Abstract

Monte Carlo simulations are required to accurately eval-
uate beam losses and secondary radiation in particle accel-
erators and beamlines. Detailed Computer-Aided-Design
(CAD) geometries are critical to provide the most realistic
distribution of material masses but increase the model com-
plexity and often lead to code duplication. Beam Delivery
Simulation (BDSIM) and the Python package PYG4OMETRY
enable handling such accelerator models within a single,
simplified workflow to run complete simulations of primary
and secondary particle tracking and interactions with matter
using Geant4. Replacing geometries of straight magnets is
trivial in BDSIM. However, for curved magnets, the proce-
dure is significantly more complicated and time-consuming
for the user. Additional capabilities have therefore been de-
veloped to facilitate the design of arbitrary bent magnets by
associating externally modelled geometries to the magnet
poles, yoke, and beampipe. Individual field descriptions can
be associated with the yoke and vacuum pipe separately to
provide fine-grained control of the magnet model. The im-
plementation of these new features is described in detail and
applied to the modelling of the CERN Proton Synchrotron
(PS) combined function magnets.

INTRODUCTION

Accelerator systems are becoming increasingly complex
in recent years. Medical hadron therapy installations are
evolving towards more compact systems and the high-energy
colliders are reaching new records of luminosity. Such sys-
tems require prior Monte Carlo simulations to predict the
energy deposition and activation of specific elements and to
design the concrete shielding.

Multiple Monte Carlo codes have been developed over
the years for these kinds of studies such as Geant4 [1, 2],
Fluka [3] or MCNPX [4]. However, these codes use nu-
merical integration to simulate the tracking of the primary
and the secondary particles inside the magnetic fields in the
beamlines leading to less accurate tracking in many fields
systems, such as accelerators. Therefore, a complete loss
or activation study typically requires the results of previous
simulations realised by tracking codes such as MAD-X [5]
or Zgoubi [6], depending on the application. On the other
hand, only the propagation of the primary beam is computed
using these tracking codes. This leads to approximation in
the loss patterns distribution given as input to the Monte
Carlo codes, impacting the studies results.

As solution, we propose to use Beam Delivery SIMula-
tion (BDSIM) [7], a Geant4-based C++ library that provides

09: Computing and Data Science for Accelerator Systems

a full 3D model of any accelerator-based system. BDSIM
includes the particle-matter interactions of Geant4 and the
tracking of all particles through the beamline and its mag-
netic fields. It provides tunable default geometries for any
accelerator-based elements allowing effortless beamline de-
sign. Figure 1 shows the default geometry for a sector dipole
magnet (Sbend). Once the components of a system are de-
fined, BDSIM builds the model based on a sequence of
elements provided by the user. Identical components can be
called multiple times in the sequence avoiding code duplica-
tion.

Figure 1: BDSIM model of an Sbend using the default ge-
ometry. The coils are represented in brown while, the yoke
is represented in blue. An elliptical generic beampipe is
represented in grey.

To improve the magnet realism, a user can import
Computer-Aided-Design (CAD) files for the external ge-

ometry of the magnets. Unfortunately, in the current version :

of BDSIM, CAD-based external geometry cannot be directly
applied to an Sbend. Furthermore, the magnets vacuum pipe
design can only be chosen among some predefined default
apertures. Therefore, a new feature has been developed to
provide extra degrees of freedom to the user. With this
feature, an Sbend can be implemented with one external
geometry for the whole magnet using a CAD-based external
geometry and a subpart of the provided external geometry
can be defined as vacuum pipe.

This contribution details the new developments that have
been realised in BDSIM for improving the customisation of
the outer geometry of magnets and their vacuum pipe. This
new feature is illustrated on the combined function magnets
of the CERN Proton Synchrotron (PS).

EXTERNAL GEOMETRY
CUSTOMISATION

User-defined external geometries are imported into a
BDSIM model using Geometry Description Markup Lan-
guage (GDML) files [8]. Users can create these GDML
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ACTIVATION OF THE IBA PROTEUS ONE PROTON THERAPY
BEAMLINE USING BDSIM AND FISPACT-II

E. Ramoisiaux, C. Hernalsteens', R. Tesse, E. Gnacadja, N. Pauly, M. Vanwelde
Service de Métrologie Nucléaire, Université libre de Bruxelles, Brussels, Belgium
lalso at CERN, Geneva, Switzerland

Abstract

Cyclotron-based proton therapy systems generate large
fluxes of secondary particles due to the beam interactions
with the beamline elements, with the energy degrader being
the dominant source. Compact systems exacerbate these
challenges for concrete shielding and beamline element ac-
tivation. Our implementation of the Rigorous Two-Step
method uses Beam Delivery Simulation (BDSIM), a Geant4-
based particle tracking code, for primary and secondary par-
ticles transport and fluence scoring, and FISPACT-II for time-
dependent nuclear inventory and solving the rate equations.
This approach is applied to the Ion Beam Applications (IBA)
Proteus® ONE (P1) system, for which a complete model has
been built, validated, and used for shielding activation simu-
lations. We detail the first simulations of the activation on
quadrupole magnets in high-fluence locations downstream
of the degrader. Results show the evolution of the long-lived
nuclide concentrations for short and long timescales through-
out the facility lifetime for a typical operation scenario.

INTRODUCTION

Cyclotron-based proton therapy systems require an energy
degradation system to deliver proton beams from 230 MeV
to any desired energy down to 70 MeV covering treatments
energy requirements. The interaction of the primary beam
with the degrader scatters the primary protons and produces
a large number of secondary particles, mainly neutrons [1].
The lost protons and secondary neutrons interact with the
beamline elements or the concrete shielding via nuclear reac-
tions, mainly capture and spallation, producing radioactive
nuclides; some are long-lived and are responsible for the
long-term activation of the proton therapy system and its
concrete shielding.

While next-generation proton therapy systems evolve to-
wards more compact designs, research activities requiring
higher currents and extended irradiation periods are often
conducted in parallel with patient treatments. Consequently,
close activation monitoring of the beamline and shielding
is a requirement when designing new compact treatment
centres.

To tackle this challenge, we established the BD-
SIM/FISPACT-II methodology, inspired by the Rigorous
Two-Step (R2S) method [2], coupling Beam Delivery SIM-
ulation (BDSIM) [3], a Geant4-based particle tracking code,
with the code and library database FISPACT-II [4]. This
methodology, thoroughly detailed in Ref. [5, 6], was applied
to the shielding design of the future proton therapy centre
of Charleroi, Belgium. The BDSIM model of the IBA Pro-
teus® ONE proton therapy system was already developed
and validated against experimental data [7].

We use the BDSIM/FISPACT-II methodology to charac-
terise the activation of critical beamline elements in high

08: Accelerator Applications

fluence regions during a typical centre lifespan of 20 years
and help prepare the future centre decommissioning. This
method will be applied on the first quadrupole of the rotating
gantry, called Q1G, which was modelled using a cylindrical
default geometry made of iron provided by BDSIM. Q1G
is placed downstream from the degrader in the shielding
wall connecting the vault to the treatment room. Q1G was
chosen for this study as its location in the beamline implies
that it is exposed to the secondary particles fluence gener-
ated from the beam interaction with all the extraction line
elements. Figure 1 shows the BDSIM model of the vault
with the superconducting synchro-cyclotron (S2C2), the ex-
traction line with the quadrupoles, slits and degrader, and
the start of the rotating gantry with the collimator and Q1G.
The complex geometries of the S2C2, the degrader, the col-
limator and the concrete shielding have been implemented
in the BDSIM model using Geometry Description Markup
Language (GDML) files created for Geant4 by the Python
library PYG40OMETRY [8, 9].

Degrader & Collimator

Extraction line

Figure 1: BDSIM model of the vault extraction line and its

shielding. The S2C2 and the energy degradation system are :

shown. The concrete shielding wall separating the cyclotron
vault from the treatment area is visible, with the beamline
elements fit through a cylindrical cut.

The activity of a compound is determined by its clearance
index. The clearance index is defined as the sum A;/ CL; over
all the material radionuclides with A the specific activity and
CL the clearance level allowed by the Belgian legislation. If
the clearance index exceeds the value of 1, the compound is
considered radioactive waste. The main isotopes produced
in concrete are listed in Table 1 with their corresponding
clearance level.

Table 1: Clearance levels for the main isotopes produced in
iron. Data taken from FISPACT-II database.

Nuclide CL (Bq/g) \ Nuclide CL (Bqg/g)
>*Mn 0.1 Py 770
>Fe 1000 1y 7.2
*H 100 ) 1
MOPA02
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BEAMLINE OPTIMIZATION METHODS

FOR HIGH INTENSITY

MUON BEAMS AT PSI

Eremey Valetov*, Paul Scherrer Institut, Villigen PSI, Switzerland
(for the HIMB project)

Abstract

We perform beamline design optimization for the High
Intensity Muon Beams (HIMB) project at the Paul Scher-
rer Institute (PSI), which will deliver muon beams at the
unprecedented rate of 10' muons/s to next-generation in-
tensity frontier particle physics and material science experi-
ments. For optimization of the design and operational pa-
rameters to maximize the beamline transmission, we use the
asynchronous Bayesian optimization package DeepHyper
and a custom build of G4beamline with variance reduction in-
corporating measured cross sections. We minimize the beam
spot size at the final foci using a COSY INFINITY model
with differential-algebraic system knobs, where we minimize
the norms of the respective transfer map components using
the Levenberg—Marquardt and simulated annealing optimiz-
ers. We obtained a transmission of 1.34 x 10'® muons/s in a
G4beamline model of the HIMB’s particle physics beamline
MUH2 into the experimental area.

INTRODUCTION

The muon beamlines at Paul Scherrer Institute (PSI)
presently provide muon rates of the order of ~10% muons/s
to world-leading intensity frontier muon particle physics
experiments and condensed matter research programs. The
next generation of these experiments and programs requires
a further increase of the muon rates by two orders of magni-
tude, to the unprecedented level of ~10' muons/s [1].

As an example, Mu3e experiment [2] attempts to detect
the neutrinoless decay p* — e*e*e™ of a positive muon into
two positrons and one electron. In the Standard Model, this is
practically forbidden as this charged lepton flavour violation
(cLVF) [3] has a vanishingly small branching ratio of ~107>%.
A positive measurement of u* — e*e*e™ would provide
a clear indication of Beyond-Standard-Model physics. To
achieve the sensitivity goal of 107! with the present rate of
~10% muons /s, Mu3e Phase II would have to run for more
than 13 years.

The High Intensity Muon Beams (HIMB) project [4] seeks
to deliver muons at ~10'° muons/s at a proton current of
2.4 mA, making such sensitivities feasible [1].

The MEG II experiment [5], which had its first physics
run in 2021, searches for the u* — e*y decay of a positive
muon into a positron and a photon. This highly suppressed
cLFV process has a branching ratio of also about 10>% in the
Standard Model. An increase in the available muon rates will
enable a subsequent, next-generation MEG experiment [1]
with an improved sensitivity of O (10715).

* eremey.valetov @psi.ch
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Figure 1: Layout of the HIMB target station and beamlines.
The MUH3 beamline is not fully shown; it extends about
38 m from target TgH to the final focus of its branch MUH3.3
and also has a branch MUH3.2.

The muEDM experiment [6], which aims to detect an elec-
tric dipole moment of the muon, would also benefit from
a novel low-energy, high-brightness muon source coupled
to the HIMB [1], compared to using PSI’s uE1 beamline.
The HIMB could provide a muon beam for muonium spec-
troscopy measurements that is four orders of magnitude
more intensive than the current Low Energy Muons (LEM)
beamline at PSI. Other particle physics applications of the
HIMB are also envisaged [1].

In addition to particle physics applications, the HIMB will
provide faster, higher statistics for measurements using the
muon spin rotation method (uSR), enabling novel concepts
for sample characterization, including the use of pixel-based
detectors or microbeams which require an increase in avail-
able muon rate [1].

The HIMB project will achieve the increase of the muon
beam intensity by two orders of magnitude to 10' muons/s
by replacing the exiting target TeM with a new graphite target
TgH with a slanted target design which increases the surface
muon rate, high-acceptance capture solenoids close to the
target, and transmission using large-aperture solenoids and
dipoles. A partial layout of the HIMB is shown in Fig. 1. The
particle physics beamline MUH2 has only solenoid focusing,
while the materials science beamline MUH3 has solenoid
focusing in the first two straight sections and conventional
quadrupole focusing further downstream.

This paper expands on our paper [7] on beamline opti-
mization for the HIMB project by detailing the optimization
methods aspect of the same work. For broader informa-
tion about the HIMB project, please refer to the IMPACT
conceptual design report (CDR) [4]. The IMPACT project
comprises the HIMB and the TATTOOS projects.
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DESIGN OF A 4D EMITTANCE DIAGNOSTIC
FOR LOW-ENERGY ION BEAMS

Thomas Roger Curtin, Mark Curtin, [on Linac Systems, Inc., Albuquerque, NM, USA

Abstract

Characterization of ion beams from an ion injector con-
sisting of an electron-cyclotron-resonance (ECR) source
in combination with a low-energy-beam-transport (LEBT)
typically exhibits a complex four-dimensional transverse
phase-space distribution. The importance of measuring the
ion beam correlations following extraction and transport of
the low-energy beam is critical to enabling optimization of
beam transmission through downstream accelerating struc-
tures. A design for a transverse, four-dimensional emittance
meter for low-energy protons from the Ion Linac Systems
(ILS) ECR-LEBT ion injector is provided.

INTRODUCTION

Detailed knowledge of the transverse beam parameters is
essential to enable proper optimization of beam transmission
in downstream accelerating structures. Procedures to mea-
sure the two-dimensional (2D) transverse beam parameters,
where horizontal and vertical motions are separate, have
been well established. However, various beamline elements
such as skew quadrupole magnets, solenoids, and beamline
element field asymmetries generate a correlation between
the horizontal and vertical components. The purpose of this
diagnostic is to characterize the four-dimensional (4D) beam
phase space distribution by capturing multiple downstream
transverse (xy) images allowing potential correction of trans-
verse coupling from the source. There are two strategies
to properly characterize the 4D emitted beam: the single-
optics/multiple-locations strategy proposed by Woodley and
Emma [1] and the multiple-optics/single-location strategy
given by Prat and Aiba [2]. The first strategy proposes a
long beam line of roughly 150 m consisting of six profile
monitors and ~ 15 quadrupole magnets. The second involves
having the 2D beam parameters measured at a single loca-
tion and having quadrupole strengths change to generate the
required optics for the 4D reconstruction. Due to the lack
of 150 m of space required to perform the first method, the
second method is used for this diagnostic.

4D TRANSVERSE BEAM
CHARACTERIZATION

The 4D beam matrix describes the transverse properties
of the beam:

<xy> <xy' >
<x'y> <x’y >
<y?> <yy'>
<yy'> <y?>

<x?> <xx'>
<xx’> <x?>
<xy> <x'y>
<xy' > <x'y' >

_[Oxx Oxy
=\ 7
Oxy Oyy
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4D

ey

The matrices 0., and 0,, describe the 2D horizontal and
vertical motions, and oxy describes the cross-plane coupling.
The transport of the 4D beam matrix from sg to s can be
calculated as follows:

oiP :R~a‘s‘(I))'RT

2)
Where R between s and s is:

Ryy Riz Rz Ryy
Ry1 Ry Roz Rog
R31 R3 R3z R3y
R4y Ryp Ryz Ryy
— (RXX ny)
Ry Ryy
According to Egs. (1), (2), and (3), when the lattice be-
tween s and s, the elements R, and R,,, are zero allowing
the beam sizes and x-y correlation to be expressed in terms
of the matrix elements of o*P as follows:
Assuming the transport matrix elements are known, the
10 independent elements of 0*P at s, can be computed
by measuring beam sizes and x-y correlations at the
point s. The initial simulation considered 8§ captured
images. Future simulations will map out the emittance

sensitivity as a function of the number and quality of
capture images.

SIMULATION OF DIAGNOSTIC

Presently we plan to validate the 4D emittance diagnostic
using the Ion Linac Systems (ILS) Electron Cyclotron Reso-
nance (ECR) 30keV ion source. The initial layout of the 4D
emittance diagnostic is depicted in Fig. 1 below including a
pepper-pot 4D emittance diagnostic for cross-checking.

0.4D

~
W
~
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Figure 1: Diagnostic design for manufacture.

The system length is 1 m long in total and follows the
ProLAB build below (Fig. 2). The quadrupoles themselves
are 0.1 m in length separated by 0.1 m with an aperture radius
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COMMISSIONING OF HOM DETECTORS IN
THE FIRST CRYOMODULE OF THE LCLS-II LINAC

J. Diaz Cruz'*, J.P. Sikora, N. R. Neveu, B.

Jacobson, SLAC, Menlo Park, CA, USA

lalso at University of New Mexico, Albuquerque, NM, USA

Abstract

Long-range wakefields (LRWs) may cause emittance di-
lution effects. LWRs are especially unwanted at facilities
with low emittance beams like the LCLS-II at SLAC. Dipo-
lar higher-order modes (HOMs) are a set of LRWSs that are
excited by off-axis beams. Two 4-channel HOM detectors
were built to measure the beam-induced HOM signals for
TESLA-type superconducting RF (SRF) cavities; they were
tested at the Fermilab Accelerator Science and Technology
(FAST) facility and are now installed at SLAC. The HOM
detectors were designed to investigate LRW effects on the
beam and to help with beam alignment. This paper presents
preliminary results of HOM measurements at the first cry-
omodule (CMO1) of the LCLS-II linac and describes the
relevant hardware and setup of the experiment.

INTRODUCTION

Off-axis beam transport may results in emittance dilution
due to transverse long-range (LRW) and sort-range wake-
fields (SRW) in TESLA-type cavities, as previously showed
at the Fermilab Accelerator Science and Technology (FAST)
facility [1,2]. A similar study was performed with an entire
cold cryomodule (CM) with 8 SRF cavities and the correla-
tion between beam offset and sub-macropulse centroid slews
and centroid oscillations was shown in BPMs downstream
the CM [3]. HOMs, which excite LRWs, are proportional
to the transverse beam offset and bunch charge; therefore,
reducing HOMs may help to mitigate emittance dilution
effects, which is critical at the first cryomodule (CMO1) of
the LCLS-II linac.

Dipolar HOMs are of special interest since they drive
beam instabilities which can cause transverse beam dynamic
problems. As shown in [4], the dipole modes with the high-
est R/Q are modes 6 and 7 from the first passband; modes
13 and 14 from the second passband and mode 30 from the
third passband. For this project, special interest is taken in
the first and second dipole passbands. Each TESLA-type
cavity has an Upstream (US) and a Downstream (DS) HOM
coupler to damp those modes to avoid beam instabilities, and
can also be used to measure HOM signals. A set of HOM
measurement chassis were built at SLAC to instrument the
US couplers of CMO01 with the goal of support injector com-
missioning activities and to act as beam position diagnostics.
Furthermore, the chassis can enable studies in LRW effects
on the beam.

* dejorge @slac.stanford.edu
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EXPERIMENTAL SETUP

Two 4-channel chassis were built to measure the magni-
tude of the HOMs at the US and DS couplers of each SRF
cavity. Each channel has a 1.3 GHz notch filter to reduce the
fundamental resonant frequency; a band-pass filter centered
at 1.75 GHz with 300 MHz bandwidth to emphasize the
main TE111 HOM dipole modes, in particular modes 7 (f;
= 1.739 GHz) and 14 (f14 = 1.873 GHz), since these modes
have the highest R/Q in their passband; a 31 dB digital step
attenuator with 2 dB per step; two cascaded 23 dB amplifiers
with enable/disable control and a Schottky diode for HOM
detection. An schematic of a single channel is shown in
Figure 1. More details about the design and testing of the
chassis at [5].

1t Panel SWA)

Figure 1: Schematic of a single channel in the 4-channel
HOM measurement filter chassis.

AIl'US and DS coupler cables are terminated in loads. The
US couplers of CMO01 have a -10 dB coupler with the through
port followed by a 10 dB attenuator and a termination. This

setup is done due to concerns related to the power level of the :

1.3 GHz fundamental resonant mode being reflected back
to the probe and heating the cable. The -10 dB port of the
coupler is connected to the chassis. The two chassis are
connected to the US couplers of the cavities inside CMO1.
The outputs of the chassis are connected to two oscilloscopes,
which measure the minimum voltage for each channel, since
the output of the Schottky diode is a negative voltage. The
scope waveforms are available via EPICS and the minimum
voltages can be monitored using PVs. The complete setup
is shown in Figure 2. The team is in the process of building
another set of chassis to also instrument the DS couplers.

The LCLS-II injector has 5 corrector magnets and 2 BPMs
between the RF gun and CMO1. There is also a cold BPM
inside CMO1 in the downstream end, and multiple BPMs
downstream CMO1, along with other diagnostics and sys-
tems, that complete the injector setup.

PRELIMINARY HOM MEASUREMENTS

As part of the injector commissioning activities, the two
HOM measurement chassis were tested and are now being
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DESIGN OF A SURROGATE MODEL FOR MUED AT BNL
USING VSim, elegant AND HPC

S.I. Sosa*, T. Bolin!, S.G. Biedron?
Department of Electrical and Computing Engineering,
University of New Mexico, Albuquerque, NM, USA
! also at Element Aero, Chicago, IL, USA
2 also at Department of Mechanical Engineering,
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Abstract

The MeV Ultrafast Electron Diffraction (MUED) instru-
ment at Brookhaven National Laboratory is a unique capa-
bility for material science. As part of a plan to make MUED
a high-throughput user facility, we are exploring instrumen-
tation developments based on Machine Learning (ML). We
are developing a surrogate model of MUED that can be used
to support control tasks. The surrogate model will be based
on beam simulations that are benchmarked to experimental
observations. We use VSim to model the beam dynamics of
the radio-frequency gun and Elegant to transport the beam
through the rest of the beam-line. We also use High Per-
formance Computing resources from Argonne Leadership
Computing Facility to generate the data for the surrogate
model based on the original simulation as well as training
the ML model.

INTRODUCTION

The MeV Ultra-fast Electron Diffraction (MUED) system
at Brookhaven National Laboratory (BNL) is a unique re-
search tool that enables the study of the crystalline structure
of materials using electron diffraction [1]. At the center
of the MUED operation is the radio-frequency gun, which
provides an energy gain of 3 MeV to the electron beam [2].
The high accelerating gradient helps reduce the space charge
effect in the beam, which is significantly reduced with in-
creasing energy. The electron gun is a normal conducting
radio-frequency cavity, composed of 1.6 cells and designed
to operate at 2856 MHz in the TMg;(, 7-mode [2]. The
electron beam is produced via photo-electric effect on a Cu
cathode using a frequency-tripled Ti:Sapphire laser. The Cu
cathode doubles as the wall of the half-cell of the rf gun.
A solenoid magnet sits immediately after the rf gun, and it
helps focusing the beam. A pair of horizontal and vertical
corrector magnets are also used to control the beam towards
the collimator, the sample holder and the detector, which sits
4 m downstream. Figure 1 shows a photograph of the beam
optics elements of MUED. After the material sample, the
beam drifts for a long stretch, which improves the resolution
on the diffraction pattern. The MUED detector is a Phosphor
screen and is imaged with a cryogen-cooled Andor CCD
camera.

*

salvadorsg @unm.edu
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Figure 1: The MUED focusing magnets and sample holder.

MUED also has the capability of laser-pumping the ma-
terial sample. The Ti:Sapphire laser can be used to photo-
excite the material sample, this can drive phase transitions in
the material, and can be analyzed by looking at the evolution
of the diffraction patterns before and after a time-zero T
when the laser pulse arrives at the sample.

With these capabilities on-hand, there is interest in de-
veloping the instrumentation of MUED to maximize the
throughput of science and users, and to minimize the facility
experimental down-time. As MUED users, we are exploring
the use of ML and optimization tools to support MUED
operations. After our first dedicated beam-time at BNL, we
learned that an important concern for experimental data-runs
is the energy jitter of the electron beam. Energy variations
arise from variations in the rf phase of the gun. Variations in
beam energy directly translate into the aperture angle of the
diffraction patterns, making the laser-pump measurements
particularly noisy. We believe ML and optimization tools
can be deployed at MUED to help with the beam stability. In
particular, we envision a surrogate model capable of taking
the detector images as inputs and producing the required
instrument control settings that optimize the beam [3-5].

SURROGATE MODEL FOR MUED

Computer simulations are generally used as a way to under-
stand the dynamics of a system, whether on the developing
phase or when trying new system configurations. Simula-
tions can provide accurate results, but more often than not,
the computing time required to produce a solution is not
suitable for real-time operations.

09: Computing and Data Science for Accelerator Systems
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A WIDE DYNAMIC-RANGE HALO MONITOR FOR
8 GeV PROTON BEAMS AT FNAL*

Y. Hashimoto!, C. Omori, Y. Sato, T. Toyama, M. Tejima, T. Sasaki, M. Uota
KEK/J-PARC, Japan
R. Ainsworth, Fermi National Laboratory, Batavia, IL, USA
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Abstract

Eliminating harmful beam halos is the most important
technique for high-intensity proton accelerators. Therefore,
beam halo diagnosis is indispensable and becomes more
and more important. At J-PARC, a wide dynamic range
monitor was installed in the beam transport line in 2012.
The device is a two-dimensional beam profile monitor, and
it has a dynamic range of approximately six digits of mag-
nitude by using of Optical Transition Radiation and fluo-
rescence screens. The FNAL accelerator complex has been
upgrading in increasing beam intensity and beam quality.
A new beam halo diagnostic device is required in the beam
transport line between booster and Recycler. It will be
manufactured in a collaboration between J-PARC and
FNAL as a part of U.S.-Japan Science and Technology Co-
operation Program in High Energy Physics. We are rede-
signing the monitor to satisfy FNAL specifications: the
beam energy, intensity, and size. The equipment will be
manufactured at J-PARC and will be shipped to FNAL in
2024. In this report, the design of the device will be de-
scribed.

INTRODUCTION

A two-dimensional beam profile monitor with a six-digit
dynamic range was developed in 2012 at J-PARC. It has
proved effective for precise beam halo diagnosis for inject-
ing beams in 3 GeV beam transport to the main ring [1, 2].
At J-PARC, we have been developing Unit-2 for diagnos-
ing the halo of the injected beam on the main ring and di-
agnosing the beam cut effect by MR collimators [3]. In the
configuration, it is also a new theme to perform beam halo
measurements in phase space by performing simultaneous
measurements with Units -2 and -1. In high-intensity pro-
ton accelerators, beam diagnostics using equipment for ac-
curately diagnosing such beam halos has been progressed.

Layout (Front View)

omm - L
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for Beam Core E -
>
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U
[ 1 g
Projected Beam Profile |, es|loR
Figure 1: Screen configuration.
* Work supported by U.S.-Japan Science and Technology Cooperation

Program in High Energy Physics.
T yoshinori.hashimoto@kek.jp
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These instruments at J-PARC consist of two parts: the
beam core is measured by OTR from a metal thin film tar-
get such as titanium, and the beam halo is captured by flu-
orescence from alumina target. High-sensitivity image
measurement is performed by adjusting the gain of the im-
age intensifier (Fig. 1). It makes sense to introduce a pre-
cise two-dimensional beam profile monitor with such a
high dynamic range to the 8 GeV beam transport line
(Fig. 2) of the Recycler from Booster, in upgrading the ac-
celerator at FNAL. In the Japan-US cooperation project:
Accelerator and Beamline Research and Technology De-
velopment for High-Power Neutrino Beam, we concluded
an agreement between KEK and FNAL in FY 2021, and
within that framework, we decided to develop this device
in a three-year plan. In formulating the specifications of the
equipment, we basically take the policy of applying it to
FNAL based on the results of J-PARC Unit-1.

(F Short Baseline Neutrino:
@ ANNIE, ICARUS (SBND)

Switchyard:

Spin Quest, test

‘‘‘‘‘‘‘‘‘

Long Baseline Neutrino:
NOvA (LBNF/DUNE)

< 35keV Muon Campus:
== g-2(MuZe)

Figure 2: FNAL accelerator complex.

OPTICAL SYSTEM DESIGN FOR
FNAL 8 GeV BEAM

8 GeV Proton Beam

Table 1 shows the beam intensity and beam size per
bunch of the J-PARC 3 GeV beam and the FNAL 8 GeV
beam. The value of J-PARC beam intensity was used the
lowest intensity for measuring a 6-digit beam halo. Assum-
ing a Gaussian beam, each beam profile is shown in Fig. 3.
For the FNAL peak, 0.08, which is obtained by multiplying
the intensity ratio with J-PARC by the square of the beam
size ratio as a packing factor, was used. This curve can be
said to be the light intensity ratio of OTR and fluorescence
generated at the target. In other words, when measured
with the same set as J-PARC, the light at FNAL is one order
of magnitude smaller than at J-PARC. In the following, we
discuss how to measure the beam halo with a high dynamic
range of 6 orders of magnitude or more even with FNAL.
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SYNCHRONOUS HIGH-FREQUENCY DISTRIBUTED
READOUT FOR EDGE PROCESSING AT THE FERMILAB
MAIN INJECTOR AND RECYCLER

J. R. Berlioz*, M. R. Austin, J. M. Arnold, K. J. Hazelwood*, P. Hanlet,
M. A. Ibrahim* A. Narayanan', D. J. Nicklaus, G. Pradhan,
A.L. Saewert, B. A. Schupbach, K. Seiya, R. M. Thurman-Keup, N. V. Tran
Fermi National Accelerator Laboratory’, Batavia, IL, USA

J. Jang, H. Liu, S. Memik, R.

Shi, M. Thieme, D. Ulusel

Northwestern University*, Evanston, IL, USA
'also at Northern Illinois University, DeKalb, IL, USA

Abstract

The Main Injector was commissioned using data acqui-
sition systems developed for the Fermilab Main Ring in
the 1980s. New VME-based instrumentation was commis-
sioned in 2006 for beam loss monitors (BLM), which pro-
vided a more systematic study of the machine and improved
displays of routine operation. However, current projects
are demanding more data and at a faster rate from this ag-
ing hardware. One such project, Real-time Edge Al for
Distributed Systems (READS), requires the high-frequency,
low-latency collection of synchronized BLM readings from
around the approximately two-mile accelerator complex.
Significant work has been done to develop new hardware
to monitor the VME backplane and broadcast BLM mea-
surements over Ethernet, while not disrupting the existing
operations-critical functions of the BLM system. This pa-
per will detail the design, implementation, and testing of
this parallel data pathway.

INTRODUCTION

The Real-time Edge AI for Distributed Systems
(READS) project is a collaboration between the Fermilab
Accelerator Division and Northwestern University. The
project has two objectives: 1) to create a real-time beam
loss de-blending system for the Main Injector (MI) and
Recycler (RR) utilizing machine learning (ML) [2], and
2) to implement ML into the future Delivery Ring slow
spill regulation system for the Mu2e experiment [3, 4].
This paper focuses on the creation of the data acquisition
architecture, capable of data streams into both training
sets and firmware implementation of ML models across
a distributed network. The details of the ML model and
the progress of disentangling the loss sources are not the
topic of this paper but are described in detail within our
conference sister paper [5].

* Equal paper contribution

 Operated by Fermi Research Alliance, LLC under Contract No.De-
AC02-07CH11359 with the United States Department of Energy. Ad-
ditional funding provided by Grant Award No. LAB 20-2261 [1].

# Performed at Northwestern with support from the Departments of Com-
puter Science and Electrical and Computer Engineering.
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BILM Data Collection

Beam loss monitors (BLMs) consist of a distributed net-
work of VME front ends (or “nodes”), which captures
spatially-identifiable and time-correlated ionizing radiation
measurements from 259 argon-gas ionizing chambers, or
BLM detectors, installed around the MI and RR[6]. BLM
systems report, on a logarithmic scale, losses for all BLM
detectors at various times throughout a cycle.

To achieve this, charges measured from the BLMs detec-
tors are integrated in 21 ps periods. These periods are used
to construct three different sliding sums with user-defined
time scales: 3ms, 50ms, and 1s [7]. The sliding sums are
transmitted via a VME crate controller card to ACNET, Fer-
milab’s accelerator control system [8], for display and anal-
ysis. Simultaneously, these sums also drive primary inputs
to a beam abort system, which compares the reported charge
readouts and sliding sum values with beam loss abort thresh-
old values for the MI [6].

Currently, the abort system struggles to distinguish and
disentangle the source of the beam losses. This is because

1) MI and RR share an enclosure, 2) both machines can and :

do often have high-intensity beam in them simultaneously,
and 3) both machines can generate significant beam loss.
Accelerator operators use their expertise to determine the
origin of a loss from a beam loss pattern. The process is
not automatic, and the manual analysis creates unnecessary
downtime. The READS project aims to deploy a ML model
that will infer in real-time the machine loss origin.

Having training sets with the appropriate temporal and
spatial resolution is paramount for the development of an
accurate, realistic ML model. Unfortunately, the current
BLM readout system presents a bottleneck for data collec-
tion and limits the reaction time for the ML model. Al-
though BLM measurements update at 333 Hz (i.e., 3 ms in-
tegration period), the BLM readout system can only pro-
vide a maximum data rate of 30 Hz. Furthermore, the in-
terface between the BLM and the abort system imposes
operations-critical restrictions on any modifications to the
existing BLM system. These reasons were the key moti-
vations for developing an alternative solution through the
VME Reader cards.
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SYMPLECTIC PARTICLE TRACKING IN A THICK
NONLINEAR McMILLAN LENS FOR THE FERMILAB
INTEGRABLE OPTICS TEST ACCELERATOR (I0TA)

B. Cathey”, G. Stancari, T. Zolkin, Fermi National Accelerator Laboratory, Batavia, IL, USA

Abstract

The McMillan system is a novel method to increase the
tune spread of a beam without decreasing its dynamic aper-
ture due to the system’s integrability. While the ideal sys-
tem is based on an infinitely thin kick, the physical design
requires a thick electron lens, including a solenoid. Parti-
cle transport through the lens is difficult to simulate due to
the nature of the force on the circulating beam. This pa-
per demonstrates accurate simulation of a thick McMillan
lens in a solenoid using symplectic integrators derived from
Yoshida’s method.

INTRODUCTION

As circular accelerators achieve higher beam intensi-
ties, beam instabilities increasingly limit design capabili-
ties. Beam instabilities can come from interactions of the
beam with the surrounding environment through wakefields
and impedance, or from space charge due to the beam it-
self. Landau damping is one way to mitigate instabilities.
Landau damping is the use of a spread of betatron tunes to
lower a beam’s sensitivity to instabilities. To generate a tune
spread nonlinear forces are required, such as octupole mag-
nets creating tune spread dependent on the particle’s ampli-
tude. However, octupoles and other nonlinear elements can
have a significant drawback in that they reduce the beam’s dy-
namic aperture. There are nonlinear dynamical systems that
are integrable, and that can be implemented in accelerators,
without loss of dynamic aperture [1-6].

The Integrable Optics Test Accelerator (IOTA) at Fermi-
lab is partly dedicated to the experimental study of novel,
integrable, nonlinear focusing lattices [7]. In particular, one
straight section is designed to include an electron lens, which
will be used for research on nonlinear dynamics, electron
cooling, and space-charge compensation [7-10]. Because
of their flexibility, electron lenses can be designed to have
different effects on the circulating beam [11-15]. In this
paper, we focus on the simulation of a realistic McMillan
electron lens, the nonlinear element necessary for creating
the McMillan integrable system in IOTA [16-18].

BACKGROUND

The McMillan system has two sections: a linear transport
and a nonlinear kick [2, 3]. The linear transport requires
a /2 phase advance in both vertical and horizontal phase
spaces, and a round beam at the kick. The two dimensional

* beathey @fnal.gov
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McMillan kick is defined as
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with k as the kick strength and a as an effective width. This
system has two integrals of motion guaranteeing integrability.
These are best defined in polar coordinates where:
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This system generates a wide tune spread while maintaining
integrability [17, 19]. There are two regimes of strength for
the McMillan lens based on the lattice beta function. The
weak regime occurs when Sk < 2 and has a maximum tune

spread of
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The strong regime is when Sk > 2 and can create a tune
spread that reaches the integer resonance.

However, this system cannot be physically achieved with
a thin kick. The electron lens must have some length and be
contained within a solenoid to magnetically confine the elec-
tron beam and keep the lens current consistent throughout
beam traversal. These complications are shown in Fig. 1. To
predict how they affect particle motion compared to the ideal
system, the motion through the lens needs to be simulated.

SYMPLECTIC INTEGRATION
OF THE McMILLAN LENS

The most straightforward way to simulate the lens is to
solve the equations of motion for a particle in the lens. To
do so, the lens is analyzed in isolation from the rest of the
lattice, treating the lens beam as a current density with in-
finite length. The kick in Eq. (1) is created with a current
density of the form

&)
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RESIDUAL DOSE AND ENVIRONMENTAL MONITORING
FOR THE FERMILAB MAIN INJECTOR TUNNEL
USING THE DATA ACQUISITION LOGGING ENGINE (DALE)

N. Chelidze*, R. Ainsworth, B. C. Brown, D. P. Capista,
K. J. Hazelwood*, D. K. Morris, M. J. Murphy
Fermi National Accelerator LaboratoryT, Batavia, IL, USA

Abstract

The Recycler and the Main Injector are part of the Fer-
milab Accelerator complex used to deliver proton beam to
the different experiments. It is very important to control and
minimize losses in both machines during operation, to re-
duce personnel dose from residual activation and to preserve
component lifetime. To minimize losses, we need to identify
the loss points and adjust the components accordingly. The
Data Acquisition Loss Engine (DALE) platform has been de-
veloped within the Main Injector department and upgraded
throughout the years. DALE is used to survey the entire
enclosure for residual dose rates and environmental readings
when unrestricted access to the enclosure is possible. Cur-
rently DALE has two radiation meters, which are aligned
along each machine, so loss points can be identified for both
at the same time. DALE attaches to the enclosure carts and
is continuously in motion monitoring dose rates and other
environmental readings. In this paper we will describe how
DALE is used to provide radiation maps of the residual dose
rates in the enclosure. We will also compare the loss points
with the Beam Loss monitor data.

INTRODUCTION

The Main Injector and the Recycler are circular accel-
erators that are used to deliver beam to multiple different
experiments. They share the same tunnel and are used in
combination to accelerate a proton beam from 8 GeV to
120 GeV [1]. The Recycler (RR) is mounted about 6 ft
above the Main Injector (MI), stretching along about 2.1-
mile circumference.

The Data Acquisition Loss Engine (DALE) platform has
been developed within the Main Injector department to mea-
sure the residual radiation dose along the Main Injector and
Recycler accelerators. Originally it consisted of one hand-
held detector and was used to survey one machine (MI or
RR) at a time. Currently DALE has two detectors which al-
lows both machines to be surveyed simultaneously. Besides
measuring the residual activation of the accelerators, DALE
is also capable of measuring other environmental parameters
in the tunnel.

The goal of DALE surveys historically have been to iden-
tify the loss points in the accelerators after beam operation.
DALE surveys complemented so-called “Expert Surveys”

* Equal paper contribution.
T Operated by Fermi Research Alliance, LLC under Contract No.De-AC02-
07CH11359.
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which were detailed local radiation surveys performed by
experts. The data gained from both allowed experts to adjust
the accelerator components accordingly by alignment which
would lower or eliminate the loss points.

DALE HARDWARE AND
SOFTWARE COMPONENTS

DALE connects to two radiation detectors, one mounted
high on a vertical rod and is aligned to the Recycler machine,
and the lower one is mounted lower on the same rod to be
aligned with Main Injector machine. This way simultaneous
measurement of activation around the entire ring is possible.
It houses a number of additional environmental sensors so
it can collect those data while in the tunnel. It also includes
two distance sensors, aisle side (wall) and machine side, that
measure inner and outer distance to the tunnel walls from
the detector, light, temperature, humidity, heat index and
air quality sensors. It also uses a wheel counter to keep
track of its position in the Main Injector tunnel. DALE has
a Wi-Fi capability to connect to its live display and is based
off an Arduino Mega 2560. It writes and saves its data to an
onboard SD card. A picture of DALE is shown on Figure 1.

Figure 1: DALE on a cart.
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THE EFFECT OF THE MAIN INJECTOR RAMP ON THE RECYCLER

N. Chelidze*, R. Ainsworth, K.J. Hazelwood
Fermi National Accelerator LaboratoryT, Batavia, IL, USA

Abstract

The Recycler and Main Injector are part of the Fermilab
Accelerator complex used to deliver a high power proton
beam. Both machines share the same enclosure with the
Recycler mounted 6 ft above the Main Injector. The Main
Injector accelerates beam from 8 GeV to 120 GeV. While the
majority of the Recycler has high permeability metal shield-
ing, the effect of the Main Injector ramp is still significant
and can affect both the tunes and the orbit. In this paper, we
describe the size of these effects.

OPERATIONS

The Main Injector (MI) and Recycler (RR) are part of
the Fermilab accelerator complex which are used to deliver
beam to various experiments [1]. For the high intensity
Neutrino experiments, the Recycler performs slip-stacking
at 8 GeV and sends beam to the Main Injector, which ac-
celerates this beam to 120 GeV. The Recycler is also used
to rebunch beam from 53 MHz to 2.5 MHz for the Muon
campus experiments. The Main Injector can ramp every
1.2 s however, when Muon campus is requesting beam, the
time between pulses increases to 1.4 s. Figure 1 shows this
in more detail. Depending on the operational mode i.e. if
the MI is ramping at 1.2 s vs 1.4 s, the Recycler beam will
be injected in the machine at different points with respect
to the MI ramp. Due to the Recycler’s limited aperture, the
machine at high intensity is very sensitive to small orbit or
tune changes. As both machines share the same tunnel, stray
magnetic fields originate from both the quadrupole and the
dipole bus (supply and return) excitations during the MI
ramp (8 to 120 GeV). An example schematic of the tunnel
is shown in Fig. 2.

—— Beam in Recycler —— Main Injector Ramp

1.4s

Figure 1: The position of the Recycler beam with respect to
the MI ramp. When Muon campus is requesting beam, the
MI ramp sits at 8 GeV for extra 0.2 s.

* chelidze @fnal.gov
T Operated by Fermi Research Alliance, LLC under Contract No.De-AC02-
07CH11359
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Figure 2: A schematic of the Main Injector enclosure which
holds both the Main Injector and Recycler accelerators.

At the top of the ramp the current in the quad and dipole
buses are close to 3 kA and 7 kA respectively. Both buses
contribute about equally to the transverse magnetic field at
the Recycler beam location [2]. In order to compensate for
these effects, high-permeability shielding was added to the
Recycler however, there is still a measurable effect on both
the Recycler’s orbit and tunes.

Figure 3 shows the horizontal beam position in the Recy-
cler at different times with respect to the Main Injector ramp.
The initial oscillation is caused by a kicker magnet used for
tune measurements however, the orbit distortion visible at
9 GeV is caused by the Main Injector ramp.

ORBIT CORRECTION

In order to measure the effect of the MI ramp on the
Recycler orbit, beam is injected into the Recycler and held
for one full MI ramp. The Recycler closed orbit is measured
and averaged at various MI ramp currents that correspond
to commonly used MI momentum breakpoints. The orbit
measured at the MI ramp current equivalent to 8.9 GeV is
used for the ideal reference orbit. The orbit at 8.9 GeV is set
each startup by scanning the Recycler beam apertures and
finding the BPM position that causes the least loss and the
least feed-down effects from higher order elements.

Compensating for the MI ramp in Recycler is a routine
enough task that a specific sub-page has been created in the
operational Recycler orbit correction and smoothing client
application known as R50. The R50 client takes the dif-
ference of each averaged orbit and the reference orbit and
calculates the required dipole trim corrector currents needed

04: Hadron Accelerators
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AND UNDOPED NIOBIUM SURFACES*
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Abstract

Cold electropolishing (EP) of a nitrogen-doped
(N-doped) niobium (Nb) superconducting RF (SRF) cavity
was found to improve its quality factor. In order to under-
stand the effect of EP temperature on N-doped and un-
doped surfaces, a systematic EP study was conducted with
2/0 N-doped and heat-treated Nb samples in a beaker. The
Nb samples were electropolished at different surface tem-
peratures ranging from 0 to 42 °C. The results showed that
the doped surface was susceptible to the sample tempera-
ture during EP. EP resulted in the surface pitting on the
doped samples where the number density of pits increased
at a higher temperature. The surface results were compared
with the surface of cutouts from a 9-cell cavity which was
2/0 N-doped and electropolished. This paper shows de-
tailed surface features of the N-doped and undoped Nb sur-
faces electropolished at different temperatures.

INTRODUCTION

The superconducting RF performance of niobium (Nb)
cavities was greatly improved in the last 20 years. N-dop-
ing of cavities was a great invention that showed enhance-
ment in the quality factor of the cavities [1]. Cavities for
LCLS II and LCLS II HE confirmed advantage of the dop-
ing process. The interstitial nitrogen atoms with no nio-
bium nitride phase are necessary to reduce BCS resistance
that enhances the quality factor [2]. After the doping is ap-
plied, niobium nitride phase formed on the surface is re-
moved by electropolishing (EP) process. The cavities
tested in a vertical cryostat revealed that the post-doping
EP temperature affects their SRF performance. Cold-EP is
applied to improve the cavity performance. Cold-EP tem-
perature was set based on the experience with the cavity
performance. Although the effect of cold-EP on the cavity
performance is known, a clear understanding on relation
between surface feature on N-doped Nb material and a
temperature in EP is still lacking. This study was conducted
to gain more understanding on this subject so that further
improvement on the cavity surface and performance can be
achieved.

EXPERIMENTS

EP experiments were conducted with Nb samples which
were processed with the 2/0 nitrogen doping (N-doping)

*This work was supported by the United States Department of Energy,
Offices of High Energy Physics and Basic Energy Sciences under con-
tract No. DE-AC02-07CH11359 with Fermi Research Alliance.

fvchouhan@fnal.gov
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recipe [3] or heat-treatment at 800 °C for 3 h in a furnace.
The samples during doping and heat-treatment were not
covered by a Nb box/foil. The samples were experiencing
furnace atmosphere during the process. The samples used
in this study were prepared in a size of 1x1 cm? and from
the same Nb sheet. The samples after furnace treatment
were electropolished in an acid bath having a heat-sink el-
ement that maintained the acid at a desired temperature.
The standard electrolyte (a mixture of sulfuric and hydro-
fluoric acids) was used for EP of the samples. With the
setup used in this study, the acid temperature can be main-
tained in a wide range from ultra-cold temperature (-8 °C
or below) to room temperature. A thermocouple was at-
tached to the Nb sample to measure its temperature during
EP. This makes easy to compare sample temperature with
the cavity temperature measured at the outer surface of the
cavity during EP. In the sample EP, no acid stirring was
applied to avoid any effect of acid flow on the surface.
Sample EP was performed at different temperatures and the
standard EP voltage of 18 V. A list of samples with their
furnace treatment conditions and temperature in EP is
given in Table 1. A removal thickness in EP for both doped
and undoped samples was ~5 pm. All the samples in the
EP process were set vertically with a known orientation.
The sample surface was inspected with a confocal laser mi-
croscope to compare their surface features after EP.

To compare the sample surface with a cavity surface,
cutouts from a 9-cell cavity (CAV0018), which was one of
the early cavities treated at FNAL with 2/0 N-doping fol-
lowed by EP for 7 um average removal, were inspected
with the microscope. The post-doping EP was performed
at 14 V and a cavity temperature of ~24 °C. This cavity was
processed before the cold-EP temperature was decided.

Table 1: N-doped and undoped samples with furnace
treatment conditions and surface temperatures during EP.

Sample Furnace T?mpera(l)ture
Treatment in EP (°C)
2/0-ND-1 2/0 N-doping 0-3
2/0-ND-2 2/0 N-doping 13-16
2/0-ND-3 2/0 N-doping 22-24
2/0-ND-4 2/0 N-doping 3842
800C-UD-1 800 °C/3hrs 32-36
MOPA21
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Abstract

The PIP II linear accelerator includes different types of
niobium SRF cavities including 650 MHz elliptical low
(0.61) and high (0.92) B cavities. The elliptical cavity sur-
face is processed with the electropolishing method. The el-
liptical cavities especially the low- 650 MHz cavities
showed a rough equator surface after the EP was performed
with the standard EP conditions. This work was focused to
study the effect of different EP parameters, including cath-
ode surface area, temperature and voltage, and optimize
them to improve the cavity surface.

INTRODUCTION

Electropolishing (EP) or buffered chemical polishing
(BCP) method is used for processing the inner wall surface
of superconducting RF (SRF) cavities used in particle ac-
celerators. The PIP II 800 MeV linear accelerator (linac)
includes normal and superconducting accelerating sections
to accelerate H™ ions. The superconducting section of the
linac uses different types of SRF cavities including half-
wave resonator, spoke resonator, and low- and high-8
650 MHz elliptical cavities. The latter two types of cavities
are being processed with the EP methods. The EP process
is used to make the cavity surface smooth and damage-free.
Though extensive studies have been performed on EP of
1.3 GHz cavities and small Nb samples to understand the
mechanism of EP [1, 2], limited studies were reported on
the large-sized elliptical cavities. This work is aimed to op-
timize EP parameters for low-f (0.61) 650 MHz (LB650)
cavity.

EP SETUP

EP of 650 MHz cavities were performed with a horizonal
EP tool available at Argonne National Lab (ANL). Figure
1 shows a photo of the EP tool with a horizontally assem-
bled 650 MHz 5-cell cavity for EP. EP was performed with
a standard cathode and a modified cathode. The standard
cathode (cathode A) was designed initially with an ex-
tended aluminum pieces, called donut, attached to the cath-
ode pipe. In the modified cathode (cathode-B), the donut
length was enlarged to make it almost twice of that in the
cathode-A. The schematic of the cathode is shown in
Fig. 2. A power supply of 20 V x 750 A was used for the
standard EP process. A temporary power supply with the
rated power of 30 V x 210 A was used for studying the

* This work was supported by the United States Department of Energy,
Offices of High Energy Physics and Basic Energy Sciences under con-
tract No. DE-AC02-07CH11359 with Fermi Research Alliance.
 vechouhan@fnal.gov
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effect of voltage higher than 18 V, which is the standard
voltage applied for EP of Nb SRF cavities. During the EP,
the cavity temperature was controlled by spraying water on
the exterior of the cavity wall. The cooling system was im-

proved for better control of the cavity temperature.
=y e

Figure 1: EP tool with a 650 MHz 5-cell cavity.

Modified donut Initial donut

U AR IR G
VW
|/ | | | '
Figure 2: Schematic of the initial (cathode-A) and modified

(cathode-B) cathode donuts, which were extended alumi-
num structure on the cathode pipe.

RESULTS AND DISCUSSION

Polarization Curves

A polarization curve (I-V curve) explains the chemical
process occurring on the EP surface as a function of applied
voltage [2]. In order to understand the effect of cathode size
in the EP process of the LB650 5-cell cavity, I-V curves
were measured with both types of cathodes. I-V curves
were obtained at a cavity temperature of ~16 °C. The com-
parison of /-V curves with both cathodes is shown in Fig. 3.
The I-V curve obtained with cathode-A showed a linear re-
lation between EP current and voltage even up to maxi-
mum applied voltage of ~25 V. The plateau region, in
which the current remains constant regardless of a change
in applied voltage, was not seen. In contrast to this, the
cathode-B resulted in the linear region followed by a cur-
rent plateau region from 17 V onwards. The voltage, at
which the plateau region started, is termed as onset voltage.
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TESTS OF THE EXTENDED RANGE SRF CAVITY TUNERS
FOR THE LCLS-II-HE PROJECT*

C. Contreras-Martinez', T. Arkan, A. Cravatta, B. Hartsell, J. Kaluzny, T. Khabiboulline,

Y. Pischalnikov, S. Posen, G. Romanov,

Abstract

The LCLS-II HE superconducting linac can produce
multi-energy beams by supporting multiple undulator lines
simultaneously. This could be achieved by using the cavity
SRF tuner in the off-frequency detune mode. This off-fre-
quency operation method was tested in the verification cry-
omodule (vVCM) and CM 1 at Fermilab at 2 K. In both
cases, the tuners achieved a frequency shift of
-565+80 kHz. This study will discuss cavity frequency dur-
ing each step as it is being assembled in the cryomodule
string and finally when it is being tested at 2 K. Tracking
the cavity frequency helped enable the tuners to reach this
large frequency shift. The specific procedures of tuner set-
ting during assembly will be presented.

INTRODUCTION

The LCLS-II-HE project will add 19 cryomodules of
the type already used for the LCLS-II project. For multi-
energy operation in the LCLS-II-HE linac the tuners were
modified to meet the off-frequency operation (OFO) spec-
ification. This new mode of operation requires the tuner to
be able to compress the cavity by -465 kHz from the nom-
inal operation of 1.3 GHz. The OFO is then 1299.535 MHz.

The SRF tuner for the LCSL-II-HE must be capable of
bringing 100 % of all cavities to the operational frequency
of 1.3 GHz. In the case of OFO at least 62 % of the cavities
must be tuned to 1299.535 MHz [1]. Tuning from 1.3 GHz
to OFO must be done approximately twice a month. This
level of operation pushes the tuner and cavity to new
thresholds, which test the longevity of both. Recent results
demonstrate that the cavity and tuner can achieve these re-
quirements [2]. The tuner needed to be modified to achieve
these results. This paper discusses the successful tuning to
OFO (1.3 GHz — 465 kHz) for the vCM and CM1 LCLS-
II-HE cryomodules.

CAVITY FREQUENCY TUNER

The tuner for LCLS-II-HE cavities consists of two
components, one is the slow-coarse component and the
other is the fine-fast component. The slow-coarse compo-
nent consists of a Phytron stepper [3]. This component is
used to tune the cavity to the nominal frequency after
cooldown. The second frequency tuning component con-
sists of two piezo actuator encapsulations made by Physik
Instrumente (PI) used for fast-fine frequency [3].

This manuscript has been authored by Fermi Research Alliance, LLC un-
der Contract No. DE-AC02-07CH11359 and DE-AC02-76SF00515 with
the U.S. Department of Energy, Office of Science, Office of High Energy
Physics.
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In addition to the -465 kHz compression from 1.3 GHz
the tuner must also compress the cavity from the 2 K land-
ing frequency (f2k Landing)- The f2k Landing 18 the initial fre-
quency after the cavities reach 2 K and no tuning has been
performed. The next section will discuss how cavities ar-
rive at this frequency. The results from [4] showed that
95 % of the cavities f,x 1.anding are below 250 kHz. There-
fore, the tuner must compress the cavity by -715 kHz,
roughly three times larger than the LCLS-II tuners. The
LCLS-II-HE tuners were modified from the LCLS-II by
decreasing the tuner lever arm ratio from 1:20 to 1:16. The
length of the motor arm was also increased by 7 mm. Not
all the changes were implemented for cavity one. A full de-
scription and discussion of these changes is presented
in Ref. [4]. These modifications changed the motor sensi-
tivity from 1.4 Hz/step to 1.84 Hz/step.

Limits

Traveling Nut %zamm

N
6
'
3

75 mm

140 mm

42 mm

20mm

L)

75mm

40 mm

Figure 1: Motor shaft schematic showing the traveling
range in mm. the traveling nut is connected to the tuner arm
which is responsible for compressing the cavity.

The stepper motor system consists of two limit
switches. They stop the motor when they are triggered.
Three different parts can set the motor's hard limits. One of
the limits is the length of the shaft screw thread, which is
75 mm (see Fig. 1). This limit is critical, if the traveling nut
comes out of the threaded screw no movement will be pos-
sible. The second limit is the magnetic shielding on the
cavity to the right of the end of the shaft screw. Making
contact with the magnetic shielding will cause large forces
on the stepper motor if it is operated. Large forces can lead
to stepper motor failure. The last limit is when the traveling
nut frame is too close to the motor body. The limit towards
the body of the motor has two different gaps set to prevent

07: Accelerator Technology
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Abstract

Microphonics causes the cavity to detune. This study
discusses the microphonics of sixteen 1.3 GHz cryomod-
ules, 14 for LCLS-II and 2 for LCLS-II HE tested at
CMTF. The peak detuning, as well as the RMS detuning
for each cryomodule, will be discussed. For each cryomod-
ule, the data was taken with enough soaking time to prevent
any thermalization effects which can show up in the detun-
ing. Each data capture taken was 30 minutes or longer and
sampled at 1 kHz.

INTRODUCTION

The LCLS-II is an X-ray FEL linac that uses 9-cell
1.3 GHz SRF cavities. The collaboration between SLAC,
Fermilab, Lawrence Berkeley National Lab (LBNL), and
Thomas Jefferson Lab (JLab) produced cryomodules
tested at Fermilab and JLab. One of the tests done at Fer-
milab in the cryomodule testing facility (CMTF) facility is
to record the level of microphonics. The cryomodules
(CM) are shipped to SLAC in California once testing is
complete at Fermilab or JLAB.

The cryomodule is roughly 13 m long and contains eight
1.3 GHz SRF cavities. Liquid helium cools the cavities to
2 K. The bandwidth of the cavities is 20 Hz, and during
operation, the cavities need to experience a peak detuning
of 10 Hz or less. Microphonics on the cryomodules were
mitigated by using passive damping techniques. The JT
cryogenic valves were modified by adding wiper rings
along the valve stem to dampen thermoacoustic oscilla-
tions. The valves were also reconfigured to change the he-
lium supply line by altering where the input connects.
These techniques are described in detail by Hansen et al.
[1]. Changes to the cavity 1 connection and other changes
are discussed at length in Refs. [2-4]. These changes result
in a substantial decrease in frequency detuning of all eight
cavities. The peak detuning before these changes was as
high as 200 Hz, and now it can go up to 30 Hz with these
changes implemented.

Since all the changes were implemented a peak detuning
below 10 Hz was observed in 63 % of all cavities as shown
in Fig. 1. For 63 % of all cavities the RMS detuning was
below 2 Hz (see Fig. 2). Note that these results could be
unique to the CMTF environment. The supply pressure at

*This manuscript has been authored by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the U.S. Department of
Energy, Office of Science, Office of High Energy Physics.
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SLAC is lower, and so is the inlet temperature. Addition-
ally, the cryogenic plant is further apart from the linac, de-
creasing the vibration level. Thermalization effects can af-
fect the cavity detuning. Therefore, the data analyzed was
captured one week after the cool down to allow these ef-
fects to dissipate. The data presented in Figs. 1 and 2 only
have two cryomodules operated at 16 MV/m while the rest
are at 5 MV/m. The cavities with a peak detuning greater
than 10 Hz have similar vibrations,
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Figure 1: Cavity peak detuning of all 8 cavities from cavi-
ties tested from 2018 until 2022. These include cavities
from LCLS-II and HE. The cavity peak detuning specifi-
cation is 10 Hz.
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Figure 2: RMS cavity detuning from 2018 to 2022. These
include cavities from LCLS-II and HE.
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SIMULATED LORENTZ FORCE DETUNING COMPENSATION
WITH A DOUBLE LEVER TUNER ON A DRESSED
ILC/1.3 GHz CAVITY AT ROOM TEMPERATURE*

C. Contreras-Martinez', Y. Pischalnikov, J. C. Yun, Fermilab, Batavia, IL, USA

Abstract

Pulsed SRF linacs with high accelerating gradients ex-
perience large frequency shifts caused by Lorentz force de-
tuning (LFD). A piezoelectric actuator with a resonance
control algorithm can maintain the cavity frequency at the
nominal level, thus reducing the RF power. This study uses
a double lever tuner with a piezoelectric actuator for com-
pensation and another piezoelectric actuator to simulate the
effects of the Lorentz force pulse. A double lever tuner has
an advantage by increasing the stiffness of the cavity-tuner
system, thus reducing the impact of LFD. The tests are con-
ducted at room temperature and with a dressed 1.3 GHz
9-cell cavity.

INTRODUCTION

The primary source of cavity detuning for linacs oper-
ated in high gradient and high beam loading is Lorentz
force detuning (LFD). The interaction of the RF magnetic
field in the cavity and the wall currents on the cavity gives
rise to the Lorentz force. The interaction with the magnetic
field caused the equator of the cavity to bend inwards while
the magnetic field interaction causes the cavity to bend out-
wards. Sending more RF power to the cavity can maintain
the nominal accelerating gradient, but this has limitations.
Piezoelectric (piezos) actuators in conjunction with a reso-
nance control algorithm are widely used to keep the accel-
erating gradient of the cavity constant. The piezos can ex-
pand or contract depending on the polarity of the applied
voltage.

The test's purpose is to measure the dynamic parameters
of the dressed cavity LCLS-II tuner system [1] and demon-
strate that there is no significant difference from the previ-
ous test at S1Global, which showed successful compensa-
tion of LFD on all the types of cavity-tuner systems [2].
This tuner has high stiffness, and the design allows to re-
place the piezo and stepper motors through a designated
port on the cryomodule. The piezo actuator is excited by a
single cycle sine wave before the arrival of the RF pulse.
The duration, time advance, and amplitude of the sine wave
are optimized manually by trial and error. This method is
standard and used by many groups [3].

EXPERIMENTAL SETUP

A schematic of the hardware and signal topology for
measurement of the cavity frequency detuning and reso-

*This manuscript has been authored by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the U.S. Department of
Energy, Office of Science, Office of High Energy Physics.
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nance control is shown in Fig. 1. An RF analog signal gen-
erator produces the input signal to excite the cavity in the
7 mode at 1298.838 MHz at room temperature. The for-
ward power is coupled through a directional coupler and
fed to input A of the AD8032 Analog Phase Detector
(APD). The transmitted power of the cavity is sent to input
B of APD. The output signal of the APD is proportional to
the phase shift between the forward and transmitted power
of the cavity. The forward and transmitted power phase can
then be related to the cavity detuning.

Square Pulse
Generator/LFD

Simulator

::l Trigger

Control

Signal P Analog Phase

Detector

Waveform
Generator

Figure 1: Schematic of signals used to measure the cavity
frequency and for resonance control. A square wave pulse
generator was used to simulate the LFD pulse and to trigger
the control.

The formula to relate the phase of the two signals to the
cavity detuning is given by

Af = z%taw (1)

where Af is the cavity detuning, f,/2Q, is the half-band-
width of the cavity, and ¢ is the phase between the forward
and transmitted power. The cavity frequency detuning was
digitized with NI-PX1-4472 14-bit ADC. The cavity detun-
ing calculation, recording, and resonance control of the
cavity detuning data are done through LabVIEW.

A square pulse with a small duty factor simulates the
LFD pulse. The pulse is also used as a trigger for data ac-
quisition and to excite the control signal. The piezos used
to control and simulate the LFD pulse are on the same side,
which contains a bellow (see Fig. 2) piezos will be called
control piezos. The shaker piezos sit directly on the cavity
flange while the control piezos connect with the cavity bel-
low via a split ring interface.
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VALIDATION OF THE 650 MHz SRF TUNER ON THE LOW AND
HIGH BETA CAVITIES FOR PIP-II AT 2 K*

C. Contreras-Martinez', S. Chandrasekaran, S. Cheban, G. Eremeev, I. Gonin, T. Khabiboulline,
Y. Pischalnikov, O. Prokofiev, A. Sukhanov, J.-C. Yun, Fermilab, Batavia, IL, USA

Abstract

The PIP-II linac will include thirty-six Bg=0.61 and
twenty-four f=0.92 650 MHz 5 cell elliptical SRF cavi-
ties. Each cavity will be equipped with a tuning system
consisting of a double lever slow tuner for coarse fre-
quency tuning and a piezoelectric actuator for fine
frequency tuning. The same tuner will be used for both the
Bs=0.61 and Bc=0.92 cavities. Results of testing the cavity-
tuner system for the B=0.61 will be presented for the first
time.

INTRODUCTION

The proton improvement plan (PIP)-II linac section un-
der construction at Fermilab will consist of five classes of
superconducting RF (SRF) cavities made of niobium. The
linac will accelerate a proton beam to support experiments
for the g-2, mu2e, and DUNE collaborations at Fermilab.
Two types of elliptical cavities, the low beta (LB) cavity
at Bc=0.61 and the high beta (HB) cavity at fc=0.92, are
used to accelerate the proton beam from 185 MeV to
800 MeV [1].

The SRF cavity tuner has three roles. It is needed for ac-
tive microphonics compensation. It is also used for moving
the cavities to the nominal frequency after cooling to 2 K.
Lastly, it is used for protecting the cavity during pressure
tests. This paper presents the double lever arm tuner testing
on the cavity at 2 K. The cavity was placed in the recently
upgraded cryostat [2] at the Meson Detector Building
(MDB) at Fermilab, pictured in Fig. 1. This double lever
tuner will be used for both the HB and LB 650 MHz ellip-
tical cavities. The tuner specifications for the HB and LB
650 MHz cavities are shown in Table 1. There are two
components to the tuner, one is the slow and coarse fre-
quency tuning component consisting of a stepper motor.
The other is the fast and fine frequency tuning component
composed of piezoelectric actuators.

The double lever arm tuner's slow and coarse electrome-
chanical component consists of a stepper motor manu-
factured by Phytron. Accelerated lifetime tests at Fermilab
demonstrate that this stepper motor will survive prolonged
operation far exceeding the typical linac lifetime of
25 years [3, 4]. Additionally, after an irradiation hardness
test (gamma rays), no performance degradation was ob-
served, demonstrating that the stepper motor can survive
under these operating conditions [4].

* This manuscript has been authored by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the U.S. Department of
Energy, Office of Science, Office of High Energy Physics.
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The fast and fine tuner component consists of two pie-
zoelectric actuator capsules. The piezoelectric actuators are
used for fast and fine frequency tuning control of micro-
phonics. The piezoelectric actuators are designed and
fabricated by Physik Instrumente (PI) per Fermilab speci-
fications. The accelerated lifetime test demonstrates that
the piezo can sustain 2 x 10'° pulses with a peak-to-peak
amplitude of 2 V. These are the number of cycles expected
for the PIP-II linac, equivalent to 25 years. The irradiation
test, with the same parameters as the stepper motor test,
also showed minimal degradation for this actuator [4].

" ‘Al s . \é—

Figure 1: 650 MHz Bc=0.92 with tuner and other
ancillaries inside the STC cryostat at the MDB facility in
Fermilab.

SLOW AND COARSE TUNING
COMPONENT

The tuner was tested on both the 650 MHz c=0.92 and
Bs=0.61 dressed cavities. Once the cavity is cooled to 2 K
the frequency will not be precisely at 650 MHz. Since the
tuner can only compress the cavity, which lowers the cav-
ity frequency, the cavity frequency setpoint is set during
the production to avoid being below 650 MHz at 2 K. The
cavity’s frequency at 2 K before tuning is shown in Ta-
ble 2. This frequency is called the 2 K landing frequency
(f2 k Landing) NOte that it is higher than 650 MHz. The slow
coarse tuner has three regions of operation. The first region
is when the tuner can stretch the cavity via the safety rods;
in this region, the piezos are not engaged. The first region
is not used during operation. The second region is the un-
restrained position where the cavity frequency changes
slightly or not at all. This region is due to the safety gap
setup at room temperature. The piezos are not engaged in
this region, hence the small frequency change. The last re-
gion is for normal operation where the piezos are engaged.
These regions are shown in Fig. 2.
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SEMANTIC REGRESSION FOR DISENTANGLING BEAM LOSSES
IN THE FERMILAB MAIN INJECTOR AND RECYCLER

M. Thieme* T, J. Arnold, M. R. Austin, M. A. Ibrahim, K. J. Hazelwood*
V. P. Nagaslaev, A. Narayanani, D. J. Nicklaus, G. Pradhan, A. L. Saewert
B. A. Schupbach, K. Seiya, R. M. Thurman-Keup, N. V. Tran, D. Ulusel
Fermi National Accelerator Laboratory®, Batavia, IL USA
H. Liu, S. Memik, R. Shi
Northwestern University, Evanston, IL. USA

Abstract

Fermilab’s Main Injector enclosure houses two acceler-
ators: the Main Injector (MI) and the Recycler (RR). In
periods of joint operation, when both machines contain high
intensity beam, radiative beam losses from MI and RR over-
lap on the enclosure’s beam loss monitoring (BLM) system,
making it difficult to attribute those losses to a single ma-
chine. Incorrect diagnoses result in unnecessary downtime
that incurs both financial and experimental cost. In this work,
we introduce a novel neural approach for automatically dis-
entangling each machine’s contributions to those measured
losses. Using a continuous adaptation of the popular UNet
architecture in conjunction with a novel data augmentation
scheme, our model accurately infers the machine of origin
on a per-BLM basis in periods of joint and independent op-
eration. Crucially, by extracting beam loss information at
varying receptive fields, the method is capable of learning
both local and global machine signatures and producing high
quality inferences using only raw BLM loss measurements.

READS OVERVIEW

The Real-time Edge Al for Distributed Systems (READS)
project is a collaboration between the Fermilab Accelerator
Division and Northwestern University. The project has two
main goals: 1) to create a Machine Learning (ML) system for
real-time beam loss de-blending in the Main Injector (MI)
accelerator enclosure [2], and 2) to create a separate ML
system for slow spill regulation in the Delivery Ring [3] used
in the MuZ2e experiment [4, 5]. In this paper, we extend our
previous work [6] and introduce a novel approach to beam
loss de-blending inspired by semantic segmentation models
originally developed for biomedical imaging [7].

Beam Loss De-blending

The MI and RR accelerators share a tunnel and one
beam loss monitoring (BLM) system. When originally con-
structed, the 8 GeV permanent magnet Recycler was used
as an anti-proton storage ring for the Tevatron collider [8].

* Equal contribution.

* Performed at Northwestern University with support from the Departments
of Computer Science and Electrical and Computer Engineering.
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As the the 8 GeV anti-proton losses from RR were relatively
insignificant compared with the 120 GeV proton losses from
MI, there was little need to monitor ionization beam losses
from RR. However, when the Tevatron was decommissioned,
RR was re-purposed as a proton stacker for MI 120 GeV
NuMI beam operation [9] as well as for 8 GeV Muon g-2
experiment beam delivery [10]. As a consequence, normal
operation of the accelerator complex sees high intensity
beams in both Main Injector and RR simultaneously, and
beam losses from both machines are now a significant con-
cern. However, while the origin of radiative losses measured
on any of the 259 operational BLMs can be difficult to at-
tribute to a single machine, experts can often attribute losses
to either MI or RR based on timing, machine state, and
physical location within the ring.

Using streamed, distributed BLM readings and real-time
ML inference hardware, this project aims to replicate and
then improve upon the machine expert’s ability to de-blend,
or disentangle, each machines’ contribution to the measured
losses.

PRELIMINARIES

BLMs are spaced (approximately) evenly within the tunnel
and report the incident flux in mR/s. Because this flux is
generated when beam is lost from the accelerators, i.e. when
beam scrapes the edges of the beampipe and generates a
spray of particles that then exit the accelerator, we often
refer to it as ‘loss’. When we discuss the ‘BLM loss profile’
we are referring to the pattern of flux measurements over the
BLMs at a given time. This is not to be confused with ‘loss’
in machine learning, which refers to the penalty incurred for
prediction errors. In this paper, when we refer to ‘loss’ or
‘BLM loss’, it is these flux measurements that we refer to.

TRAINING ON BLM LOSS PROFILES

Following recent progress in Pirate Card develop-
ment [11], which now allows for the collection of high fre-
quency (333 Hz) data in real-time directly from the BLMs,
we have constructed a training dataset using actual accelera-
tor operations data.

A single training example is composed of a single BLM
loss profile, also called a ‘tick’, collected at some time i,
and is represented as a 1D vector x; € R?>° in which each
of the 259 element represents the flux over each of the 259

06: Beam Instrumentation and Controls
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SECOND GENERATION FERMILAB MAIN INJECTOR 8 GeV BEAMLINE
COLLIMATION PRELIMINARY DESIGN
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B.L. Klein, N.V Mokhov, V.S. Pronskikh, V.I. Sidorov, M.C. Vincent
Fermi National Accelerator Laboratory, Batavia IL, USAT

Abstract

The current Fermilab Main Injector 8 GeV beamline trans-
verse collimation system was installed in 2006. Since then
proton beam intensities and rates have increased significantly.
With the promise of even greater beam intensity and a faster
repetition rate when the PIP-II upgrade completes later this
decade, the current collimation system will be insufficient.
Over the past 18 months, multiple collimation designs have
been investigated, some more traditional and others novel.
A preliminary design review was conducted and a design
chosen. Work is underway to finalize the chosen design,
prototype some of its novel components and procure parts
for installation Summer 2023.

NEW COLLIMATION SYSTEM NEED

The Fermilab Main Injector 8 GeV (MIS8) beamline is the
transfer line for proton beam from the Booster to the Re-
cycler Ring and Main Injector (MI) accelerator as well as
the Booster Neutrino experiments (BooNE). The existing
transverse collimation system is used to remove beam tails
that would otherwise be lost in an uncontrolled fashion at
multiple points along the aforementioned machines. The
collimators, installed in 2006 [1], were designed to handle
beam intensities and repetition rates that were beyond the
ability of the Booster to provide then. However, with the end
of the Tevatron collider program in 2011, Fermilab has fo-
cused on increasing beam power for its neutrino program [2].
Per pulse beam intensity and repetition rates now approach
and can exceed the original design expectations of the MI8
collimation system [3]. Later this decade, the PIP-II linear
accelerator will provide beam intensities far exceeding the
existing collimators abilities [4].

DESIGN SPECIFICATIONS

As seen in Table 1, multiple constraints were specified for
the new MIS8 collimator system. In addition to these speci-
fications it was also desirable to find a location in the MI8
beamline where the lattice function is at minimal dispersion.
The existing MI8 collimators were installed at locations were
dispersion was less than ideal, resulting in collimation of
higher momentum beam, an undesired effect. The current
collimators also happen to be installed adjacent to a tunnel
alcove where cables are fed through penetrations to the up-
stairs service building. Having such high dose rates where

* kjh@fnal.gov
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personnel often have to work is not ideal. Locations 825
and 827 were chosen to be the ideal installation locations be-
cause of their low dispersion and distance from any radiation
sensitive areas in the tunnel.

Table 1: Collimation Design Specifications [5]

Name Value Unit
Maximum Beam Intensity [4] 6.5E12 Protons
Maximum Beam Rate [4] 20 Hz
Maximum Total Collimation 2 %o
Maximum Temperature 200 C
Minimum Aisleway Width 4.5 ft
Maximum Power 2 kW
Maximum Total Power 2 kW
Jaw Position Resolution 0.25 mm
Maximum Shielding Dose Rate [6]  0.05 mrem/Hr
Maximum Average Vacuum 1.0E-7 Torr
Maximum Vacuum 1.0E-5 Torr

TRADITIONAL DESIGN CANDIDATE

Three existing 8 GeV transverse collimation systems have
been designed and installed over the last couple decades, a
two stage system in the Recycler Ring [7], another two stage
system in Main Injector [8, 9] and the single stage system
in the MI8 beamline [3]. All three systems are similar in
design; fixed jaws inside a vacuum chamber, encapsulated in
tons of steel to absorb lost protons and secondary particles,
wrapped in marble to protect personnel from the activated
steel. All designs adjust the collimation by moving the en-
tire collimator body. It’s because of the success of these
operational systems that the first design candidate for the
new MIS collimation system followed this traditional design
concept (Fig. 1).

Figure 1: Traditional collimator design candidate elevation
cross section. Beam travel is left to right.

Collimator Size

The first improvement implemented in the the Traditional
design concept is its size. The current MI8 collimators
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LCLS-II BEAM CONTAINMENT SYSTEM AVERAGE
CURRENT MONITOR*

N. Ludlowt, T. Allison, J. Sikora, J. Welch
SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

Abstract

LCLS-II is a 4th generation light source at the SLAC Na-
tional Accelerator Laboratory. A new Superconducting
Continuous Wave (CW) RF accelerator will be used to ac-
celerate a 30 uA electron beam with a 1 MHz bunch rate.
The Average Current Monitor (ACM) is part of the Beam
Containment System (BCS) for the LCLS-II accelerator.
The Beam Containment System is a safety system that pro-
vides paths to safely shut the accelerator beam off under a
variety of conditions. The Average Current Monitor is a
beam diagnostic within the BCS that is used to verify that
the accelerator is producing the appropriate current level
and to limit beam power to allowed values to protect the
machine and beam dumps. The average beam current is ob-
tained by measuring the power level induced by the beam
in alow Q cavity. By knowing the Q, the beta, and the cou-
pling of the cavity, the instantaneous charge can be calcu-
lated, then integrated over one millisecond to yield the av-
erage current. This paper will discuss progress in the
checkout process of the ACM LLRF hardware and firm-
ware leading to LCLS-II commissioning.

INTRODUCTION

The LCLS-II Average Current Monitor (ACM) system
uses two redundant normal conducting low Q RF cavities
that are installed directly into the beam line downstream of
the 100 MeV injector. When the beam may pass through
them, it induces an RF field inside the cavities which is
measured and used to estimate beam current. The cavities
have three RF couplers and feedthroughs, two of which are
connected to the measurement electronics to measure the
cavity field. The third feedthrough is used to inject an in-
dependent, diagnostic signal to continuously evaluate
ACM cavity functionality [1].

An independent signal, referred to as the Pilot Tone, is
injected into the cavity by the ACM LLRF controller at a
frequency that is about 1.3 MHz away from the cavity’s
1300 MHz resonant frequency The purpose of the Pilot
Tone is to verify the system is still working by maintaining
a stable continuous wave signal. Should the measurement
electronics fail to detect this signal, then a fault sequence
will be initiated which will result in shutting down the ac-
celerator beam operation. The Pilot Tone is also used to
verify the cavity has the correct resonant frequency. The
mechanism to evaluate proper cavity functionality is dis-
cussed in more detail later.

The main purpose of the ACM system is to fault the
Beam Containment System (BCS) if the detected beam
current surpasses the appropriate limits. These limits can

* This work supported under DOE contract DE-AC02-76SF00515.
fnludlow@slac.stanford.edu
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be adjusted to correspond to the level desired by the accel-
erator operators. As a safety system, the BCS and thus the
ACM must be robustly tested and validated for proper
functionality. Hardware and firmware processes must work
as designed independently without software intervention.
Extensive testing of the system has been performed in
preparation for LCLS-II commissioning.

SYSTEM OVERVIEW
ACM Sensors

The ACM system sensors are pillbox cavities installed
directly into the beam line that allow for the beam to pass
through and induce an RF field inside the cavities. To re-
spond correctly to dark current in the accelerator, with
bunch frequencies much greater than 1 MHz, the resonant
frequency of the cavities must closely match the 1300 MHz
accelerator reference. The cavities are made of stainless
steel and have a relatively low loaded Q of about 1200.
With an expected maximum bunch frequency of 1 MHz,
most of the beam-induced RF from a bunch has decayed
by the time of arrival of the next bunch. The loaded Q must
also be within a specified range that is determined by the
measurement electronics [2].

Pilot Tene
Amplifier Caupler

DRIVE 1 ™ S e )
1320 Mk |
—ll0
Tone Generator
DRVE? == 100 foot long
Cable run
Receiver 1A
TONE GEN |
1320 MHz sy ¢
{0
CAV PROBE \) 3 Probe Port 1

Figure 1: Block diagram showing the connections on one
of the cavities. One other receiver connects to Probe Port 2/
Drive 2 on the Tone Generator heads to the second cavity
which involves the remaining two receivers.

ACM Receivers

The main function of the ACM receivers is to measure
the beam-induced field within the cavity. The receivers
measure the field of the cavity through the Probe Port (see
Fig. 1) which have a coupling of about 0.5 [2]. Through
this port, the receiver picks up two distinct signals: the
beam-induced RF field and the Pilot Tone. The charge
passing through the cavity can be calculated from the
measured induced RF field, then integrated over 1 millisec-
ond to obtain an average current. The average current is
continuously calculated with a 1 ms moving average [3].

07: Accelerator Technology
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WAKER EXPERIMENTS AT FERMILAB RECYCLER RING

O. Mohsen*, R. Ainsworth, N. Eddy
Fermi National Accelerator Laboratory, Batavia, IL 60510, USA

Abstract

Attaining high-intensity hadron beams is often limited due
to the transverse collective instabilities, whose understand-
ing is thus required to see and possibly extend the intensity
limitations. To explore such instabilities, a novel artificial
wake system, the waker, has been built and tested at the
Fermilab Recycler Ring (RR). In this report, we show re-
cent upgrades of the waker. Also, we present experimental
studies of instabilities at various space charge and wake
parameters.

INTRODUCTION

As physics experiments demand more beam power, limita-
tions in the intensity and beam quality are often encountered.
It is important to understand the existing beam limitation
and to try to overcome them to achieve the required beam
parameters for future experiments.

Transverse Mode Coupling Instability (TMCI) is one of
the main limitations of high-intensity beams in circular ma-
chines [1]. The dependence of the TMCI threshold on Space
Charge (SC) has been considered previously. For instance, it
was shown in several analytical models that at large SC tune
shifts compared to the synchrotron tune, the threshold of
TMCI increases [2—4]. It was also suggested that, although
the threshold of TMCI increases, a new form of instabilities
takes place [5]. Such instabilities, namely convective insta-
bilities, may require different treatment than the traditional
feedback system which damps the bunch center of charge.
Thus, experimental verification of these new instabilities
and the development of novel methods to mitigate them are
essential at higher beam intensities.

To explore transverse instabilities further, a new program
at the Fermilab Recycler Ring has been established. The pro-
gram uses a dedicated feedback system, hereafter referred to
as the waker, to induce instabilities in circulating beams. It
does so by mimicking the equivalence of a wakefield kick to
the beam. Such a system can explore the SC-wake parameter
space and study their effect on beam instabilities simultane-
ously. In this work, we present the waker design, its recent
upgrades, and commissioning. Moreover, we present the
initial experimental results of the program and we give a
brief description of possible upgrades to the current design.

DESIGN

The waker system, depicted in Fig. 1, is designed similar
to a damper system [6]. However, by applying multiple kicks
along the bunch, the waker induces instabilities rather than
damping them. The system consists of a stripline kicker,
split-plates Beam Position Monitor (BPM) pickups, two

* omohsen@fnal.gov
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protons

BPM1 BPM2

-

Feedback
board
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Figure 1: Schematic of the waker system.

amplifiers, and a digital feedback board system. The kickers
provide the kick to the beam that mimics the applied wake.
The BPMs, separated in phase advance by 90°, are used
to measure the beam position and intensity which acts as
turn-by-turn feedback to the kicker through the digital board.
The two amplifiers (R&K-Ao10K221-6464R) are used to
drive each plate of the kicker providing up to 2.5 kW of
power each. Typically, the BPMs measure the position x;
and intensity ¢; along different slices of the bunch. This
information is used to apply multiple kicks along the bunch
in the following turns. The signal from the BPMs as well as
the applied kick through the kicker are both analyzed and
applied through the feedback board system. The bandwidth
requirement of such a system is given by :

1
Aw > —
(o7

)]

where o7 is the bunch duration. Assuming a Gaussian bunch
of length 4 oy, a 100 MHz system with a oy = 30 ns allows
for 12 time slices across the bunch. At the Fermilab Recycler,
we typically use 2.5 MHz bunches (o ~ 30 ns) for the Muon
program, making a system with 100 MHz bandwidth ideal
for such bunches. For diagnostics, we use stripline pickups
to observe intra-bunch motion as well as readily available
diagnostics in the Recycler to observe beam losses and beam
size; e.g. Wall Current Monitors and Ion Profile Monitors
(IPM).

EXPERIMENTAL RESULTS

Tune shift in the Recycler can be found by measuring
the tune while varying the intensity. To perform the mea-
surement, the beam is kicked and its subsequent motion is
recorded for several turns n. The motion is then analyzed us-
ing the Fourier transform to look at the frequency spectrum
of the beam. Consecutively, the peak in the spectrum with
the highest amplitude corresponds to the tune. Each tune

05: Beam Dynamics
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NOISE IN INTENSE ELECTRON BUNCHES*

S. Nagaitsev’™!, Y.-K. Kim, University of Chicago, Chicago, IL, USA
Z. Huang, G. Stupakov, SLAC, Menlo Park, CA, USA
D. Broemmelsiek, J. Jarvis, A. H. Lumpkin J. Ruan, G. Saewert, R. Thurman-Keup
Fermilab, Batavia, IL, USA

Abstract

We report on our investigations into density fluctuations
in electron bunches. Noise and density fluctuations in rel-
ativistic electron bunches, accelerated in a linac, are of crit-
ical importance to various Coherent Electron Cooling
(CEC) concepts as well as to free-electron lasers (FELs).
For CEC, the beam noise results in additional diffusion that
counteracts cooling. In SASE FELs, a microwave instabil-
ity starts from the initial noise in the beam and eventually
leads to the beam microbunching yielding coherent radia-
tion, and the initial noise in the FEL bandwidth plays a use-
ful role. In seeded FELs, in contrast, such noise interferes
with the seed signal, so that reducing noise at the initial
seed wavelength would lower the seed laser power require-
ment. Status of the project will be presented.

INTRODUCTION

Noise and density fluctuations in relativistic electron
bunches, accelerated in a linac, are of critical importance
to various Coherent Electron Cooling (CEC) concepts
[1-5] as well as to free-electron lasers (FELs). For CEC,
the beam noise results in additional diffusion in a cooled
beam that counteracts cooling; and if this noise is not con-
trolled at sufficiently low level, the noise heating effects
can overcome cooling. There have been several proposals
in the past to suppress the noise in the beam in the fre-
quency range of interest in order to optimize the cooling
effects. In SASE FELs a microwave instability starts from
the initial noise in the beam and eventually leads to the
beam microbunching yielding coherent radiation, and the
initial noise in the FEL bandwidth plays a useful role. In
seeded FELs, however, such noise interferes with the seed
signal, so that reducing noise at the initial seed wavelength
would lower the seed laser power requirement [6—8].

Advanced cooling and FEL concepts not only require the
knowledge of beam noise level but also call for its control.
We are proposing to carry out a systematic theoretical and
experimental study of electron beam noise at micrometer
wavelengths at the Fermilab FAST facility [9, 10]. Figure 1
shows the energy kick, experienced by a proton in the EIC
CEC kicker section [11]. The longitudinal scale of the
wake is ~ 3 pum, corresponding to the frequency bandwidth
of interest of ~ 40 THz. This wavelength-scale is of gen-
eral interest in accelerator and beam physics as indicated
by the community-driven research opportunities survey.
Our research goals are (1) to measure the electron beam
density noise level in a 0.5 — 10-um wavelength range,

*Work supported by the DOE ARDAP office.
fnsergei@fnal.gov
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(2) to predict the beam noise level in order to compare with
the measurements, and (3) to find mechanisms that affect
the beam noise to control its level in a predictable manner.
In this paper we will describe our progress to date as well
as our future experimental plans at Fermilab's FAST elec-
tron linac.

80f

o[ | * IdealBeam

« 163 Energy Deviation

Wake (Fractional Energy Kick)

Figure 1: The energy kick, generated by one proton in the
CEC kicker section. The longitudinal scale of this kick is
~3 um, corresponding to the frequency bandwidth of inter-
est of ~40 THz.

FAST FACILITY AND APPARATUS

The Fermilab Accelerator Science and Technology
(FAST) Facility, shown in Fig. 2, is well-suited for this re-
search as it can provide electron bunches with charges
0—-3nC, 1-30 ps long rms and energies 50 — 300 MeV.
This makes it relevant to future needs of electron-ion col-
liders as well as injectors for future FELs. FElectron
bunches are generated by a Cs,Te photocathode and a UV
laser. An L-band rf gun accelerates the beam to 4.5 MeV

(typical).

Table 1: FAST and Proposed CEC Beam Parameters

Parameter FAST EIC EIC
Proton beam

energy, GeV 109 2"
Elect. beam

energy, MeV 50 - 300 50 137
Bunch

charge, nC 0-3 : :
Emittance, ~3 (at 1 nC) 2.8 2.8
rms norm, pm

Bunch length, 0.3-10 12 8
mm

Drift section 30 100 100

(amplifier), m

02: Photon Sources and Electron Accelerators



©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

5th North American Particle Accel. Conf.
ISBN: 978-3-95450-232-5

NAPAC2022, Albuquerque, NM, USA
ISSN: 2673-7000

JACoW Publishing
doi:10.18429/JACoW-NAPAC2022-MOPA36

OPTIMIZATION OF SUPERCONDUCTING LINAC
FOR PROTON IMPROVEMENT PLAN-II (PIP-II)*

A. Pathak’, E. Pozdeyev, Fermi National Accelerator Laboratory, Batavia, IL, USA

Abstract

PIP-1I is an essential upgrade of the Fermilab complex that
will enable the world’s most intense high-energy beam of
neutrinos for the international Deep Underground Neutrino
Experiment at LBNF and support a broad physics program
at Fermilab. Ultimately, the PIP-II superconducting linac
will be capable of accelerating the H~ CW beam to 800 MeV
with an average power of 1.6 MW. To operate the linac with
such high power, beam losses and beam emittance growth
must be tightly controlled. In this paper, we present the
results of global optimization of the Linac options towards a
robust and efficient physics design for the superconducting
section of the PIP-II linac. We also investigate the impact
of the nonlinear field of the dipole correctors on the beam
quality and derive the requirement on the field quality using
statistical analysis. Finally, we assess the need to correct
the quadrupole focusing produced by Half Wave, and Single
Spoke accelerating cavities. We assess the feasibility of
controlling the beam coupling in the machine by changing
the polarity of the field of linac focusing solenoids

INTRODUCTION

The superconducting section of the PIP-II linac [1] aims
to deliver a 2 mA (average current), 800 MeV, H~ beam
using five distinct families of superconducting (SC) accel-
erating cavities accompanied by SC solenoids and normal
conducting quadrupoles for transverse confinement. At such
a high beam power, a meticulous, global optimization of
the lattice parameters is essential to avoid transmission loss
and beam quality deterioration through emittance growth,
particularly at lower energies where the particle dynamics is
primarily driven by nonlinear space-charge forces. Here we
present the results of a comprehensive lattice optimization
study undertaken to ensure a reliable, efficient, and robust
physics design through a stable region of operation in the
stability chart [2] with an adiabatic variation in the phase
advances while keeping the structure phase advances below
90°.

Apart from the beam degradation caused by the nonlinear
space-charge forces at high intensities, the dipole corrector’s
nonlinearies [3,4] and asymmetric transverse RF defocusing
produced by the spoke cavities [5-9] can affect the evolu-
tion of beam quality along the linac. Therefore, a thorough
statistical analysis was performed to investigate the effect
of the dipole corrector’s nonlinearity on transverse emit-
tance growth, and an upper limit on the uniformity of the

* This manuscript has been authored by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the US Department of
Energy, Office of Science, Office of High Energy Physics.
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field integral was established for an acceptable beam quality
throughout the linac. The SC section of the PIP-II linac uses
SC solenoids, guiding a symmetric focusing; therefore, any
deviation from a symmetric nature in the transverse (X-y)
plane is disfavored. However, the central conductor used in
single spoke cavities introduces an asymmetric RF field, and
therefore the beam suffers from asymmetric RF defocusing
in x and y directions. The asymmetry produced by these
cavities was investigated, and compensatory mechanisms
using the solenoid current polarity and quadrupolar field
generated by the pair of dipole corrector coils with appropri-
ate configurations were compared for efficient asymmetry
compensation while keeping minimal coupling between the
two transverse planes and also reducing the cryomodule
(CM) complexities through minimization of compensating
remedies and related power supplies.

LATTICE OPTIMIZATION

We considered the existing physics design of the PIP-11
linac with revised CM lengths and performed detailed opti-
mization studies to minimize emittance growth and mitigate
the collective resonances causing noticeable emittance ex-
change between longitudinal and transverse planes, as shown
in Figs. 1(c) and 1(d). We performed a comprehensive analy-
sis to quantify the impact of every accelerating and focusing
element on beam behavior along the linac and adopted a
tuning algorithm to minimize the emittance growth and halo
development in all three planes. We determined to operate
near a k;/k. , = 1.3, and therefore, the solenoid fields were
adjusted to satisfy the chosen operating point in the Hoff-
man chart while keeping a smooth phase advance transition
and the structure tune per period below 90°. Comparing

.\

&
@i by | £
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0.6 s 2
B i 4
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Figure 1: (a) Stability chart before optimization, (b) Stabil-
ity chart after optimization, (c) Transverse normalized rms
emittance, (d) Longitudinal normalized rms emittance.

05: Beam Dynamics



5th North American Particle Accel. Conf.
ISBN: 978-3-95450-232-5

NAPAC2022, Albuquerque, NM, USA
ISSN: 2673-7000

JACoW Publishing
doi:10.18429/JACoW-NAPAC2022-MOPA38

ACCELERATED LIFETIME TEST OF THE SRF DRESSED
CAVITY/TUNER SYSTEM FOR LCLS II HE PROJECT*
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Abstract

The off-frequency detune method is being considered for
application in the LCLS-II-HE superconducting linac to
produce multi-energy electron beams for supporting multi-
ple undulator lines simultaneously [1]. Design of the tuner
has been changed to deliver roughly 3 times larger fre-
quency tuning range. Working requirements for off-fre-
quency operation (OFO) state that cavities be tuned at least
twice a month. This specification requires the increase of
the tuner longevity by 20 times compared with LCLS-II
demands. Accelerated longevity tests of the LCLS-II-HE
dressed cavity with tuner were conducted at FNAL's HTS.
Detail analysis of wearing and impacts on performances of
the tuner's piezo and stepper motor actuators will be pre-
sented. Additionally, results of longevity testing of the
dressed cavity bellow, when cooled down to 2 K and com-
pressed by 2.6 mm for roughly 2000 cycles, will be pre-
sented.

INTRODUCTION

LCLS-II dressed cavity equipped with modified (LCLS-
II-HE) tuner [2] installed in the FNAL HTS (Horizontal
Test Stand). Cavity was cool down to 2K (and during ini-
tial part of test to 4K) and operated for almost 2 months.

Objective of this test was to demonstrate that stepper ac-
tuator and piezo actuators could withstand longevity spec-
ifications required for LCLS-II-HE OFO. Longevity of the
Phytron stepper motor actuator [3], that deployed in the all
the SRF cavity tuners of LCLS-II Linac, reported in previ-
ous studies [4,5]. Specific of these studies to conduct test
for significantly longer range and as close as possible to
real LCLS-II-HE conditions. Additionally, this test was
validated that more than 400 cycles of compression of bel-
low on 2.6mm will not damage bellow.

In the Table 1 specifications for tuner components (step-
per motor actuator and piezo actuator) and dressed cavity
for LCLS-II-HE OFO and LCLS-II presented.

LONGEVITY TEST AT HTS

Test has been run at HTS test 24 hours in day. LabView
based program continuously run test and twice a day oper-
ator checked on progress. Test executed with following
iterations: 1) read/record cavity frequency through NWA,
2) run stepper motor on 30kSteps, 3) read /record stepper
motor temperature. Range of stepper motor (set by opera-

* This manuscript has been authored by Fermi Research Alliance, LLC
under Contract No. DE-AC02-76SF00515 with the U.S. Department of
Energy, Office of Science, Office of High Energy Physics.
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tor) was from 0 to +330kSteps that deliver cavity compres-
sion on 600kHz. One full cycle is 660kStep. Summary of
the parameters for one tuner cycle presented on Table 2.
LabView program has many interlocks: a) stepper motor
overheating, b) frequency of cavity do not change after
driver delivered on stepper motor pulses to move on
30kStep, c) failure of NWA to find the cavity frequency.
As soon as any interlock will be triggered, LabView pro-
gram will halt operation to prevent any damage to
tuner/dressed cavity system.

Table 1: Specification for Longevity of the Stepper and
Piezo Actuators for LCLS-II & LCLS-II-HE

LCSIIl |LCLSIIHE
Frequency tuning required for 95% of the cavities to 200 200
bring to 1.3GHz after cooldown to T=2K, [ kHz]
Stroke/compression required to tune cavities to 1.3GHz
after cooling down to T=2K, [mm] 0.67 0.67
Forces on the shaft/nut system to tune 95% of cavities
y ° 260 325

to f=1.3GHz, [N]

Forces on the piezo actuator to tune 95% of cavities to
=1.3GHz, [kN] 2.6 26

5 —
Forces on the shaft/nut system to tune 95% of cavities N/A 710
to OFO f=1.3GHz-465kHz, [N]
Forces on the piezo actuator to tune 95% of cavities to
OFO f=1.3GHz-465kHz, [KN]

Longevity of the actuator/Number of the motor steps to
tune cavity from 1.3GHz to "safe" position before warm- 12 10
up (twice a year) during 20 years, [MSteps]
Longevity of the actuator/Number of the motor steps to
tune cavity from 1.3GHz to "1,3GHz-465kHz" and back N/A 210

20 times a year during 20 years, [MSteps]

N/A 6

Longevity for 20 years operation, [Msteps] 12 220
Overall stroke of traveling nut on the shaft for 20 years 1.2 22
of operation, [m] )

O Il stroke/cavit ion for 20 f
verall stroke/cavity compression for years O 003 069

operation, [m]

Stepper motor located inside insulated vacuum environ-
ment and will overheating if run continuously. Working
range for stepper motor was between T=40K to T=80K.
This setting led to stepper work time ~ 110min and idle
(cool-down time) ~62min. For one day (24hours) stepper
tuner was able to run on ~ 10.3 MSteps that delivered 15.6
tuner’s cycles. Summary of the HTS data accumulated for
2-month continuous test of tuner system presented on the
Table 3.

All the data collected during 2-month HTS test (cavity
frequency vs time) presented on the Figure 1. There are 2
distinct portions: operation at T=4K (at the beginning of
test) and T=2K. Figure | demonstrated fact that stepper
motor actuators (and whole tuner) do not experience any
loss of performances after operating in cold/insulated vac-
uum environment for 414 MSteps that equivalent to 2 life-
times of LCLS-II-HE OFO. Three plots/cycles (at start,
middle and end of test) of cavity frequency retuning vs
tuner stroke/stepper motor stroke coincided with very good
accuracy.
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DIAGNOSTICS FOR LINAC OPTIMIZATION
WITH MACHINE LEARNING

R. Sharankova®, M. Mwaniki, K. Seiya, M. Wesley
Fermi National Accelerator Laboratory, Batavia, IL 60510, USA

Abstract

The Fermilab Linac delivers 400 MeV H- beam to the rest
of the accelerator chain. Providing stable intensity, energy,
and emittance is key since it directly affects downstream
machines. To counter fluctuations of Linac output due to
various effects to be described below we are working on
implementing dynamic longitudinal parameter optimization
based on Machine Learning (ML). As inputs for the ML
model, signals from beam diagnostics have to be well un-
derstood and reliable. In this paper we discuss the status
and plans for ML-based optimization as well as preliminary
results of diagnostics studies.

THE FERMILAB LINAC

The Fermi National Accelerator Laboratory (Fermilab)
Linac accelerates H- beam from 750 keV to 400 MeV. The
Linac is preceded by the Pre-Accelerator comprising the
Ion Source, the Low Energy Beam Transport (LEBT) line,
a radio-frequency quadrupole (RFQ), and the Medium En-
ergy Transport (MEBT) line. The magnetron ion source
ionizes hydrogen gas into plasma, then extracts and accel-
erates a beam of negative H ions. The continuous H- beam
is chopped, bunched and accelerated through the rest of the
Pre-Accelerator from 35 keV to 750 keV of kinetic energy
before entering the Linac. The Linac comprises three parts:
a Drift Tube Linac (DTL), a transition section and a Side
Coupled Linac (SCL). The DTL is composed of 207 drift
tubes spread across 5 tanks. It operates at RF frequency of
201.25 MHz and accelerates beam to 116.5 MeV. The SCL
has 7 modules, operating at resonant frequency of 805 MHz
and accelerates beam to 401.5 MeV. A buncher and a vernier
cavity located in the transition section allow for longitudinal
matching between the DTL and the SCL. During regular op-
erations, the Fermilab Linac has an output of roughly 25 mA
and pulse length of 35 us, with transition efficiency > 92%.

LINAC RF & LLRF

DTL RF field amplitude is controlled by the Marx modu-
lator logic controller which in turn controls the 5 MW power
tube modulator voltage [1]. The RF phase is controlled by
the low level RF (LLRF) module in a VME eXtension for
Instrumentation (VXI) crate. Each SCL module is powered
by a 12 MW Kklystron with VXI based LLRF phase and
amplitude control. The amplitude and phase are set via the
Fermilab control network (ACNET) [2] which sends desired
settings to the front-end card in the LLRF VXI crate. In
total there are 34 RF parameters (17 phase set points and

* rshara0l @fnal.gov
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17 field gradients) that can be manipulated to affect the
overall longitudinal accelerating field in the Linac.

LINAC DAILY TUNING

Stable Linac output is crucial for downstream machines.
Ambient temperature and humidity variations are known to
affect resonance frequency of the accelerating cavities which
induces emittance growth and increased particle loss. In
addition, the energy and phase space distribution of particles
emerging from the ion source are subject to fluctuations. To
counter such effects, operators perform daily tuning. This
tuning consists of hand-scanning a handful of RF parameters
and trying to maximize beam currents while minimizing
losses along the Linac. Figure 1 shows an example of a scan
of the RFQ RF phase set point and its effect on total Linac
losses and beam currents.

30

25.0 25
«  SCL total loss

SCL output current
DTL output current

DTL input current
22.5 20

i, .
P itiaoitgi!
SMITHEINNE

10
15.0

160 165

RFQ phase

150 155 170 175

Figure 1: Effect of RFQ phase set point on total Linac beam
loss (red) and output beam current (green). Also showing
Linac input (blue) and DTL output currents (orange).

RF OPTIMIZATION WITH ML

The hand-tuning procedure outlined above faces several
challenges. Human operators cannot optimize in multi-
parameter space simultaneously, so there is always the pos-
sibility of being off-optimal for the first N-1 devices after
tuning device N. Additionally hand-tuning is done when per-
sonnel is available, and not necessarily whenever the Linac
conditions change.
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CONSIDERATIONS CONCERNING THE USE OF HTS CONDUCTOR
FOR ACCELERATOR DIPOLES WITH INDUCTIONS ABOVE 15 T*

M. A. Green, Lawrence Berkeley Laboratory, Berkeley, CA, USA

Abstract

The use of high temperature superconductors for accel-
erator dipole has been discussed for about twenty years and
maybe a little more. Conductors that can potentially be
used for accelerator magnets have been available for about
fifteen years. These conductors a REBCO tape conductors
that can be wound into coils with no reaction after winding
and BISSCO cable conductors that require reaction after
winding and insulation after reaction in a process similar
to Nb3Sn cables. Both conductors are expensive and the
process after reacting is expensive. Some unknown factors
that remain: Will either conductor degrade in current car-
rying capacity with repeated cycling like Nb3Sn cables do?
The other two issues are problems for both types of HTS
conductors and they are; 1) quench protection in the event
of a nor-mal region run-away and 2) dealing with the su-
perconducting magnetization inherent with HTS cables
and tapes. This paper will discuss the last two issues and
maybe will provide a partial solution to these problems.

INTRODUCTION

In the last several years there has been serious discussion
about whether HTS conductors in high field accelerator
magnets. One approach uses a pure HTS dipole [1], and a
second approach is a hybrid magnet with either a low tem-
perature superconductor outer coil with an HTS insert [2].
The outer coil could be niobium titanium at 1.8 K. The
first accelerator dipole magnet to reach a central in induc-
tion above 13 T was hybrid niobium tin and niobium
tita-nium magnet. The LBL magnet reached 13.2 T at
1.8 K and 12.5 T at 44 K in 1997 [3]. During the
testing magnetic field measurements were done [4]. This
magnet had field quality close to what is needed for an
accelerator dipole. LBL built a series of block dipole
using only Nb3Sn. Some of these magnets reached bore
inductions of 16 T with poor field quality. The final mag-
net could go to 15 T, but the acceptable field quality was
between 6 T and 13 T [5, 6]. At low fields, magnetization
is an issue, but it is controllable.

LBL produced and tested the first Rutherford cable
made from Bi2212 multifilament strands [7]. This
conductor must be wound and then reacted in an oxygen
atmosphere. As a result, the conductor contains no cop-
per. LBL has fabricated and test a block dipole coil that
could carry 8 kA [8]. In the authors opinion, the ad-
vantage of block coils is that the stress in the coils can be
controlled using strong high modulus metal structures
that can take up the stress and hold the coils.

* This work was supported by the office of Science, under US Department
of Energy contract number DE-AC-02-05CH11231.
+ magreen@lbl.gov
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High current tapes made from RECBO tapes, that can 2
carry current at high overall currents densities [9]. HTS%
tape conductors can have insulation applied to the conduc- .8
tors before winding. Since the conductors can only be benti
in the across the thin dimension of the tape (~20 mm radius &
bends), some have argued that the ends must avoid someg
kinds of bends, which may make magnet ends more com- §
plex [10]. A big issue with REBCO tape conductors is<
magnetization currents due to the changing field perpen—*E
dicular to the tape. These currents affect field quality and.S
they can induce large stresses in the coil conductor that.3
damage the coil [11].

This paper proposes a design based on a window frame.g
dipole. Panofsky used a similar design for quadrupoles and =
combined function magnets [12]. For dipoles wound with &
flat cables and tapes, one must control conductor magneti- &
zation due to fields perpendicular to the conductor flat face. &

The negative effects of conductor magnetization in di- 5
poles and quadrupoles have been known since the 1970s i
[13]. These effects can be troublesome in dipoles and quad—
rupoles fabricated with flat cables and tapes. In Nb-Ti di- 8
poles these effects can be corrected for [14].
HTS dipoles these effects are much harder to control espe-,
cially at low fields in cosine  dipoles. In symmetrical
quadrupoles, magnetization is less of a problem. In a sym- >,
metrical dipole, sextupole (N = 3) and decapole (N = 5) are <
the multi-poles that cause magnetization problems [15,
16].

attrib

[l
5
Z,
o
)
»n
=)
oo
5
a

2). Any dlstrlbution

A VOBLY DIPOLE BASED DIPOLE

From 1990 to 1999, I worked on compact 1.5 GeV elec-
tron synchrotron for UCLA. In June 1992, I travelled to S
Russia, to visit what is now the Budker Institute of Nuclear =
Physics (BINP) in Novosibirsk Siberia [17]. This labora-m
tory had been working on compact light sources since theu
1970s [18]. I met with Pavel Vobly who was a major force 2
there in magnet design for many years. Our d1scussmns-
[19] were about a short 7.2 T superconducting dipole for Z
making bends of 30 to 45 degrees. These magnets must &
have a uniform field across a broad pole width to accom- &
modate the beam bend. These magnets were also demgned 5
to have a rapid field drop-off at the magnet ends similar toE
conventional iron-dominated dipoles.

LBL developed a magnet design that could be used for a
variety of machines.

We did a detailed 2D and 3D analysis on 380 mm long &
7.2 T dipole that was suitable for the UCLA machme_z
[20, 21]. The pole vertical aper-ture is 40 mm and the open §
hor-izontal aperture is up to 180 mm. The horizontal -Z
aperture allowed for the Sagitta of a 45-deg. bend of 1.5 ¢
GeV electrons. Figure 1 shows the magnet cross-section.
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DEE VOLTAGE REGULATOR FOR THE 88-INCH CYCLOTRON*

M. Kireeft’, P. Bloemhard, T. Hassan, L. Phair
Lawrence Berkeley National Laboratory, Berkeley, CA, USA

Abstract

A new broadband Dee voltage regulator was designed
and built for the 88-Inch Cyclotron at Lawrence Berkeley
National Laboratory. The previous regulator was obsolete,
consequently, it was difficult to troubleshoot and repair.
Additionally, during operation, it displayed problems of
distortion and stability at certain frequencies. The new reg-
ulator uses off-the-shelf components that can detect and
disable the RF during sparking events, protecting the RF
driver system. Furthermore, it improves the tuning of the
cyclotron and allows consistency in operation.

INTRODUCTION

The 88-inch Cyclotron at Lawrence Berkeley National
Laboratory is a sector-focused Cyclotron that has three ion
sources with escalating intensities and charge states [1, 2].
These sources can produce mixtures of ions that contain
nearly identical charge-to-mass ratios, known as “cock-
tails” [3].

The cyclotron accelerates protons through uranium to
maximum energies of 55 MeV/u. In addition, it supports
the ongoing research programs in nuclear structure, astro-
physics, heavy element studies, and technology R&D by
Lawrence Berkeley National Laboratory (Berkeley Lab)
and UC Berkeley. Moreover, it is also home to the Berkeley
Accelerator Space Effects Facility that uses these beams to
understand the effect of radiation on microelectronics, op-
tics, materials, and cells [4].

The cyclotron has a broadband RF system that operates
between the frequency range of 5.5 to 16.5 MHz, Fig. 1.
As shown, the 1 Vpp RF signal, generated by the frequency
synthesizer, goes through the redundant chain, RF drive,
and RF clamp circuits. If malfunctions were to occur, com-
promising the safety of personnel or damaging equipment,
these circuits turn off RF signals, stopping the beam and
radiation production. Then the RF signal passes into the RF
modulator that samples and regulates the Dee voltage am-
plitude. The modulator also protects the RF system during
a sparking event by shutting off the RF, avoiding momen-
tarily overdrive of the RF system, similar to other cyclotron
regulators [5, 6].

The signal from the RF modulator is increased by a
10 Watt wideband amplifier. This amplifier is followed by
an attenuator switch, which is used to normalize different
system attenuations at different frequencies, mainly due to
losses on the coaxial cables. Finally, the signal is increased
via the 1200A225 amplifier that drives the 150 KW Final

* Work supported by the U.S. Department of Energy, Office of Science,
Office of Nuclear Physics under Contract No. DE-AC02- 05CH11231.
+ mkireeff@lbl.gov
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Power Amplifier before being applied to the RF tank that
has adjustable RF panels to drive the Dee electrode.

DEE VOLTAGE FEEDBACK

The capacitive Dee probe is displayed on the top right
side of Fig. 1. The probe consists of an isolated flush plate
that faces the Dee electrode and has a 1 pF capacitance to
the Dee electrode. A 1000 pF capacitor is connected to the
plate to sample the RF, working as a 1000 divider. The RF
feedback voltage is sent to the Dee voltage regulator.

DEE VOLTAGE REGULATOR

Figure 1 displays the new Dee voltage regulator inter-
faced with the RF system. The feedback voltage is attenu-
ated 3 dB before it is processed by two broadband voltage-
controlled attenuators GC2001C are connected in series
with the RF system and controlled by the regulator board.
These attenuators provide up to 50 dB of attenuation to
control and stabilize the Dee voltage. The control board is
divided into sections to understand its functionality.

The LM7171 was chosen for the design of the circuit
board because it is a high-speed voltage feedback amplifier
that has the slewing characteristic of a current feedback
amplifier [7]. It can do all of this while being used in all
traditional voltage feedback amplifier configurations. The
LM7171 is intrinsically stable for gains as low as +2 or -1.
This is further shown by its high slew rate of 4100V/pus and
a wide unity-gain bandwidth of 200 MHz while only con-
suming 6.5mA of the supply current.

Usage of 15 V power supplies allows large signal
swings and provides greater dynamic range and signal-to-
noise ratio. One necessary aspect to maintain low power
supply impedance across frequency is to bypass the power
supply [7]. Both positive and negative power supplies
should be bypassed individually by placing 0.1 uF ceramic
capacitors in parallel with a 10 pF tantalum capacitor di-
rectly to the power supply pins of the LM7171. The 51 Q
isolation resistor located at the output of the amplifier in-
creases the stability by reducing the reflections.

Peak-to-Peak Detector

The dashed green section of the Fig. 1 shows a passive
peak-to-peak detector. The 50 Q termination resistor
matches the source impedance of the Dee electrode voltage
feedback. The detector is a combination of two cascaded
parts: the first is the clamp circuit formed by a capacitor
and diode at the left, and the second is the peak rectifier
circuit formed by a diode and capacitor at the right. It con-
verts the RF signal of peak amplitude Vpeak into a DC sig-
nal. The capacitor of 1nF at the end of the circuit is charged
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A. Kireeff®, D. S. Todd, M. J.
Lawrence Berkeley National Laboratory, Berkeley, CA, USA

Abstract

The fully-superconducting electron cyclotron resonance
(ECR) ion source VENUS is one of the world’s two high-
est-performing ECR ion sources, and a copy of this source
will soon be used to produce ion beams at FRIB. The tun-
ing and optimization of ECR ion sources is time consum-
ing and there are few detailed theoretical models to guide
this work. To aid in this process, we are working toward
utilizing machine learning to both efficiently optimize VE-
NUS and reliably maintain its stability for long campaigns.
We have created a Python library to interface with a pro-
grammable logic controller (PLC) in order to operate VE-
NUS and collect and store source and beam data. We will
discuss the design and safety considerations that went into
creating this library, the implementation of the library, and
its some of the capabilities it enables.

VENUS OVERVIEW

VENUS (Versatile ECR for NUclear Science) is a third-
generation superconducting electron cyclotron resonance
(ECR) ion source at Lawrence Berkeley National Labora-
tory, and it is used as one of the three injector ion sources
for the 88-Inch Cyclotron [1], see Fig. 1. In VENUS, like
in all ECR ion sources [2], an ion beam is extracted from a
confined plasma, as shown in Fig. 2. Axial confinement of
the plasma in VENUS is provided by a combination of
three NbTi superconducting solenoids: two larger end so-
lenoids and a smaller center coil with reversed polarity that
affects the resultant axial field well depth. A sextupole
made up of six NbTi superconducting racetrack coils is
used for radial confinement. The superposed field of these
coils produces a “Bmin” structure where the magnetic field
is a minimum at the center and increases in all directions.
Closed surfaces of constant magnetic field magnitude sur-
round this minimum, and electrons are resonantly heated
by the injection of microwaves of frequency that corre-
spond to these closed surfaces and satisfy the cyclotron fre-

quency equation w, = ;—i, where B is the magnetic field, y

is the Lorentz factor, and e and m are the electron charge
and mass, respectively. The two frequencies injected into
VENUS, 18 GHz and 28 GHz, resonantly heat non-relativ-
istic electrons at magnetic fields of 0.64 and 1.0 tesla, re-
spectively. Beam and support material are introduced to the
plasma through a combination of gas injection, ovens, and
sputtering, depending on what ion beam is being extracted.

* Work supported by the U.S. Department of Energy, Office of Science,
Office of Nuclear Physics under Contract No. DE-AC02- 05CH11231.
T akireeff@lbl.gov
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Figure 1: Aerial view of the VENUS Ion Source (left) and
its low energy beam line showing the analyzing dipole
magnet (upper right) and beam analysis box which in-
cludes a faraday cup and vertical and horizontal emittance
scanners (bottom right). A second dipole (not shown)
follows that directs the selected beam down toward the
88 Inch Cyclotron center.

microwave

S

gas
ion extraction
plasma

sextupole

solenoid coils

Figure 2: A simplified view of ECR ion source operation.
Solenoid coils (middle coil not shown) and sextupole mag-
nets axially and radially confine the plasma, respectively.
Gas is injected into the source, it is ionized by microwave-
heated electrons, and ions are extracted by establishing a
potential difference between the source and beam line.
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Abstract

The 88-Inch Cyclotron at Lawrence Berkeley National
Laboratory is a sector-focused cyclotron that has light- and
heavy-ion capabilities and supports a local research pro-
gram in Nuclear Science and is the home of the Berkeley
Accelerator Space Effects Facility, which studies effects of
radiation on microelectronics, optics, materials, and cells.

The cyclotron utilizes several vacuum electron devices
(VEDs) in different systems, mainly to convey plasma
heating, high power RF generation, and high-voltage and
current DC power generation.

VEDs have been proven reliable, robust, and radiation
resistant. They also have wide range, good response
against transients, and stable operation with load mismatch
during system tuning, instabilities, or breakdowns.

The paper will describe applications of these devices in
the 88-Inch Cyclotron.

INTRODUCTION

The Livingston chart shows the evolution of particle ac-
celerators with the astonishing increase of particle energy
by an order of magnitude every 7 years [1], demonstrating
a power requirement trend of high-power radiofrequency
(RF) sources with frequency from tens of MHz to tens of
GHz to match the particle accelerators needs.

At all frequencies, the VEDs surpass the solid-state de-
vices (SSDs) technology in producing higher power [2].
For instance, vacuum tubes can generate RF power outputs
up to I MW continuous wave (CW) and 150 MW pulsed
while a single transistor can generate RF power output in
the order of hundreds of Watts CW and up to 1 kW pulsed.
Consequently, VEDs are largely used in accelerator sys-
tems, otherwise, accelerators would require large numbers
of transistors operating in parallel in order to reach the low-
est power levels [3].

The comparative evolution of the most important VEDs
and the SSDs technologies can be observed by the figure-
of-merit Payf?, Fig. 1. The black solid line shows the fig-
ure-of-merit technological trend predicted by the Living-
ston chart. The physical significance of the figure-of-merit
derives from the fact that the maximum beam power that
can be transported through the RF structure is directly pro-
portional to the cross-sectional area, which is inversely
proportional to the operating frequency [4]. Figure 1 shows
that the SSDs technology is currently reaching a figure-of-
merit 0.1 MW GHz? due to advances in devices based on
wide bandgap semiconductor material (GaN).

* Work supported by the U.S. Department of Energy, Office of Science,
Office of Nuclear Physics under Contract No. DE-AC02- 05CH11231.
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MOPA45
154

The reason for the power discrepancy between VED and
SSD technologies is that the electron beam flow in a SSD
is collision dominated [5]. Thus, it is limited by the capac-
ity to dissipate heat with higher probability of a dielectric
breakdown at increased microwave field strengths. Never-
theless, SSD has higher stability and absence of warm-up
time.
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Figure 1: Comparative evolution of major VEDs using the
figure-of-merit Payef?
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—a—Solid-State Devices (SSDs)
—+ Free Eletron Laser

Albeit the VED’s electron beam flow in vacuum is col-
lisionless, the output power of the VED is limited by the
maximum cathode current density available, the maximum
anode power density which can be dissipated, the break-
down field strength, the window failure, and the multi-
pactor discharges [3].

VEDs originated in the early 20th century, but they still
have a wide variety of commercial and military applica-
tions that require high power and efficiency at high fre-
quency, such as commercial satellite communication sys-
tems, plasma heating for thermonuclear fusion, radar and
electronic warfare systems, medical systems, and acceler-
ators.

The 88-Inch Cyclotron utilizes several VEDs to carry out
light- and heavy-ion research that supports a local program
in nuclear science. The cyclotron is also the home of the
Berkeley Accelerator Space Effects (BASE) Facility. The
BASE Facility delivers well-characterized medium energy
ion beams to imitate the space environment.

VED amplifiers utilized in the cyclotron convert electro-
magnetic radiation into coherent radiation through a beam-
wave interaction. The coherent radiation requires a
bunched electron beam that maintains synchronism with
the electromagnetic field. The basic mechanisms for the
electromagnetic radiation are [6]:
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Abstract

Shunt impedance is one of the most important parame-
ters characterizing particle acceleration efficiency. It is
known that RF losses are reduced at cryogenic tempera-
tures. For example, a record high shunt impedance of
350 MQ/m was demonstrated recently for all metal X-band
accelerating structure, which is more than 2 times higher
than that at room temperature. In this article we present a
novel hybrid dielectric structure which can achieve even
higher shunt impedance due to the fact that losses in die-
lectric materials reduced much more than in pure copper.

MOTIVATION

Very recently, researchers at SLAC reported a new world
record for accelerating gradient in an X-band copper accel-
erating structure, 150 MV/m of stable beam accelera-
tion [1]. The structure was tested in a cryostat at 77 K,
which doubles the Q-factor compared to room temperature,
and achieved the highest recorded shunt impedance of
350 MQ/m in a metallic accelerating structure, one im-
portant figure of merit for accelerators. The effort was ini-
tiated a few years earlier with a destructive breakdown test
of a shorter structure at 45K, where a gradient of
250 MV/m was reached [2]. This improved performance
compared to room temperature structures supports the hy-
pothesis that the breakdown rate can be reduced by immo-
bilizing the crystal defects and decreasing the thermally in-
duced stresses. An investigation in a pulsed DC system
demonstrated a similar improvement at cryogenic temper-
atures [3]. Concurrently, a new ceramic material that has
extremely low rf loss at room temperatures (tand ~ 6x10°
at X-band, more than one order of magnitude improvement
compared to tand ~ 1x10* for conventional alumina) was
used in a Dielectric-Assisted Accelerator (DAA) [4], which
achieved a shunt impedance of 617 MQ/m in C-band. It is
well known that the microwave loss of many dielectric ma-
terials (e.g., Mg-TiOx-based materials and ultrapure
Al>O3) can be reduced by a factor of ~10 compared to room
temperature at liquid Nitrogen temperature or slightly be-
low [5-7]. If we consider the development of an accelerat-
ing structure using this new ceramic material at cryogenic
temperatures, a GQ/m level of shunt impedance may be
achievable, which is almost comparable with SRF acceler-
ators, but at a much lower cost. In fact, in 2019 the same
group that developed the DAA structure published a simu-
lation result [8], in which they showed a Q factor of
765,000 and a shunt impedance of 3.8 GQ/m could be
achieved at a temperature of 27 K. However, that structure
uses the TMy, mode, and can suffer from lower order mode
excitation, and thus mode conversion can reduce the over-
all efficiency. Also, the DA A structure is quite complicated

T c.jing@euclidtechlabs.com
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in terms of dielectric fabrication and must be built in sec-
tions; as a result, the unavoidable gaps between adjacent
dielectric structures are vulnerable to RF breakdown.

In the last two decades, the theoretical and experimental
investigations of dielectric accelerating structures have
predominantly used a dielectric-lined waveguide (i.e., die-
lectric-loaded accelerator, DLA), due to its simple geome-
try and low fabrication cost [9]. However, in comparison
with the prevailing metallic disk-loaded accelerators, the
dielectric-lined waveguide suffers from a lower Q-factor
and lower shunt impedance. The reason for the low shunt
impedance of a conventional DLA structure is the high
magnetic field of the TMo; mode near the copper surface,
which leads to high wall currents and ohmic losses. Re-
cently we have proposed and studied two different varia-
tions of dielectric accelerators for cryogenic temperatures
(70K or 45K) operation: 1) the Cryogenic Dielectric Cor-
rugated Accelerator (CDCA, Fig. 1a); 2) the Cryogenic Di-
electric Disc Accelerator (CDDA, Fig. 1b). Both of them
can achieve ~550 MCQ/m of shunt impedance at X-band.

QLTI T T 11
Ol TR T T 1]
(1D =
Ol T 111 ]

(b)

Figure 1: Conceptual view of two variation of dielectric ac-
celerators: a) dielectric corrugated accelerating structure
and b) dielectric disk accelerating structure. The grey area
represents the dielectric material, and the yellow represents
the copper housing for terminating the electric fields and
sealing the vacuum.

ACCELERATOR DESIGN

Design of an X-band CDCA

The strategy of CDCA structure for high shunt imped-
ance contains 1) introduction of a vacuum gap to reduce the
magnetic field near the copper surface (in order to do this,
a corrugation has to be introduced, since otherwise the
phase velocity of the TMo; mode cannot be slowed down
to the speed of light), and ii) cooling of the structure to cry-
ogenic temperatures to obtain an extremely low loss tan-
gent in the dielectric material, in order to further reduce the
RF loss in the dielectric by a large factor. The trade-off cost
of the CDCA structure, in comparison to a conventional
DLA structure, is the larger transverse size and a higher ra-
tio of the electric field on the dielectric surface divided by
the acceleration gradient. In order to implement a CDCA
structure in a practical way, as shown Fig. 2a, we can use
the end wall to 1) hold the position of the corrugated
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Abstract

Compact, high-gradient structure wakefield accelerators
can operate at improved efficiency using shaped electron
beams, such as a high transformer ratio beam shape, to drive
the wakes. These shapes have generally come from a pho-
tocathode gun followed by a transverse mask to imprint a
desired shape on the transverse distribution, and then an
emittance exchanger (EEX) to convert that transverse shape
into a longitudinal distribution. This process discards some
large fraction of the beam, limiting wall-plug efficiency as
well as leaving a solid object in the path of the beam. In this
paper, we present a proposed method of using integrated
photonics structures to control the emission pattern on the
cathode surface. This transverse pattern is then converted
into a longitudinal pattern at the end of an EEX. This re-
moves the need for the mask, preserving the total charge
produced at the cathode surface. We present simulations of
an experimental set-up to demonstrate this concept at the
Argonne Wakefield Accelerator.

INTRODUCTION

Beam-driven structure wakefield accelerators — either
dielectric wakefield accelerators or structures made using
metamaterials — are a promising path for ~1 GV m~! accel-
erating gradients for high energy lepton colliders or X-ray
free-electron lasers [1-3]. Achieving an efficient transfer of
energy from the drive beam to the witness beam requires
specially shaped bunches to achieve a high transformer ratio.
These shapes have been achieved [4, 5] using a transverse
intercepting mask followed immediately by an emittance ex-
change beamline (EEX) [6]. While this technique produces
the desired longitudinal current distribution to achieve high
transformer ratios, the masks discard up to 80% of the bunch
charge [7]. This limits the wall-plug efficiency available for
these accelerators. A technique which would eliminate the
need for the mask would restore the efficiency and introduce
new flexibility in structure shaping. In one approach nano-
engineered field emission arrays coupled with EEX have
been shown to generate bunchlets with spacing as small as
13 nm [8].

We describe a configuration which uses integrated pho-
tonics structures (IPS) to shape the transverse profile on the
photocathode surface, and transport that engineered shape
through the EEX with no substantial loss of initial bunch
charge. We propose to generate a horizontal bunchlet comb
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whose centroids become, after emittance exchange, a longitu-
dinal bunchlet comb suitable for driving a terahertz dielectric
wakefield accelerator.

This technique would reduce requirements on laser and
rf power at fixed final bunch charge, or enable substantially
higher final bunch charge at fixed power requirements. The
technique is also extremely flexible — although we will focus
on resonant wakefield excitation [9, 10].

THEORY

Emittance Exchange (EEX) is a tool to manipulate the
phase space of a beam, shaping the downstream longitudinal
properties by controlling the upstream transverse properties.

The EEX beamline at the Argonne Wakefield Accelera-
tor (AWA) considered throughout this paper consists of a
double-dogleg where a transverse deflecting cavity (TDC)
is positioned between two identical doglegs, a configuration
that provides an exact emittance exchange [11]. A TDC is
an rf cavity operating in dipole mode, and has a longitudinal
electric field with a spatially-varying gradient, such that the
field strength varies linearly with transverse distance from
the axis. We specifically consider the AWA EEX beamline
parameters for which the TDC is a 1.3-GHz RF cavity oper-
ating on the TM ¢, mode [12]. Placement of the TDC in
a dispersive region at the center of the double-dogleg, and
careful selection of the TDC voltage and rf wavelength rela-
tive to the dogleg dispersion, enables complete exchange of
the horizontal and longitudinal phase space coordinates [6].
The bunch evolves as

(x, x,, 2, 6)£nal = M()C,)C/, s 6)£itial (1)
where the transfer matrix is
0 L./3 xLy n+wxéLy
1 0 0 K K&
M= K& n+wily L.ax?&)6 L2k%£%/6 @)
K k&L, L.x?/6  L.ac*£/6
and
Lo=L+L, + %
2Lb cosa + Lbb
L=————
cos” a
(2L, cos? a — 2L, cos a — Ly, sin” )
- (sin @ cos? a)
£ = Ly sin® @ + 2LBsina — 2aL, cos® a

sin & cos? a
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Abstract

It is clear from numerous recent community reports, pa-
pers, and proposals that machine learning is of tremendous
interest for particle accelerator applications. The quickly
evolving landscape continues to grow in both the breadth and
depth of applications including physics modeling, anomaly
detection, controls, diagnostics, and analysis. Consequently,
laboratories, universities, and companies across the globe
have established dedicated machine learning (ML) and data-
science efforts aiming to make use of these new state-of-the-
art tools. The current funding environment in the U.S. is
structured in a way that supports specific application spaces
rather than larger collaboration on community software.
Here, we discuss the existing collaboration bottlenecks and
how a shift in the funding environment, and how we de-
velop collaborative tools, can help fuel the next wave of ML
advancements for particle accelerators.

INTRODUCTION

In recent years machine learning (ML) has been identified
as having the potential for significant impact on the modeling,
operation, and control of particle accelerators (for example,
see Refs. [1, 2]). While there has been an impressive amount
of progress for ML in accelerators, most solutions are not yet
fully incorporated into regular operation. This in turn limits
the degree to which open questions in robustness, algorithm
transfer, uncertainty quantification, and generalization to
unseen conditions can be addressed.

At present, researchers are incentivized to prioritize proof-
of-concept demonstrations, publish, and move on to the next
proof-of-concept. This results in many ML algorithms never
being fully tested under a variety of conditions and never
integrated into operations. Funding is primarily awarded
and structured around new ML methods and advances for
specific applications of accelerators (e.g. photon science,
high-energy physics, medical accelerators), leaving research
and development for community code infrastructure, stan-
dards, and cross-application algorithm transfer under-funded.
There is a tremendous need for (1) open-source, portable,
extensible software, (2) along with common benchmarks
and worked examples, and (3) investment in personnel to
support for MLOps and DevOps. Accelerator applications
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and control systems share numerous commonalities across
different end use-cases. In the following sections we expand
on this further.

ML APPLICATIONS TO ACCELERATORS

To orient the reader, we highlight a few use cases for
machine learning.

Neural networks (NNs) have been used to create virtual di-
agnostics [3-5] that supply operators with diagnostic predic-
tions from other measured data. This can be useful when the
diagnostic instrument is destructive and cannot be used con-
tinuously during downstream operation, or would update too
slowly. Similarly, NNs can be used to create comprehensive
fast-executing models of accelerator systems [6—10], using
combinations of measurement and simulation data. Uncer-
tainty quantification has been investigated [11, 12]. Adaptive
feedback methods have also been combined with static ML
models to track changes and enable fine-tuning [10, 13, 14].

Anomaly detection has been specifically highlighted as an
area where machine learning can significantly impact opera-
tional accelerators [15, 16]. ML tools have been applied to
detect anomalies in superconducting magnets at CERN [17],
RF cavities at DESY [18-20] and RF cavities at JLab [21].
Additionally, machine learning has been used to identify and
remove malfunctioning beam position monitors in the Large
Hadron Collider (LHC), prior to application of standard op-
tics correction algorithms [22]. Other efforts have sought to
use ML for detection of errors in hardware installation [23].
Analysis of the latent space information using autoencoders
has also been demonstrated to improve the ability to identify
anomalous behavior in LINACs [24].

In terms of optimization and control, machine learning
has been employed in a variety of ways. With limited previ-
ous data, Bayesian Optimization (BO) adapts a model during
tuning. This has been shown in numerous contexts to pro-
vide sample-efficient tuning for accelerators [25-28]. Recent
advances in BO for accelerators have enabled tuning that
respects learned constraints [27, 28], enforces smooth set-
ting changes, and can handle comprehensive multi-objective
optimization (e.g. producing the actual Pareto front on an op-
erational accelerator) [28, 29]. Providing an initial solution
from a learned global model and fine-tuning with feedback

09: Computing and Data Science for Accelerator Systems
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ONLINE MODELS FOR X-RAY BEAMLINES*

Boaz Nash, Dan T. Abell, Michael Keilman,

Paul Moeller, Ilya V. Pogorelov, RadiaSoft LLC, Boulder, CO, USA
Yonghua Du, Abigail Giles, Joshua Lynch, Thomas Morris,
Maksim Rakitin, Andrew L. Walter, BNL, Upton, NY, USA

Nicholas Goldring, STATE33 INC, Portland, OR, USA

Abstract

X-ray beamlines transport synchrotron radiation from the
magnetic source to the sample at a synchrotron light source.
Alignment of elements such as mirrors and gratings are often
done manually and can be quite time consuming. The use
of photon beam models during operations is not common in
the same way that they are used to great benefit for particle
beams in accelerators. Linear and non-linear optics includ-
ing the effects of coherence may be computed from source
properties and augmented with measurements. In collabo-
ration with NSLS-II, we are developing software tools and
methods to include the model of the x-ray beam as it passes
on its way to the sample. We are integrating the Blue-Sky
beamline control toolkit with the Sirepo interface to several
x-ray optics codes. Further, we are developing a simplified
linear optics approach based on a Gauss-Schell model and
linear canonical transforms as well as developing Machine
Learning models for use directly from diagnostics data. We
present progress on applying these ideas on NSLS-II beam-
lines and give a future outlook on this rather large and open
domain for technological development.

INTRODUCTION

Here we present further progress in the development of
reduced models for use during real-time operation of X-ray
beamlines. In Ref. [1], we introduced the concept of a matrix-
aperture beamline composed of linear transport sections and
physical apertures as shown in Fig. 1. This approach is an ap-
proximation with the hope of capturing important transport
properties in a computationally efficient manner. Within this
approach there exists a hierarchy of methods! as shown in
Fig. 2. The first row of the table involves second moment
propagation representing Gaussian Wigner functions [3].
The second row of the table involves propagating coherent
electric fields via linear canonical transform (LCT). Progress
in creation of an LCT transport library is reported in Ref. [4].
The final row of the table represents generic partially coher-
ent X-ray propagation via Wigner function passing through
the matrix-aperture beamline. Some work towards develop-
ing this method was presented in Ref. [S]. The focus of this
paper will be the top level method of sigma matrix trans-
port through the matrix-aperture beamline. We refer to this

* Work supported by the US Department of Energy, Office of Basic Energy
Sciences under Award No. DE-SC0020593.

! We do not intend to be comprehensive in our scope of all work pertaining
to reduced models here. The hybrid method [2] may fit closely within
our schema as an alternative to the LCT method, combining wavefront
propagation with ray tracing.
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reduced model as the Gaussian Wigner function moment
(GWFM) model. This model provides a computationally
efficient calculation of the linear optics through the beam-
line while also including effects of partial coherence. We
apply the sigma matrix transport method to a KB mirror
beamline with two apertures and compare results with SRW
and Shadow. Finally, the realistic case of an NSLS-II beam-
line is treated with this method and preliminary results are
presented.

E°) - w2(%,6) M,

N
W= WS+ f, | | |
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Figure 1: Matrix-aperture beamline schematic with » linear
transport sections and n — 1 apertures. M; represents the
transport matrix across the j section of the beamline (from
position s;_; to s;) and ; represents the transfer function
of the j™ aperture. An undulator source is depicted in this
figure creating partially coherent synchrotron radiation.
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Figure 2: Hierarchy of reduced models for radiation transport
through a matrix-aperture beamline.

We remind the reader that the goal of such fast reduced
models is to enable the creation of online models incorporat-
ing up-to-the-moment diagnostics data such that the model
accurately reflects the true state of the beamline settings and
X-ray transport from source to sample. Such an online model
may be used to automate precise tuning and alignment of
the beamline. In addition to physics-based models, we are
also developing machine learning-based models for the same
purpose. See Ref. [6] for further information on the progress
of this effort.

KB MIRROR BEAMLINE

We consider the case of a KB mirror beamline with suc-
cessive horizontally and vertically focusing mirrors as shown
in Fig. 3. We have setup this beamline within the Shadow
code to illustrate the method of moment propagation through
a matrix-aperture beamline. The transfer matrices along the

09: Computing and Data Science for Accelerator Systems
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PREDICTION OF GASEOUS BREAKDOWN FOR
PLASMA CLEANING OF RF CAVITIES*

S. Ahmed®, Electronics Business Unit, Ansys Inc., San Jose, CA, USA

Abstract

This paper describes the workflow of RF discharge
physics implemented in HFSS and illustrates its applica-
tion to an accelerating cavity. The workflow can be directly
applied to multi-cell structures in a complex setting. The
entire simulation can be executed in a single run. Full-wave
electromagnetic simulations can be performed in HFSS us-
ing the modal or terminal solution; the time-domain simu-
lation then takes over to predict the onset of gaseous break-
down. The accuracy and robustness of the simulation can
be guaranteed through the full-wave FEM solution in an
unstructured mesh and the temporal evolution of plasma
density.

INTRODUCTION

With the current state of the art, radiofrequency (RF)
cavities are most employed for accelerating electrons (or
ions) to achieve high-energy particles for exploring the
fundamental nature of the universe [1]. These cavities un-
dergo various steps to qualify the high performance in
terms of accelerating gradient, quality factor, etc [2]. How-
ever, the performance gradually degrades over the period
of use, and hence cleaning such cavities is necessary [2].
The normal procedure adopted in the qualifying stage of
the cavity cannot be applied for in-situ cleaning inside the
accelerator facility [2]. For in-situ cleaning, the gas pro-
cessing method known as “helium processing” is com-
monly used at a cold temperature where the partial pressure
of helium gas is much below the breakdown threshold.
This technique is a random local ionization process, which
may adversely affect cavity performance [2]. Plasma
cleaning has been adopted in various accelerator facilities
for the removal of surface impurities and contaminants [2, 3].

In plasma cleaning, an ionization discharge of gases in-
side the cavity volume is induced by the RF or microwave
electromagnetic (EM) fields. The development of a proce-
dure for plasma cleaning requires a detailed investigation
toward establishing a plasma discharge inside the cavity.
Generating an efficient plasma inside a complex cavity
structure for a desired frequency and gas type for a given
temperature and pressure is challenging. Setting up an ex-
periment is expensive and time-consuming, which may
lead to a significant delay in the project. A high-fidelity
computer simulation, modeling an arbitrary three-dimen-
sional geometry for tracking the plasma discharge in a
complex electromagnetic environment is therefore neces-
sary. Ansys HFSS through its Finite Element Mesh (FEM)
for the full-wave EM simulations combined with the elec-

* Work supported by the Electronics Business Unit of Ansys, Inc.
1 shahid.ahmed@ansys.com
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tron impact ionization of gases enables the successful pre-
diction of plasma breakdown for an arbitrary configuration
for a wide frequency band and gases. The RF discharge
analysis feature has been integrated into the Ansys elec-
tronics desktop (AEDT); full-wave electromagnetic and
RF discharge simulations can be set up in the same design.
The breakdown threshold predicted by the solver helps us-
ers determine the RF power and gas pressure at a given
temperature for any complex configuration. Therefore, the
RF discharge package can be reliably used for the onset
prediction of plasma discharge for plasma cleaning as well
as the safe operation of helium processing.

MODEL DESCRIPTION

For purposes of illustration, we have selected an RF cav-
ity, however, the workflow can be directly applied to any
other structure. The RF discharge simulation in HFSS can
be combined with the RF design performed either in the
“modal” or “terminal” solution type.

RF Simulation

The model illustrated in Fig. 1 has been set up for the
“modal” solution type. The RF power has been fed into
the cavity using a co-axial feed through the beam pipe and
the dual orthogonal modes are excited simultaneously. The
RF modeling has been performed for 1 W of input power,
which can be simply scaled for any desired power after the
execution of the simulation.

Figure 1: A schematic of the cavity used in the model for
operation at 550 MHz.

Figure 2(a-d) shows four eigenmodes excited inside the
cavity. The fundamental mode is depicted in Fig. 2a, which
represents the accelerating mode. The remaining modes il-
lustrated in Fig. 2(b-d), correspond to the higher-order
modes (HOM); the degenerate modes are indeed indicated
in Fig. 2(c-d). These eigenmodes due to different EM con-
figurations can create ionization breakdown at different lo-
cations and hence play a critical role in the overall cleaning
procedure development.

07: Accelerator Technology
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HFSS ENABLES MULTIPACTION ANALYSIS OF
HIGH POWER RF/MICROWAVE COMPONENTS*

S. Ahmed®, Electronics Business Unit, Ansys Inc., San Jose, CA, USA

Abstract

This paper describes system-level simulations for high-
power RF/microwave components from full-wave electro-
magnetics (EM) to RF breakdown under vacuum for arbi-
trary 3D structures. Full-wave electromagnetic simulations
can be performed in HFSS using the modal or terminal so-
lution; the time-domain simulation then takes over to pre-
dict the onset of multipaction breakdown. The entire simu-
lation can be executed in a single run for EM analysis and
the prediction of RF breakdown. The accuracy and robust-
ness of the simulation can be guaranteed through the FEM
unstructured mesh. Particle-in-cell simulation for tracking
multipaction electrons in an unstructured FEM mesh is a
key success. A comprehensive visualization user interface
helps to explain the detailed physics.

INTRODUCTION

The quest for high energy in exploring the fundamental
nature of the universe is of utmost interest for particle ac-
celerators [1]. The radiofrequency (RF) components in par-
ticle accelerators operated under a vacuum condition and
driven by high-power RF electromagnetic (EM) waves
may be prone to electron multipaction [2-4]. The RF-trig-
gered electron resonance ignited by the RF multipaction
may cause malfunction, which results in detuning, beam
loading, arcing, etc, which, in turn, reduces the target en-
ergy for accelerating the beam. Therefore, exploring the
design challenges of vacuum RF windows, cavities, and
other devices to avoid electron multipaction becomes nec-
essary. Setting up an experiment to mitigate the failure of
RF devices is expensive and time-consuming, which may
lead to a significant delay in the project. Therefore, a high-
fidelity computer simulation modeling the arbitrary geom-
etry and tracking the particles (electrons) in a complex
electromagnetic environment is desirable. Ansys HFSS
through Finite Element Mesh (FEM) for the full-wave RF
simulation combined with the particle-in-cell (PIC) tech-
nique for tracking particles in EM fields; enables the engi-
neers/physicist successful prediction of system failure
against the electron multipaction. The multipaction analy-
sis feature has been integrated into the Ansys electronics
desktop (AEDT); full-wave electromagnetic and multipac-
tion simulations can be set up in the same design. The
breakdown threshold predicted by the solver helps users
determine the multipaction susceptibility of devices under
design. Moreover, the animation of multipaction charge
particles helps visual inspection.

* Work supported by Electronics Business Unit of Ansys, Inc.
T shahid.ahmed@ansys.com
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MODEL DESCRIPTION

For purposes of illustration, we have selected an RF cav-
ity, however, the workflow can be directly applied to any
other structure. The multipaction simulation in HFSS can
be combined with the RF design performed either in the
“modal” or “terminal” solution type.

RF Simulation

The cavity geometry illustrated in Fig. 1 has been set up
for the “modal” solution type. The RF power has been fed
into the cavity using a co-axial feed through the beam pipe
and the dual orthogonal modes are excited simultaneously.
The RF modeling has been performed for 1 W of input
power, which can be simply scaled for any desired power
after the execution of the simulation.

Figure 1: A schematic of the cavity used in the model for
operation at 550 MHz.

2 E@
-

Figure 2: Sub figures (a-d) shows electric field distributions of
four modes excited inside the cavity at about 549.82 MHz,
626.7 MHz, 732.44MHz, and 732.47 MHz, respectively.

Figure 2(a-d) shows four eigenmodes excited inside the
cavity. The fundamental mode is depicted in Fig. 2a, which
represents the accelerating mode. The remaining modes il-
lustrated in Fig. 2(b-d), correspond to the higher-order
modes (HOM); the degenerate modes are indeed indicated
in Fig. 2(c-d).

05: Beam Dynamics
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MODULAR SOLID-STATE SWITCHING AND ARC SUPPRESSION FOR
VACUUM TUBE BIAS CIRCUITS

E. L. Atkinson *, T. J. Houlahan, B. E. Jurczyk, R. A. Stubbers
Starfire Industries, LLC, Champaign, IL, USA

Abstract

In this work, we present operational and performance data
for a solid-state switching circuit that delivers pulsed power
atupto 12kV and 100 A. This circuit, which is comprised of
a series configuration of IGBT-based subcircuits, is suitable
for driving the high-power vacuum-tube amplifiers that are
typically used in RF accelerator systems. Each subcircuit
can switch up to 3kV, and the subcircuits can be stacked
in series to extend the overall voltage capabilities of the
switch. The circuit is designed to prevent overvoltaging
any single transistor during switching transients or faults,
regardless of the number of series subcircuits. Further, the
circuit also includes the capability for rapid arc detection
and suppression.

Testing has shown effective switching at up to 100 A at
12kV and for pulse repetition frequencies and durations in
the range of 1-200Hz and 10— 50 um, respectively. Ad-
ditionally, the arc suppression circuitry has been shown to
reliably limit arcs at 10— 12 kV with a quench time of <1 ps
and with a total energy of <0.2 J, minimizing the grid erosion
in the vacuum-tube during an arc.

INTRODUCTION

In recent years, there has been continued interest in us-
ing series-stacked high-power transistors for high-voltage
switching applications [1,2]. These high-voltage switches
have been used in a number of applications including high-
voltage inverters and fusion systems [3]. This work presents
a high-voltage switching circuit that can be used to bias
high-power vacuum tube amplifiers such as those used in
accelerator systems.

Conventional vacuum tube drive circuitry generally uses
a constant high-voltage plate bias, with arc suppression han-
dled by a dedicated crowbar circuit that short-circuits the
main capacitor bank in the event of an arc. The method
presented instead uses a solid-state switching circuit to both
pulse the plate bias and suppress arcs.

This circuit has several advantages compared to conven-
tional drive circuitry. Pulsing the plate voltage allows op-
eration at higher bias voltages, increasing peak RF power
output capabilities. For example, the YU-141 maximum DC
plate voltage increases to 12kV when pulsed, compared to
10kV at a constant plate voltage [4].

Additionally, replacing the crowbar circuit with a solid-
state switch allows for faster and more robust arc suppression.
Conventional crowbar circuits operate by quickly providing
a low-impedance path to drain the capacitor bank in the
event of an arc; this drops the HV rail, however, it requires

* eatkinson @starfireindustries.com
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a crowbar circuit that can repeatedly dissipate very high
instantaneous power without damage [5]. In contrast, the
solid-state switch can simply be gated off to stop the arc.
Since power transistors with very fast switching speeds can
be used, the arc suppression response is very fast, decreasing
the damage caused by an arc in a vacuum tube.

DESIGN

Vg Balancing Circuit

High-voltage power transistors are widely available
with collector-emitter breakdown voltages in the range of
1-4.5kV, however, high-power RF vacuum tube amplifiers
frequently require much higher (=8 kV) biases. Stacking
power transistors in series is inherently risky since individual
device differences can cause the voltage across each device
to be unbalanced, increasing the likelihood of an overvoltage
failure on one of the transistors during switching.

To protect against this type of overvoltage failure, a series
Vg balancing circuit has been developed. Figure 1 shows a
conceptual schematic of how the balancing circuit fits into
the overall switching modules. The circuit uses series Zener
diodes to set the overvoltage threshold for each transistor;
when the voltage exceeds the threshold, the balancing circuit
drives the transistor gate to drop Vg to a safe level. The
current buffering circuit is designed to source enough current
to quickly charge the IGBT gate when the gate driver circuit
would otherwise gate off the IGBT.

Arc Suppression

A critical aspect of the design is ensuring that the Vg
balancing circuit behavior does not interfere with the fast
switching times necessary for effective arc suppression. LT-
Spice simulations were used to sweep the gate resistance
and current buffering circuit feedback. The final design al-
lows for relatively stable Vg balancing behavior while also
preserving a sub-microsecond response time when gating
off the transistor due to an arc.

D1y D2 DN
DD
CURRENT
BUFFER
< VOUT+
N
GATE DRIVER ——AAN—+¢ g
RGATE IGBT
VOUT-

Figure 1: Conceptual schematic of Zener clamping circuit.
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HIGH QUALITY CONFORMAL COATINGS ON ACCELERATOR
COMPONENTS VIA NOVEL RADIAL MAGNETRON WITH
HIGH-POWER IMPULSE MAGNETRON SPUTTERING

W. M. Huber, A. S. Morrice, I. Haehnlein, B. E. Jurczyk, R. A. Stubbers, T. J. Houlahan
Starfire Industries LLC, Champaign, IL, USA

Abstract

In this work, we present two configurations of a novel
radial magnetron design which are suitable for coating the
complex inner surfaces of a variety of modern particle ac-
celerator components. These devices have been used in
conjunction with high-power impulse magnetron sputtering
(HiPIMS) to deposit copper and niobium films onto the inner
surfaces of bellows assemblies, waveguides, and SRF cavi-
ties. These films, with thicknesses of up to 3 um and 40 um
for niobium and copper respectively, have been shown to be
conformal, adherent, and conductive. In the case of copper,
the post-bake residual resistivity ratio (RRR) values of the
resulting films are well within the range specified for elec-
troplating of the LCLS-II bellows and CEBAF waveguide
assemblies. In addition to requiring no chemical processing
beyond a detergent rinse and solvent degrease, this mag-
netron design exhibits over 80% target material utilization.
Further, in the case of niobium, an enhancement in RRR
over that of the bulk (target) material has been observed.

INTRODUCTION

This work continues the investigation of the use of ionized
physical vapor deposition (iPVD) as an alternative process
to wet chemical electroplating for depositing conformal coat-
ings of various materials for use in accelerator components.
Previous investigation utilized a novel radial magnetron de-
sign used for coating the inner diameter of LCLS-II bellows
components which resulted in conformal, well adhered films
with thicknesses of 5 — 10 um. Resulting films were capable
of withstanding extreme temperature fluctuations (77 K to
400 °C vacuum bake-out) and remained well adhered after
plastic deformation [1]. Utilizing the results from this previ-
ous work, efforts were focused on optimizing RRR values
for LCLS-II coatings, and translating similar process condi-
tions for use in coating CEBAF waveguides — with the added
challenge of determining process conditions that work well
with the high aspect ratio of the waveguides.

As is the case for Cu coatings on other accelerator com-
ponents, different methods for coating SRF cavities with
Nb thin-films have been attempted in the past with vary-
ing results [2]. One of the key parameters that determines
the effectiveness of Nb thin-fims for superconductivity ap-
plications, is the grain structure of the resulting film [2].
Part of this work focused on determining process conditions
which result in well adhered, high-RRR Nb films on Cu test
coupons.

MOPAG62
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EXPERIMENT
HiPIMS Operation

Each magnetron was driven by a Starfire Industries IM-
PULSE® 20-20 HiPIMS pulser module. Argon was used
as the carrier gas at varying pressures during parameter ex-
ploration and optimization. Using HiPIMS with a Positive
Kick™ allows ions to be accelerated to energies in the range
of 0 —400 eV. This allows the target material to be implanted
into a substrate, resulting in a transition layer that produces
better film adhesion. In addition, the Positive Kick enables
the formation of fully dense thin-films by implanting metal
ions into the bulk film [3]. This is in contrast to other depo-
sition processes where metal ions implant to the surface of
the film only, often leading to pinholes and large voids.

Magnetron Design

Two magnetron designs were built and tested: a 0.5"
(1.27 cm) diameter magnetron with an azimuthal racetrack
and a 1”7 (2.54 cm) diameter magnetron with an axial race-
track. Both designs were tested with various materials. Nio-
bium and copper were tested on the 1" design, while silicon
carbide and copper were tested on the 0.5" design. Both
magnetrons are comprised of a copper body that facilitates
heat transfer between coolant and the magnet pack(s). For
copper magnetrons, the copper shell itself acts as the target
material. Details regarding the design and construction of
the 1" magnetron design are given elsewhere, in Ref. [1].
Figure 1 shows a schematic of the 0.5" magnetron used for
coating CEBAF waveguides.

Sputtered Material

TT0007 e

Coolant Out

Coolant In[ >

Coolant Out

~ 100000

Figure 1: Diagram of 0.5" outer diameter magnetron for
coating CEBAF waveguides. Magnet pack creates distinct
erosion patterns around each stack of magnets.

LCLS-II Bellows

Optimization was carried over a large parameter space
of operating pressures and pulse settings. Efforts focused

07: Accelerator Technology



5th North American Particle Accel. Conf.

ISBN: 978-3-95450-232-5 ISSN: 2673-7000

NAPAC2022, Albuquerque, NM, USA

JACoW Publishing
doi:10.18429/JACoW-NAPAC2022-MOPAG3

MULTIPHYSICS SIMULATION OF THE THERMAL RESPONSE
OF A NANOFIBROUS TARGET IN A HIGH-INTENSITY BEAM

W. J. Asztalos™, Y. Torun, Illinois Institute of Technology, Chicago, IL, USA
S. Bidhar, F. Pellemoine, Fermi National Accelerator Laboratory, Batavia, IL, USA
P. Rath, Indian Institute of Technology, Bhubaneswar, India

Abstract

Nanofibrous structures are of high interest to the fields of
engineering and materials science, and investigation of their
properties as well as discovery of novel applications for them
both constitute lively areas of research. A very promising
application of nanofiber mats lies in the field of accelerator
technology: beam targets made from nanofiber mats offer
a solution to the problem of advancing the “intensity fron-
tier”—the limit on the beam intensities that can be realized
in fixed target experiments and neutrino production facilities.
However, testing has shown that the survivability of these
nanofiber targets depends strongly on their manufacturing
parameters, such as the packing density of fibers. In this
work, we will use multiphysics simulations to perform a ther-
mal study on how nanofiber targets react to high intensity
beams, so that the dependency of the targets’ lifetime on
their construction parameters can be better understood.

INTRODUCTION

Most neutrino beams are produced by exposing a fixed
target to a high-energy proton beam. The intensity of this
“primary” beam in turn determines the intensity of the neu-
trino beam, and so far they have operated at max intensities
on the order of one megawatt—the NuMI beamline at Fer-
milab recently set a record beam power of 893 kW. However,
future installations are expected to reach higher intensities:
the Long Baseline Neutrino Facility, for example, calls for
a primary beam power of 1.2 MW [1], with an accelerator
upgrade planned in the horizon of 2030 to raise the power
to 2.4 MW, bringing us to the multi-megawatt regime.

Attaining these intensities is not just a matter of acceler-
ator technology—the fixed target must survive many beam
cycles for these facilities to be practical. The upper bound on
the intensities reachable with current technology is known
as the intensity barrier, and its advancement is therefore nec-
essary to meet the demands of future neutrino experiments.

In facilities such as NuMI, the convention is to use solid
graphite targets with water cooling. Although such tar-
gets have operated successfully to date, there is question
as to whether they will retain suitable lifetimes at the multi-
megawatt scale. The primary weakness of these solid targets
is that their uniform lattice allows thermal stress waves in-
duced by the pulsed beam to easily propagate, leading to
fatigue failure. This issue will only be exacerbated by larger
amplitude stress waves from higher beam power in the future.

* wasztalos @hawk.iit.edu
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The High Power Targetry Research and Development
(HPT R&D) Group at Fermilab has been studying [2,3] a po-
tential solution—a nanofibrous target material, consisting of
an electrospun array of Yttria-Stabilized Zirconia nanofibers.
These nanofiber “mats” are porous, and so the open space
between fibers dissipates any thermal stress waves caused by
the beam, avoiding the central weakness of existing targets.
Their porosity also allows us to cool the targets internally by
forcing helium gas through them. They also demonstrate re-
sistance to radiation damage without additional treatment [2].
These advantages suggest that these nanofiber targets pose a
novel solution to breaking the intensity barrier.

Such nanofiber targets are an emergent topic, and thus are
under rigorous testing. One such test at HIRADMat [2]—a
facility at CERN which provides a single pulse beam for
thermal shock tests of target materials—revealed that the
construction parameters of the nanofiber mats, namely their
Solid Volume Fraction (SVF), strongly affect their survival.
The SVF, notated f, is defined as the percentage volume
of the mat occupied by solid material. The target with a
higher SVF developed a hole at its center, whereas the one
with a lower SVF remained undamaged. The exact mode of
failure of the denser target is as of yet unknown; there was
no evidence of melting, but one suggested explanation is that
pockets of gas in the denser mat may cause such damages by
limiting diffusion. While this test demonstrates that lowering
the SVF increases target lifetime, it comes at the price of a
lower neutrino yield, and so the choice of SVF is delicate.

MODELS AND THEORY

In order to optimize the performance of these targets, it
is essential to characterize their thermal properties, which
thus allows us to predict how they will respond to beam
heating for a set of prescribed construction parameters. The
nanoscale structure of these targets, however, makes theoret-
ical descriptions and simulations of their behavior difficult.
It is impossible to model all of the constituent fibers of a
nanofiber target explicitly—however, the fact remains that
the behavior at the individual-fiber level cannot be ignored.
There are significant nanoscale effects present which add up
to change the qualities of the whole.

This task becomes tractable, however, by using Porous
Media Models (PMMs), which translate the behavior at the
nansocale to the macroscale by computing effective material
parameters of a new, homogenous material. In this way, the
explicit nanoscale geometry is “forgotten”, but the effects
are retained by adjusting the properties of a replacement

MOPA63
185

©= Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



5th North American Particle Accel. Conf.
ISBN: 978-3-95450-232-5

NAPAC2022, Albuquerque, NM, USA
ISSN: 2673-7000

JACoW Publishing
doi:10.18429/JACoW-NAPAC2022-MOPAG4

CIRCULAR MODES FOR MITIGATING SPACE-CHARGE EFFECTS
AND ENABLING FLAT BEAMS*

O. Gilanliogullari!-?, B. Mustapha', P. Snopok?
1Argonne National Laboratory, Lemont, IL, USA
llinois Institute of Technology, Chicago, IL, USA

Abstract

Flat beams are preferred in high-intensity accelerators and
high-energy colliders due to one of the transverse plane emit-
tances being much smaller than the other, which enhances
luminosity and beam brightness. However, flat beams are
not desirable at low energies due to space charge forces
which are significantly enhanced in one plane. The same is
true, although to a lesser degree, for non-symmetric ellipti-
cal beams. To mitigate this effect and enable flat beams at
higher energies, circular mode beam optics can be used. In
this paper, we show that circular mode beams offer better
control of space charge effects at lower energies and can be
transformed into flat beams at higher energies.

INTRODUCTION

High-energy colliders and storage rings require high colli-
sion luminosity and beam brightness for future scientific dis-
coveries and applications. Flat beams could enable this need
because one of the transverse beam sizes is much smaller,
which enhances luminosity and beam brightness. However,
at low energy, flat beams can’t sustain high beam currents
due to space charge effects which cause tune shifts and un-
stable motion. To mitigate these effects, flat beams can be
propagated as circular mode beams through the lattice while
maintaining intrinsic flatness through coupling, then con-
verted to flat beams at high energy. The original idea of cir-
cular modes was introduced by Derbenev [1] for an electron
cooling experiment at Fermilab. Their theory was further
developed by Burov et al. [2]. Burov also proposed circular
modes for high-energy colliders to produce flat beams for
luminosity enhancement [3]. Recently, there has been sig-
nificant interest in beams with non-zero angular momentum,
they are proposed to mitigate space charge, either in self-
consistent distributions [4] or in hollow rotating beams [5].

In this work, we have developed different lattice designs
for low-energy high-intensity beams that are capable of prop-
agating and maintaining circular mode beams. We will look
at circular modes formed by skew triplet transformation
(adapter) of Gaussian distributions in periodic lattices and
evaluate space charge tune shift performance at high current
using two simulation codes WARP [6] and TRACK [7].

THEORY

The theory of circular modes is well-understood and dis-
cussed in Ref. [2]. There are multiple ways to create circular

* This work was supported by the U.S. Department of Energy, under Con-
tract No. DE-AC02-06CH11357.
ogilanli@hawk.iit.edu
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Figure 1: (a) Flat beam, (b) after adapter, circular mode.

modes. One of them, as presented in Refs. [1,2, 8], is to use
a skew quadrupole triplet. The skew triplet transforms a flat

beam into a round circular-mode beam, as shown in Fig. 1.

Here, the color depicts transverse momentum strength, and
the arrows show the direction of the particle motion in the
transverse plane. We clearly see that transforming a flat
beam into a circular mode decreases the beam size in x
and increase it in y, leading to a round beam with non-zero
canonical angular momentum.

The canonical angular momentum of the beam is given by
L, = €1 — €11 [2], where €y are the eigenmode emittances,
with the skew triplet transforming the initial emittances ex —
€ and ¢, — €. In Ref. [2], these eigen-emittances are
called €, and e_ corresponding to the opposite directions of
rotation. Because of the coupling, the eigenmode emittances
are conserved rather than the 2D phase space emittances
€xy- The skew triplet transformation and mapping can be
found in Refs. [2, 8] where the vertical degrees of freedom
are coupled to the horizontal degrees of freedom using a
vortex condition.

Since a circular mode beam is strongly coupled, the state
of the system should be considered in terms of coupled
beam optics using Mais-Ripken parametrization [9] or its
further development by Lebedev et al. [10]. The optics can
be characterized using the eigenvectors of the system:

VB Bxue™m
_i(l—u)+(lx] _iu+quH @iVH
- VBxl N VBx1
VI = i v = 1
! VByre™ > By (1)
_lu+(ly1 eiVI _i(l—u)+(lyn

VByI V,Byll

Here, i1, @ji, u, v are the beta functions, alpha functions,
coupling parameter, and coupling phases, respectively, with
j € (x,y) and [ € (LII). Circular modes produced using an
adapter have a special one-to-one transformation because
upon calculation of coupled optics functions, one finds that
Byt = Bxt = By1 = Byn = Po and ax1 = @y = @y =
a1 = 0. Additionally, there is a circular beta function for
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HADRON MONITOR CALIBRATION SYSTEM FOR NuMI*

N. L. Muldrow", P. Snopok, Illinois Institute of Technology, Chicago, IL 60616, USA
K. Yonehara, Fermi National Accelerator Laboratory, Batavia, IL 60510, USA

Abstract

NuMI (Neutrinos at Main Injector) beamline at Fermi Na-
tional Accelerator Laboratory provides neutrinos to various
neutrino experiments. The hadron monitor consisting of a
5 X 5 array of ionization chambers is part of the diagnostics
for the beamline. A gamma source is needed to calibrate the
hadron monitor. We present the status and progress of the de-
velopment of the calibration system for the hadron monitor.
The system based on a Raspberry-Pi-controlled computer
numerical control (CNC) system and position sensors would
allow us to place the gamma source precisely to calibrate
the signal gain of individual pixels. The ultimate outcome
of the study is a prototype of the calibration system.

INTRODUCTION

We discuss an experimental setup to update the hadron
monitor calibration system for the NuMI beamline at Fermi
National Accelerator Laboratory (Fermilab). NuMI is a neu-
trino beam facility that began operation in 2005. NuMI is a
conventional horn-focused neutrino beam designed to accept
a 120-GeV proton beam from the Fermilab Main Injector
accelerator. A simplified design schematic is shown in Fig. 1.
The hadron monitor measures the spatial distribution of the
uninteracted and undecayed pions produced by the main
injector beam interacting with the carbon target. The hadron
monitor is comprised of a grid of 1-mm ionization chambers
orientated perpendicular to the beam direction and contained
in an aluminum box. The calibration of the hadron monitor
involves a radioactive source moved in front of the monitor
by a motor-driven motion table to find the highest sensitivity
position and observe the spatial sensitivity of the individual
pixels [1]. The focus of this project is to create a system to
control and display to the user the position of a radioactive
source.

CALIBRATION SYSTEM SETUP

The prototype is based on a four-sided frame composed
of 40 x 40-mm aluminum T-slotted beams 610-mm long.
The beams are attached at the four corners using L-brackets.
As shown in Fig. 2, the cross beam is attached to three set of
rollers moving along the T-slotted framing beam. The two
sets of rollers on the left side are held together by a custom
square bracket providing extra rigidity. This configuration
allows the cross beam to move back and forth along the
frame with minimal friction and minimized unwanted lateral
motion. This way, the motion of the cross beam can be
controlled by a single motor.

* Work supported by the U.S. Department of Energy under award number
DE-SC-0020379.
nmuldrow @hawk iit.edu
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Figure 1: The major components of NuMI. The Fermilab
Main Injector delivers protons to a carbon target producing
pions which are then focused by pulsed horn magnets into
the decay pipe. The hadron monitor measures the spatial
distribution of any protons and pions left after decay. These
are then absorbed by the hadron absorber [1].

Figure 2: The experimental setup showing the frame, cross-
beam, location of the two motors, and the set of the track
wheels.

The setup uses two NEMA 23 stepper motors. The first
motor is used to push and pull the cross beam along the
frame. This motor is connected to a ball screw via a shaft
coupler shown in Fig. 3.

As this specific coupler was not readily available, a CAD
drawing was created to the project’s specifications, and the
part was printed using a 3D printer. 3D printing was chosen
as the method of construction rather than a custom metal
fabrication to reduce cost and time between prototypes. This
coupler attaches the motor shaft to the end of the ball screw.
A circular flange is screwed into place on the ball screw, and
a custom-fitted bracket is screwed into place, as shown in
Fig. 4. This piece slots into the bottom of the cross beam.
Finally, a mount is placed at the other end of the ball screw,
allowing it to rotate in place. When the motor is activated,
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EXAMINING THE EFFECTS OF OXYGEN DOPING
ON SRF CAVITY PERFORMANCE*®

H. Hu', Y.-K. Kim, University of Chicago, Chicago, IL, USA
D. Bafia, Fermi National Accelerator Laboratory, Batavia, IL, USA

Abstract

Superconducting radiofrequency (SRF) cavities are res-
onators with extremely low surface resistance that enable
accelerating cavities to have extremely high quality factors
(Qo). High (Qo) decreases the capital required to keep ac-
celerators cold by reducing power loss. The performance of
SRF cavities is largely governed by the surface composition
of the first 100 nm of the cavity surface. Impurities such
as oxygen and nitrogen have been observed to yield high
Qo, but their precise roles are still being studied. Here, we
compare the performance of cavities doped with nitrogen
and oxygen in terms of fundamental material properties to
understand how these impurities affect performance. This
enables us to have further insight into the underlying mecha-
nisms that enable these surface treatments to yield high Qg
performance.

INTRODUCTION

The role of impurities in the RF layer, the first 100 nm
of the cavity surface, is critical in superconducting radiofre-
quency (SRF) cavity performance. Nitrogen doping is a
surface treatment which introduces a dilute concentration
of nitrogen impurities uniformly into the RF layer [1]. Ni-
trogen doped cavities have displayed quality factors (Qg) of
> 4 % 10'° and maximum accelerating gradients (E,..) of
> 38 MV/m [1]. Low temperature baking (LTB) is a sur-
face treatment which relies on the diffusion of oxygen from
the native oxide to mitigate high field Q-slope (HFQS) and
improve Qg at high E,.. [2]. Motivated by these studies on
LTB, we conduct initial studies on a new surface treatment
called oxygen doping. Oxygen doping introduces oxygen
impurities uniformly into the RF layer to achieve doping-like
performance without any extrinsic impurities [3]. Oxygen
doping has been shown to display high Qg of 4.2x10' at 20
MV/m with a maximum E,.. of 34 MV/m [4]. In addition,
oxygen doped cavities display phenomena in performance
that are characteristic of a nitrogen doped cavity: the anti-Q
slope in which BCS resistance decreases with field, and a
dip in resonant frequency near the transition temperature
(T.). This work is an extension of the initial comparisons of
oxygen doping and nitrogen doping presented in Ref. [4] by
comparing the fundamental material properties of transition
temperature, superconducting gap and mean free path.

* Work supported by the Fermi National Accelerator Laboratory, managed
and operated by Fermi Research Alliance, LLC under Contract No. DE-
AC02-07CH11359 with the U.S. Department of Energy; the University
of Chicago.

T hannahhu @uchicago.edu
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EXPERIMENTAL METHOD

RF tests were conducted on a single-cell TESLA shaped
Nb cavity of resonant frequency 1.3 GHz. The cavity was
baselined with an 800°C degassing treatment and 40 um
electropolishing (EP) removal [3]. The cavity was then
treated according to the following steps: (1) in-sifu bake
at 200°C in an UHV furnace while maintaining 107° Torr,
(2) HF rinse, (3) second round of HF rinse.

After each step of treatment, the cavity was evacuated and
assembled at the vertical test stand (VTS) with two flux gates
at the equator, resistance temperature detectors (RTDs), and
a Helmholtz coil. The cavity was cooled down to 4.2 K
with the fast cool down protocol to minimize the trapping
of magnetic flux before it was further pumped down to be
tested at first 2 K and then < 1.5 K (lowT) [3]. At each
temperature, the Qg vs. E,. performance is recorded in
continuous wave (CW) operation. Next, the liquid helium is
boiled off using heaters to gradually warm the cavity up past
transition temperature (T,) at a rate of < 0.1 K/min [5]. The
change in resonant frequency (fy) in temperature is recorded
with a vector network analyzer.

Additionally, cavity cutouts of 1 cm in diameter were
treated with a similar oxygen doping treatment of a 205°C
bake for 19 hours. The sample was analyzed with time
of flight secondary ion mass spectrometry (TOF-SIMS) to
determine the concentration of each impurity present in the
sample at each depth.

RESULTS AND DISCUSSION

The performance and material properties for each of three
treatment steps is compared to that of a nitrogen doped single-
cell cavity with a treatment recipe of 2/0 + 5 um EP. The data
for the nitrogen doped cavity is reproduced from Ref. [6].

There are two key features in N doped cavity performance
that are also displayed in O doped cavities. Shown in Fig. 1
is the behavior of Qg vs E,.. at 2 K. During the test labeled
O doped, the cavity experienced an initial quench at around
19 MV/m from field emissions. This trapped magnetic flux
and decreased Q. The test after HF rinse 2 experienced a
quench due to multipacting at 20 MV/m, which prevented
data from being taken until 25 MV/m and also trapped flux.
All three tests display the anti-Q slope phenomenon where
Qo increases with E,... Anti-Q slope in N doped cavities
arises from a decrease in the BCS surface resistance with
field, and this was shown to also be the case for O doped
cavities [4,7].

07: Accelerator Technology
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ADJOINT OPTIMIZATION APPLIED TO
FLAT TO ROUND TRANSFORMERS*

T. Antonsen’, B. L. Beaudoin, S. Bernal, L. Dovlatyan, I. Haber, P. L. O’Shea, D. Sutter
University of Maryland, College Park, MD, USA

Abstract

We present the numerical optimization, using adjoint tech-
niques, of Flat-to-Round (FTR) transformers operating in
the strong self-field limit. FTRs transform an unmagnetized
beam that has a high aspect ratio, elliptical spatial cross sec-
tion, to a round beam in a solenoidal magnetic field. In its
simplest form the flat to round conversion is accomplished
with a triplet of quadrupoles, and a solenoid. FTR transform-
ers have multiple applications in beam physics research, in-
cluding manipulating electron beams to cool co-propagating
hadron beams. Parameters that can be varied to optimize
the FTR conversion are the positions and strengths of the
four magnet elements, including the orientations and axial
profiles of the quadrupoles and the axial profile and strength
of the solenoidal magnetic field. The adjoint method we
employ allows for optimization of the lattice with a mini-
mum computational effort including self-fields. The present
model is based on a moment description of the beam. How-
ever, the generalization to a particle description is possible.
The optimized designs presented here will be tested in ex-
periments under construction at the University of Maryland.

INTRODUCTION

In this paper we will illustrate the application of the adjoint
optimization approach [1] to the design of Flat-to-Round
(FTR) or Round-To-Flat (RTF) transformers as have been
proposed for use in many applications [2-5].

The adjoint approach is described as follows. A set of
moment equations are used to simulate the propagation of a
beam through a system of magnets, which converts a beam
with an elliptical cross section to one with a round cross
section. A general figure of merit will be introduced that
quantifies how successfully the shape conversion has been
made. Subsequently, we will formally perturb this system
by making small changes in the parameters defining the
focusing forces. Then we will introduce an adjoint system
of equations that will allow one to calculate compactly the
changes in the figure of merit due to changes in the focusing
parameters. Such an evaluation is then used in a gradient-
based optimization scheme.

MOMENT EQUATIONS

In this section we present a system of equations that de-
scribes the evolution with distance of the second moments
of a charged particle beam distribution in the presence of a
combination of transverse forces. These forces include the

* Work supported by DOE-HEP Awards No.
DESC0022009
T antonsen@umd.edu

DESC0010301 and
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Lorentz force of a spatially varying solenoidal (axial) mag-
netic field, the Lorentz force of a superposition of arbitrarily
oriented quadrupole magnetic fields, and the electric and
magnetic self-force due to the beam’s charge and current
densities.

The moments we consider are averages of products of
all possible pairs of variables describing the transverse dis-
placement of beam particles and the rate of change of the
transverse displacement with distance. Due to the symmetry
of this matrix only 10 elements are independent. Thus, our
governing system consists of 10 moment evolution equations.
We also choose to deal with differential equations for the
continuous moments, as this allows us to introduce adjoint
equations that include self-field effects and spatial profiles
of focusing fields. Detailed derivations of these equations
can be found [1]. Here we just present the equations as is:

d
—0=P 1
sz , (D
d
—P=E+0-Q, 2)
dz
d
—E=0-P+NL, 3)
dz
iLz_NT.Q 4)
dz

Where the following variables are defined in terms of the
beam moments:

0. <x2+y*> )2
Q=|0-|=(<x*-y*>/2], )
Ox <xy>
d P, <xx’+yy' >
= d_Q =|P_|=|<xx"—yy' >]|, (6)
< Py <yx"+xy >
E, <x?+y?%>
E=|E_|=|<x?-y?%>]|, @)
E, 2 <y'x">

L=<xy —yx'>.

(®)
The O and N matrices represent the magnetic field in the
lattice elements as well as the effects of space charge forces
MOPA69
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FILM DOSIMETRY CHARACTERIZATION OF THE
RESEARCH LINAC AT THE UNIVERSITY OF MARYLAND

A.S. Johnson,” L.T. Gilde, M.K. Hottinger, T.W. Koeth
University of Maryland, College Park, MD, USA

Abstract

A heavily modified Varian linac was installed as part of
the University of Maryland Radiation Facilities in the early
1980s. The electron linac was initially used for materials
testing and pulse radiolysis. Overtime, diagnostics such as
spectrometer magnets and scintillator screens have been re-
moved, limiting the ability to describe the electron beam.
The beamline is currently configured with a thin titanium
window to allow the electrons to escape the vacuum region
and interact with samples in air. A calibrated film dosime-
try system was used to characterize the transverse beam di-
mensions and uniformity in air. The results of these
experimental measurements will be described in this paper.

INTRODUCTION

The University of Maryland Radiation Facilities consists
of a 250 kW TRIGA research reactor, a panoramic
Co-60 irradiator, and an electron linac. The electron linac
is a modified Varian V7715 installed at the facility in the
1980s [1]. The linac is separated into 2 shielded vaults. The
accelerating vault contains the thermionic electron source,
RF system, and the accelerating structure within one vault
as shown in Fig. 1. After being accelerated, the beam trav-
els through an evacuated beamline equipped with focusing
and steering magnets into the other vault. There, it passes
through a thin titanium window into the air; samples may
be placed in this beam for irradiation experiments. The
linac produces a polyenergetic beam with a fixed pulse
width of 3us, and a pulse rate variable between 10 and
200 pulses per second. The peak beam current during each
pulse is approximately 100 mA. Currently, the UMD linac
is configured with minimal diagnostic capabilities, there-
fore, a campaign of external beam measurements was un-
dertaken to better understand the beam characteristics.

Vacuum
Window
RF Gun  Focus

Coils

Steering  Quadrupoles
Dipole

Accelerating
Structure

Figure 1: UMD Linac system diagram.
EXPERIMENTAL SETUP

A radiochromic film system from Far West Technology,
Inc was obtained as a balance between cost and ease of
use [2]. FWT-60 Radiochromic Film Dosimeters with a
dose range of 0.5-200 kGy were used for all of the meas-
urements [3]. Film dosimeters were either 1 x 1 cm sheets

+ ajohns37@umd.edu
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for routine dosimetry or 15 x 15 cm sheets for larger beam
images. All 1 x 1 cm samples were read out with a
FWT-92D Radiochromic Film Reader in a temperature and
humidity controlled room, while larger sheets were pro-
cessed on an Epson Perfection V600 flatbed scanner [4].
UV filters are used on the light fixtures in the film pro-
cessing room in order to prevent discoloration of the films
from UV exposure. While being handled or irradiated out-
side of the film processing room UV proof bags were used
to protect the film.

Film Calibration

Prior to use in the electron beam, the film was calibrated
using the University of Maryland Co-60 Irradiator and a
calibrated ion chamber. The Co-60 source is a large, pano-
ramic source of gamma radiation with a highly uniform
dose region that is ideal for calibrating films. For the initial
low dose runs, a calibrated Exradin A19 ion chamber from
Standard Imaging was placed in the same location as
5 films, and the dose rate was read with a Standard Imaging
SuperMAX Electrometer. By increasing the irradiation
time, and extrapolating based on dose rate measured by the
ion chamber, it was possible to expose the films to doses
ranging from 0-200 kGy. Figure 2 shows the color change
resulting from these exposures.

0 1 5
kGy kGy kGy

Figure 2: Representative color change of FWT-60 radio-
chromic films following irradiation to various doses.

Following the irradiations, the films were left to cure for
24 hours before the change in optical density (OD) was
measured using either the FWT-92D Radiochromic Film
Reader or the Epson Perfection V600. A calibration curve
was developed by measuring the OD vs. recorded dose [5].
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PRELIMINARY TESTS AND BEAM DYNAMICS SIMULATIONS
OF A STRAIGHT-MERGER BEAMLINE*

A. Al Marzouk®, T. Xu, P. Piot!, Northern Illinois University, DeKalb, IL, USA
S. Doran, G. Ha, J. Power, E. Wisniewski, C. Whiteford
Argonne National Laboratory, Lemont, IL, USA
S. Benson, A. Hutton, G. T. Park, K. Dietrick, J. Guo, S. Wang
Thomas Jefferson National Accelerator Facility, Newport News, VA, USA
R. Ryne, C. Mitchell, J. Qiang, Lawrence Berkeley National Laboratory, Berkeley, CA, USA
I also at Argonne National Laboratory, Lemont, IL, USA

Abstract

Beamlines capable of merging beams with different en-
ergies are critical to many applications related to advanced
accelerator concepts and energy-recovery linacs (ERLs). In
an ERL, a low-energy “fresh” bright bunch is generally in-
jected into a superconducting linac for acceleration using the
fields established by a decelerated “spent” beam traveling
on the same axis. A straight-merger system composed of
a selecting cavity with a superimposed dipole magnet was
proposed and recently tested at AWA. This paper reports on
the experimental results obtained so far along with detailed
beam dynamics investigations of the merger concept and its
ability to conserve the beam brightness associated with the
fresh bunch.

INTRODUCTION

The straight-merger (SM) concept was originally inves-
tigated in the context of multi-species beam separation [1]
and most recently proposed for electron-beam merging and
separation [2] in energy-recovery linacs (ERLs). An SM,
diagrammed in Fig. 1(a), consists in superimposing a time-
dependent deflecting force F.(¢) = Fysin(y¢) produced
by a transverse-deflecting cavity (TDC) with a magneto-
static transverse force from a dipole magnet F;. Choos-
ing the TDC deflecting-force amplitude to be Fy = F,
the total force experienced by a bunch becomes F;(¢) =
Fg4[1 +sin(¢)]; see Fig. 1(b). In the case when the merger
is used in an energy-recovery linac, the recirculated bunch
(once it has participated in, e.g., the electron-cooling pro-
cess) passes through the SM with a phase ¢ = 7/2 (maxi-
mum deflection) and experiences the transverse force 2F 4
while a fresh low-energy bunch from the injector passes
through the SM at ¢ = 37/2 so that the deflecting force van-
ishes. The latter mode of operation is called the transparent
mode as ideally the fresh bunch phase-space quality is not

* This work was support by the U.S. National Science Foundation under
award PHY-1549132 to Cornell University and NIU, and by the U.S.
Department of Energy, Office of Nuclear Physics, under contract DE-
AC02-06CH11357 with ANL and DE-AC05-060R23177 with JLAB.
This research used resources of the National Energy Research Scientific
Computing Center, a DOE Office of Science User Facility supported by
the Office of Science of the U.S. Department of Energy under Contract
No. DE-AC02-05CH11231 using NERSC award BES-ERCAP0020725.
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affected by the SM. One of the advantages of the present
SM concept compared to using only a TDC (F; = 0) op-
erated to deflect the spent bunch (¢ = 7/2) and injecting
the fresh bunch at zero crossing (e.g. ¢ = ) is that the
SM does not introduce any correlation to first order. How-
ever, the transparency of the SM to the fresh bunch needs to
be investigated thoroughly: the field produced by the TDC
is time-dependent so that the head and tail of the bunch
will experience a weaker deflection force compared to the
bunch center. The TDC force arises from both magnetic and
electric fields while the superimposed dipole field provides
a magnetostatic force. These effects could play a role in
the beam dynamics that could ultimately degrade the beam
eigen emittances in the case of magnetized beams such as
employed in some electron-cooling schemes [3] in hadron
collider [4].
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Figure 1: Overview of the SM concept for ERL application
(a) and the deflecting force experience by the “fresh” and
“spent” bunch (b). The dashed horizontal line represented
the magnetostatic force F; from the dc dipole magnet.

This paper presents preliminary investigation of an SM
using first-principle simulation and preliminary experimen-
tal results qualitatively supporting the concept. However,
it should be stressed that our beam energy is much higher
than the one produced out of a typical ERL high-current
photoinjector (< 10 MeV) [5].
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DESIGN OF A W-BAND CORRUGATED WAVEGUIDE
FOR STRUCTURE WAKEFIELD ACCELERATION

B. Leung® I X. Lu™2, P. Piot'2, C. Phillipsl, S. Doran?, J. Power?
1Department of Physics, Northern Illinois University, DeKalb, IL 60115, USA
2Argonne National Laboratory, Lemont, IL 60439, USA

Abstract

Current research on structure wakefield acceleration aims
to develop radiofrequency (RF) structures that can produce
high gradients, with work in the sub-terahertz (sub-THz)
regime being particularly interesting because of the poten-
tial to create more compact and cost-effective accelerators.
Metallic corrugated waveguides at sub-THz frequencies are
one such structure. We have designed a W-band corrugated
waveguide for a collinear wakefield acceleration experiment
at the Argonne Wakefield Accelerator (AWA). Using the CST
Studio Suite, we have optimized the structure for the maxi-
mum achievable gradient in the wakefield from a nominal
AWA electron bunch at 65 MeV for high-frequency struc-
tures. Considering a 10 nC symmetric Gaussian bunch with
an rms length of 0.5 mm, we achieved an accelerating gra-
dient of 84.6 MV/m. The gradient can be further improved
with longitudinally shaped bunches, as will be studied in the
future. Simulation results from various codes were bench-
marked with each other, and with analytical models, with
good agreement. We are investigating the mechanical de-
sign, suitable fabrication technologies, and the application of
advanced bunch shaping techniques to achieve high-gradient
high-efficiency acceleration in this structure by raising the
transformer ratio.

INTRODUCTION

Structure Wakefield Acceleration (SWFA) in the terahertz
(THz) and sub-THz regime are attractive as compact and
cost-effective accelerators due to their small transverse sizes.
THz wakefield structures could achieve a high gradient from
the strong beam-structure interaction, enabled by a high
shunt impedance from the frequency scaling. The wakefield
is highly confined in a short RF pulse, which could lead
to high-efficiency acceleration. Furthermore, both the high
frequency and the short RF pulse length could reduce the
probability of RF breakdowns at a certain gradient from
previous studies [1].

In one scheme of SWFA, collinear wakefield acceleration
(CWA), the drive bunch travels in a structure to generate a
wakefield and the witness bunch is accelerated in the same
structure. A key figure of merit in the CWA scheme is the
transformer ratio, defined as the ratio of the accelerating
gradient at the witness bunch to the decelerating gradient
at the drive bunch. The transformer ratio for longitudinally
symmetric bunches could not pass 2 theoretically, which

* bleung @niu.edu
T xylu@niu.edu
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Figure 1: Schematic diagram of a collinear wakefield exper-
iment at the AWA 65 MeV electron beamline, with the THz
structure chamber and an LPS system.

limits the achievable efficiency of wakefield accelerators.
Longitudinal bunch shaping techniques [2] could break this
limit, and when applied to THz structures [3] [4], this could
lead to high-gradient high-efficiency wakefield acceleration.

In this paper, we present the design of a W-band corru-
gated waveguide at 110 GHz for a beam test at the Argonne
Wakefield Accelerator (AWA). The AWA beamline makes
use of the L-band electron gun and linacs to produce 65 MeV
electron bunches. We plan to have a CWA experiment on the
corrugated waveguide, where the gradient in the structure
would be measured with a single-shot longitudinal phase
space (LPS) measurement system, consisting of a set of
quadrupoles, a transverse deflecting cavity, and a spectrom-
eter. A schematic diagram of this experiment is shown in
Fig. 1.

ANALYTICAL THEORY

Corrugated waveguides have been studied analytically
using various approaches. One theory [5] considered the
waveguide as a series of resonant cavities connected by aper-
tures, where the apertures are treated as perturbations. The
method breaks down when the aperture radius is not far less
than the wavelength of the T My cavity mode. Another the-
ory [6] studied corrugated waveguides excited by relativistic
electron bunches. It assumed that the corrugation depth and
the cell period were far smaller than the aperture radius, and
that the corrugation depth was not much less than the cell pe-
riod. The accelerating gradient E, in the fundamental mode
predicted by this theory when the corrugated waveguide is
excited by a Gaussian bunch (with charge g and rms length
o) can be found as [6]

_ 1 Z_qe_wzo_z/zcz
4rey a?

z 1
with a being the aperture radius, w being the fundamental
angular frequency, €y being the vacuum permittivity, and ¢
being the speed of light. This theory is a good description
in the high frequency range when k = w/c > 1/a.

For comparison, we utilized a numerical code, the CST
Studio Suite, to simulate more general cases, as will be pre-
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MACHINE LEARNING FOR SLOW SPILL REGULATION
IN THE FERMILAB DELIVERY RING FOR Mu2e

A. Narayanan*“, J. Arnold, M. Austin, J. R. Berlioz, P. Hanlet, K. J. Hazelwood, M. A. Ibrahim,
V. P. Nagaslaev, D. J. Nicklaus, G. Pradhan, P. S. Prieto, B. A. Schupbach, K. Seiya, A. Saewert,
R. M. Thurman-Keup, N. V. Tran, D. Ulusel
Fermi National Accelerator Laboratory, Batavia, IL, USA*

J. Jiang®, H. Liu, S. Memik, R. Shi, M. Thieme*

Northwestern University, Evanston, IL, USA
lalso at Northern Illinois University, DeKalb, IL, USA

Abstract

A third-integer resonant slow extraction system is being
developed for the Fermilab’s Delivery Ring to deliver pro-
tons to the Mu2e experiment. During a slow extraction
process, the beam on target is liable to experience small
intensity variations due to many factors. Owing to the ex-
periment’s strict requirements in the quality of the spill, a
Spill Regulation System (SRS) is currently under design.
The SRS primarily consists of three components - slow reg-
ulation, fast regulation, and harmonic content tracker. In
this presentation, we shall present the investigations of using
Machine Learning (ML) in the fast regulation system, in-
cluding further optimizations of PID controller gains for the
fast regulation, prospects of an ML agent completely replac-
ing the PID controller using supervised learning schemes
such as Long Short-Term Memory (LSTM) and Gated Re-
current Unit (GRU) ML models, the simulated impact and
limitation of machine response characteristics on the effec-
tiveness of both PID and ML regulation of the spill. We
also present here nascent results of Reinforcement Learning
efforts, including continuous-action actor-critic methods and
soft actor-critic methods, to regulate the spill rate.

RESONANT EXTRACTION FOR Mu2e

Resonant extraction is a beam physics technique employed
to extract a slice of beam turn by turn in a circular accelerator
by exciting third integer resonance using dedicated sextupole
magnets.

Slow extraction at Fermilab is to be done at the Delivery
Ring (DR) using a circuit of 6 harmonic sextupoles and 3
fast quadrupoles, driving the horizontal tune from 9.650
to 9.666 to extract 10'? protons over the course of 43 ms
(= 25000 turns) to be sent to the muon production target.
Any protons left in the DR after 43 ms would be aborted. The
ideal spill quality would be to extract 3 x 107 protons every
turn, but we expect the spill quality to be heavily affected
with irregularities due to noises that could arise from various
accelerator components and other factors.

* Equal contribution

T anarayanan1 @niu.edu

¥ This work was supported by the United States Department of Energy
under contract DE-AC02-07CH11359 and the READs project [1, 2], also
performed in part at Northwestern University with support from the CS
and ECE Departments.
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The MuZ2e experiment imposes strict requirements on the
spill quality since the detectors are sensitive to the intensity
variations of particles coming off of the muon production
target. We thus need a robust regulation system in place to
ensure high and steady spill quality.

REGULATION SYSTEM

The spill regulation system (SRS) comprises of slow reg-
ulation, fast regulation, and harmonic content canceller. The
present design bandwidth of the regulation system is 10 KHz,
i.e., 430 data points within one spill. A brief functional
overview of the SRS can be found at [3].

Fast Regulation System

The fast regulation in the SRS concerns the control of spill
quality within one spill to curtail any semi-random noise
that might arise and also suppress any high frequency 60 Hz
harmonic content that the harmonic content suppressor sys-
tem is not able to suppress. The fast regulation would be
supplemented on top of the slow regulation through a fast
feedback loop. This loop will send a control signal update
at every time step within one spill, and this signal will su-
perpose to the (already preloaded) quad current ramp of the
tune ramping quadrupoles to reduce the instantaneous noises
in the spill rate.

One way to implement the fast regulation is through PID
feedback control, which is a fairly robust and proven tech-
nique. But given the non-linearity of resonance process,
low spill time, and the strict requirements from the Mu2e
experiment on the spill quality, we also investigate possible
use of machine learning to enhance the fast regulation.

If the ideal spill rate is normalized to 1, the quality of the
spill is defined by the spill duty factor (SDF),

1
SDF = ———

1+ O-Spill

ey

where opiy is the standard deviation of the spill rate. An
ideal spill would bear a constant spill rate value of 1, giving
us an SDF of 1. The goal of the SRS for MuZ2e is to obtain
an SDF of 0.6 or higher.
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WAKEFIELD MODELING IN
SUB-THz DIELECTRIC-LINED WAVEGUIDES*

C. PhillipsT, B. Leung, X. Lu!, P. Piot!, Northern Illinois University, DeKalb, IL, USA
I also at Argonne National Laboratory, Lemont, IL, USA

Abstract

Dielectric-lined waveguides have been extensively studied
to potentially support high-gradient acceleration in beam-
driven dielectric wakefield acceleration (DWFA) and for
beam manipulations. In this paper, we investigate the wake-
field generated by a relativistic bunch passing through a
dielectric waveguide with different transverse sections. We
specifically consider the case of a structure consisting of two
dielectric slabs, along with rectangular and square structures.
Numerical simulations performed with the fine-difference
time-domain of the WARPX program reveal some interesting
features of the transverse wake and a possible experiment at
the Argonne Wakefield Accelerator (AWA) is proposed.

INTRODUCTION

Wakefields in conventional electron accelerators are gen-
erally detrimental as they degrade the beam brightness and
are possible sources of instabilities. However, wakefield can
also be applied to accelerate particles with unprecedented
accelerating gradients. Beam-driven wakefield accelerators
could serve as building blocks for the next generation of
accelerators required to support research in elementary par-
ticle physics or develop compact light sources. A relatively-
simple technique to implement beam-driven wakefield accel-
eration is structure-based wakefield (SWFA): a high-charge
“drive” electron bunch passes through a vacuum channel
in a structure and produces an electromagnetic field em-
ployed to accelerate a properly delayed low-charge “main”
electron bunch. A simple implementation of SWFAs con-
sists of a dielectric-lined waveguide (often referred to as
DWFA). Such an implementation has been the subject of
intense research over the last three decade using cylindrical-
symmetric [1, 2] and “slab” structures [3, 4].

The present research focuses on characterizing the
electromagnetic-field distribution excited by a drive bunch
in structures with different transverse cross sections. It is
well known that the transverse section of the structure can
lead to dipole-mode suppression in “slab” structures [5] but
a general investigation is lacking albeit for the theoretical
work reported in [6]. The numerical simulations presented
in this paper will guide an experiment planned at the Ar-
gonne Wakefield Accelerator (AWA). Here, we specifically
investigate the case of three structures with cross-sections

* This work was performed under the Chicagoland Accelerator Science
Traineeship (CAST) program sponsored by the U.S. DOE award DE-
SC0020379 to the Illinois Institute of Technology and Northern Illinois
University (NIU). BL, XL, and PP are supported by DOE award DE-
SC0022010 to NIU. The AWA facility is sponsored under DOE contract
No. DE-AC02-06CH11357 with Argonne National Laboratory.

T 21907262 @students.niu.edu
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Figure 1: Cross-sectional views [in (x, y) plane] of the slab
(a), rectangular (b), and square (c) structures. The structures
have the same length along the z direction.

of a “slab”, rectangular and square; see Fig. 1. All the con-
sidered structures are made of fused silica with the surfaces
external to the beam’s vacuum channel coated with a metal.

STRUCTURE MODELLING

Throughout this paper, we take the beam to propagate
along the Z direction with (x, y) being the transverse posi-
tions. The structures are parameterized by their vertical half
gap a, full width w, and the dielectric thickness 7; see Fig. 1.
The structures are translational-invariant along the Z axis
with axial length L. The dielectric material is assumed to be
isotropic with scalar relative permittivity € . The parameters
considered for the present study are summarized in Table 1
and were selected based on their commercial availability.
The numerical modeling was performed with WarpX —
an advanced electromagnetic framework with particle-in-
cell (PIC) capabilities [7]. Although WarpX is principally
employed to simulate plasma wakefield accelerators, it has
recently been successfully used to model the long-term dy-
namics in dielectric-lined waveguide [8]. Specifically, we
use a fine-difference time-domain “macroscopic” electro-
magnetic solver. The computation domain extended from
x € [-w/2,w/2],y € [—a,a], and z € [0, L]. The bound-
ary conditions at the transverse planes z = 0 and z = L were
set to perfectly-matched layers (PMLs) while all the other
boundaries were configured as perfect electrical conductors
(PECs) since the outer dielectric surfaces are coated with a
metal. To increase simulation speed and given that only the
field within and behind the bunch is of interest, a moving

Table 1: Dimensions (all in units of mm) and Relative
Electric Permittivity € for the Structures Displayed in Fig. 1

structure type | 2

slab 2 4 04 150 375
rectangular 2 4 04 150 3.75
square 2 2 04 150 3.75
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TEMPORALLY-SHAPED ULTRAVIOLET PULSES FOR TAILORED
BUNCH GENERATION AT ARGONNE WAKEFIELD ACCELERATOR

T. Xu'*, R. Lemons?, S. Carbajo®?, P. Piot"*
'Northern Illinois University, DeKalb, IL 60115, USA
2SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA
3University of California, Los Angeles, CA 90095, USA
4 Argonne National Laboratory, Lemont, IL 60439, USA

Abstract

Photocathode laser shaping is an appealing technique to
generate tailored electron bunches due to its versatility and
simplicity. Most photocathodes require photon energies ex-
ceeding the nominal photon energy produced by the lasing
medium. A common setup consists of an infrared (IR) laser
system with nonlinear frequency conversion to the ultravio-
let (UV). In this work, we present the numerical modeling of
a temporal shaping technique capable of producing electron
bunches with linearly-ramped current profiles for application
to collinear wakefield accelerators. Specifically, we show
that controlling higher-order dispersion terms associated
with the IR pulse provides some control over the UV tempo-
ral shape. Beam dynamics simulation of an electron-bunch
shaping experiment at the Argonne Wakefield Accelerator
is presented.

INTRODUCTION

Beam-driven collinear wakefield acceleration requires
electron bunches with tailored current profiles to achieve
higher transformer-ratios [1]. An important class of current
profiles consists of linearly-ramped (“triangular”) distribu-
tions. Such electron bunch can be obtained by longitudinal
beam shaping techniques which often involves multi-stage
phase-space manipulation [2-5]. Laser shaping is a simple
yet powerful technique that supports photoinjector gener-
ation of longitudinally-shaped electron bunches [6, 7]. It
directly controls the distribution of electron bunch at photo-
cathode and does not require any modification of the accel-
erator beamline.

A laser shaping experiment is under preparation at the Ar-
gonne Wakefield Accelerator (AWA). Additional diffraction
gratings are being installed in the laser system to achieve a
recently demonstrated nonlinear shaping technique named
dispersion controlled nonlinear shaping (DCNS) pioneered
at the Linac Coherent Light Source [8]. Compared with
existing laser-shaping method [6, 7], DCNS does not induce
significant energy loss of laser pulses and can be scaled to
higher repetition rates. In addition, the pulses generated
from DCNS are narrowband and have little to no residual
spectral phase across the bandwidth so the pulse shapes
are not affected by further nonlinear conversion or general
dispersion. In this work, we will describe the principle of
DCNS and show that temporally shaped UV pulses can be

*
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obtained by modifying the spectral phase of the IR laser
pulse. Finally, we discuss the distortion of electron bunch
shapes after photoemission and derive a condition for pre-
serving the sharp tails of the triangular profile.

DISPERSION CONTROLLED
NONLINEAR SHAPING

The spectral phase of a laser pulse can be expanded in
Taylor series [9],

_ de 1d%¢
p(w) = 9o+ - (0 —wg) + 3402 (0 = o)
1 d3p 3 1 d"p
Gaer (@~ @)+t g (0 = 0o)

ey
here ¢( and d¢/dw are carrier-envelope phase and group
delay and neither has any effect on the pulse shape. The sec-
ond order dispersion (SOD) term, d?¢ /d w?, also known as
chirp, results in a group delay linearly dependent on the fre-
quency for each frequency component and stretch the pulse
length. The third order dispersion (TOD) term, d3 ¢ /d w3 re-
sults in a group delay quadratically dependent on frequency,
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Figure 1: Intensity profile for a pulse with different values
of SOD and TOD. Each row has the same magnitude of
SOD and each column has the same magnitude of TOD.
The blue traces show the intensity profile for a negative
SOD and positive TOD while the green traces are for pulses
with positive SOD and negative TOD. The intensities are in
arbitrary units.
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STUDYING THE EMISSION CHARACTERISTICS OF FIELD EMISSION
CATHODES WITH VARIOUS GEOMETRIES*

M.R. Howard™'?, J.E.

Coleman', S. Lidia?

"Los Alamos National Laboratory, Los Alamos, NM, USA
?Facility for Rare Isotope Beams, East Lansing, MI, USA

Abstract

The cathode test stand (CTS) at LANL is designed to
hold off voltages of up to 500 kV and can supply pulse du-
rations up to 2.6 ps. We are able to test both field emission
and photocathodes with different geometries and materials
at various pulse lengths and pulse-forming network (PFN)
voltages. Currently, the test stand is used to evaluate field
emission using a velvet cathode over various pulse lengths.
The CTS employs various diagnostic tools, including
E-dots, B-dots, and a scintillator coupled with a pepperpot
mask in order to measure the extracted voltage, current,
beam distribution, and transverse emittance. Trak has been
used to create and simulate diode geometries, providing
potential to study and optimize various beam parameters.
These geometries include changing the size and recess of
the cathode as well as implementing a Pierce geometry.
Here, we will discuss comparisons for various simulated
cathodes and how changes in geometry impact given beam
parameters. We also show preliminary results taken with
the CTS and discuss the relationship between the results
and the simulated data.

INTRODUCTION

A thermionic cathode is used to create a long electron
beam pulse on the Dual Axis Radiographic Hydrodynamic
Testing facility (DARHT) Axis II, which is programmati-
cally kicked into four smaller pulses [1]. The thermionic
cathode has drawbacks, one of which being it must be
heated to a suitable temperature for the electrons to over-
come the work function of a material. A field emission
cathode is favoured, as it does not require a heating source.
Instead, applying an external electric field onto the cathode
with a low work function extracts the electron beam. These
cathodes, also known as cold cathodes, are already used in
several other facilities, including DARHT Axis I [2], for
radiographic purposes. However, these pulses are rela-
tively short in comparison to the 1.7 us pulse produced by
Axis II [1]. The purpose behind the Cathode Test Stand
(CTS) at LANL is to evaluate field emission cathodes
across long pulse durations as an eventual replacement for
a thermionic cathode.

This write-up will describe the design and set-up of the
CTS, including a description of all employed diagnostic
devices. We then discuss simulations created using
Trak [3]. These simulations revolve around changing the
cathode recess and examining the extracted current and

* LA-UR-22-27965, Work supported by the National Nuclear Security Administra-
tion of U.S. Department of Energy under contract 89233218CNA000001. Work
partially supported by the US Department of Energy, Office of Science, High En-
ergy Physics under Cooperative Agreement award number DE-SC0018362 and
Michigan State University.
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4rms emittance at a given diode voltage. We also show ex-
perimental measurements at a variety of charges on the
PFN. These measurements will be compared and evaluated
against the data collected from the Trak simulations. Fi-
nally, simulations for a cathode plug utilizing a Pierce ge-
ometry will be shown and the extracted parameters de-
scribed.

EXPERIMENTAL SETUP

The CTS, designed to hold off voltages up to 500 kV,
utilizes a PFN capable of providing a 2.6-pus-long pulse up
to 400 kV and a crowbar which can reduce the pulse length
to 0.3 us. The cathode is a 15-mm-diameter velvet cloth
stretched on an aluminium holder. The cathode is recessed
3 mm into the shroud, and the AK gap is held at 22 mm.
Both the cathode and anode shrouds are composed of pol-
ished stainless steel.

Voltage measurements in the diode are made using ca-
pacitive E-dots probes, one of which is numerically inte-
grated, and one hardware integrated. An additional voltage
measurement is made with an E-dot near a ballast resistor.
Current measurements are made using several B-dot
probes: a differential B-dot in the diode and a Beam Posi-
tion Monitor array consisting of four differential B-dots.
Figure 1 shows the design of the CTS and the locations of
the diagnostics.

: ""‘., -
Scintillator

Cathode 5
Shroud
Y ) °
5\ I

S o
Anode Shroud \ =&

Figure 1: Design of the CTS.

An 87.6 mm alumina scintillator is used to measure the
beam current density and spatial profile. This is designed
such that it moves between 71.3-131.3 mm from the cath-
ode shroud. Image intensified gated CCD cameras are uti-
lized for cathode and scintillator imaging [4]. Each camera
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DESIGN STUDY FOR NON-INTERCEPTING GAS-SHEET
PROFILE MONITOR AT FRIB*

A. Lokey', S. Lidia, Facility for Rare Isotope Beams, Michigan State University,
East Lansing, M1, USA

Abstract

Non-invasive profile monitors offer a significant ad-
vantage for continuous, online monitoring of transverse
beam profile and tuning of beam parameters during opera-
tion. This is due to both the non-destructive nature of the
measurement and the unique feature that some monitors
have of being able to determine both transverse profiles in
one measurement. One method of interest for making this
measurement is the use of a thin gas curtain, which inter-
cepts the beam and generates both ions and photons, which
can be collected at a detector situated perpendicular to the
gas sheet. This study will investigate the requirements for
developing such a measurement device for use at the Fa-
cility for Rare Isotope Beams (FRIB), which produces
high-intensity, multi charge state, heavy ion beams. In-
cluded will be initial design specifications and an analysis
of alternatives between ionization and beam-induced fluo-
rescence measurement techniques for acquiring signal
from the gas sheet.

INTRODUCTION

The Facility for Rare Isotope Beams will produce high
intensity heavy ion beams of many species and charge
states. To characterize the transverse profile of the beam,
measurements [1] can be made by either intercepting the
beam directly, using techniques such a wire scanner, SEM
grid, or impinging the beam directly on a detector [2]. This
has the disadvantage of being susceptible to damage from
thermal cycling and sputtering, especially at high intensi-
ties.

Therefore, there is an interest in developing a non-inva-
sive method for measuring the transverse profile which can
provide information of the state of the beam in both trans-
verse profile directions. For example, it may be advanta-
geous to monitor the spread of the charge states in multi-
charge state beams at locations such as bends in the folding
LINAC sections of FRIB, as demonstrated in Fig. 1.

One way to accomplish this is by creating a thin gas
sheet that the beam interacts with in a minimally invasive
way and measuring the distribution of ions, electrons or
photons formed [3].

Preliminary work is being done to develop a gas-sheet
style monitor based on this success with residual and intro-
duced gas monitors that can be used with high-intensity
heavy ions. Similar devices have been successfully devel-
oped for lighter ion and proton machines at facilities
such as Fermilab and J-PARC [1, 4-6].

* This material is based upon work supported by the U.S Department of
Energy, Office of Science, Office of Nuclear Physics and used resources
of the Facility for Rare Isotope Beams (FRIB), which is a DOE Office
of Science User Facility, under Award Number DE-SC0000661.

T lokey@frib.msu.edu
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Figure 1: Example of charge state spread generated from
TRACK simulation data at a 60 degree bend.

BEAM INDUCED FLUORESCENCE

Beam-induced fluorescence, or BIF monitors measure
photons emitted from a working gas when excited by the
beam. Imaging is accomplished using photomultiplier
tubes or very sensitive intensified camera arrays. The
wavelength of the photon is dependent on the energy loss
in the beam-gas interaction [7].

The advantage of this technique is that the system is sim-
pler compared to gas ionization monitors, which require
electrodes to sweep the ions or electrons to the detector, as
well as possibly a parallel dipole to guide them along a spi-
ral path to the desired location and prevent image broaden-
ing. There is also better time resolution from photons than
ions, due to the difference in time it takes them to travel to
the detector. However, the main drawback of this technique
is low signal intensity compared to measurement of ioni-
zation, since the fluorescence cross section of a gas is gen-
erally much lower than its ionization cross section and the
light collected will only a small fraction of the total light
emitted. Optical systems can gather photons at a small
solid angle, therefore amplification and noise reduction for
the signal is required [7].

Fluorescence Cross Section

Fluorescence cross section has a > dependence, where q is
the charge of the ion and the differential particle energy
loss of the beam-gas interaction. Total photon yield is pro-
portional to the gas pressure, the number of particles in a
bunch, and the square of the ion charge. For ions at a high
charge state, the fluorescence cross section should be high
enough to yield enough light for measurement to be made

[8].
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STUDY OF NONLINEAR DYNAMICS IN THE 4-D HENON MAP USING
THE SQUARE MATRIX METHOD AND ITERATIVE METHODS"

K. Anderson’, Y. Hao, FRIB, Michigan State University, East Lansing, MI, USA
L.-H. Yu, Brookhaven National Laboratory, Upton, NY, USA

Abstract

The Hénon Map represents a linear lattice with a single
sextupole kick. This map has been extensively studied due
to it’s chaotic behavior. The case for the two-dimensional
phase space has recently been revisited using ideas from
KAM theory to create an iterative process that transforms
nonlinear perturbed trajectories into rigid rotations. The
convergence of this method relates to the resonance structure
and can be used as an indicator of the dynamic aperture.
The studies of this method have been extended to the four
dimensional phase space case which introduces coupling
between the transverse coordinates.

4-D HENON MAP

The following is the form of the 4-D area preserving
Hénon map:

X X

Px _ R(:ux) O Px—X2+y2

y 0 R(wy) y ’
Py Jna Dy +2xy

ey
where R(0) is a clockwise two by two rotation matrix of
angle 6, and u is 27 times the linear tune and whose subscript
denotes the dimension. The physical interpretation of this
map is a linear one-turn map of a lattice followed by a single
thin sextupole kick.
The linear matrix can be diagonalized by using the com-
plex variables z, = x —ip, and z, = y — ip,, which creates
the following one turn map:

eltx

4

’
iy =

(—i(z;)z—2iz§zy+i(z;)2+2iz’;zy —iz§+4zx+izi)
2

et [ : e
( —iZ37y +iTy 2y HiZy2x +iZxTy + 2zy) , 3

2

where the prime denotes the variable after one turn.

In this article, we are expanding a method that transforms
the trajectory within the central island to a rigid rotation in
a two-dimensional phase space to a four-dimensional phase
space.

RIGID ROTATION

Finding a diffeomorphism to a rigid rotation in the 4-D
phase space is very analogous to the 2-D derivation [1]. As

* Work supported by Accelerator Stewardship program under award number
DE-SC0019403.
T anderske @frib.msu.edu
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before we are looking at bounded pseudo-periodic orbits

Z;(?;, Z)(c],;, Sy zyf;, -+-). KAM theory [2] showed that the
invariant tori survive under small nonlinear perturbations
and this idea is still applicable to this system so we can
expect this diffeomorphism to exist for this case. The sig-
nificant change is the motion in x and y are coupled so the
diffeomorphisms transforming the motion in each 6 are not
uncoupled and dependent on both rigid rotation angles as
this section will show.

As before we express z, , in terms of a complex phase:
x,y = e'%>_ The real part of each 6 represents the argu-
ments of z while the imaginary parts relate to the logarithm
of the amplitudes of each z. We can then define f , as the
function of the change in 6 after one turn and is dependent

on 0, 9;,@,9; ie.
Z;a . ’ . * *
= = oxpi(0y — 0xy) = xPifiy (0x,65,6,.65) . (4)
X,y

In the case that z, and z, are pseudo-periodic we expect
6 and 6, to be as well. We can then find diffeomorphisms
to a rigid rotation in both 6 and 6,:

0, =a+h(a,B) )

0y =p+g(a,p), (6)

where h and g are smooth complex functions, which are
periodic with respect to @ and 8 and each have a period
of 2r. Note that compared to the 2-D phase space, the
motion in 4 and g are coupled and dependent on two angles
instead of one. However 8 and « are still the angles of pure
rigid rotations:

i1 = O + Py )
Brst = Bn + Py (8)
where p, and py are the rotation numbers:
9(") _ 0(0)
Py = lim =222 ©9)
n—0o0 n

Since h and g are periodic it is useful to express them as
their Fourier series.

(10)

(e8]
_ PN ima+in,
8= § 8n,me€ 5.

m,n=—00

(1)

From Eq. 4 we use an iterative method to solve for the
diffeomorphisms and the rotation numbers starting from

05: Beam Dynamics



©=22 Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

5th North American Particle Accel. Conf.
ISBN: 978-3-95450-232-5

NAPAC2022, Albuquerque, NM, USA
ISSN: 2673-7000

JACoW Publishing
doi:10.18429/JACoW-NAPAC2022-MOPA82

SPACE CHARGE DRIVEN THIRD ORDER RESONANCE
AT AGS INJECTION*
M. A. Balcewicz', Y. Hao!, FRIB, East Lansing, MI, USA

H. Huang, C. Liu, K. Zeno, BNL, Upton, NY, USA
lalso at BNL, Upton, NY, USA

Abstract

Resonance line crossings at significant space charge tune
shifts can exhibit various phenomena due to periodic reso-
nance crossing from synchrotron motion and manifests as
halo generation and bunch shortening along with the more
mundane emittance growth and beam loss. An injection ex-
periment is conducted at the AGS using the fast wall current
monitor and electron collecting Ionization Profile Monitor
(eIPM) to probe third order resonances to better characterize
the resonance crossing over a 4 ms time scale. This exper-
iment shows some agreement with previous experiments,
save for lack of bunch shortening, possibly due to relative
resonance strength.

INTRODUCTION

Resonance crossings with significant space charge effects
has been of particular scholastic interest in part due to the
inherent non-linearity of space charge effects and the non-
trivial interaction of these effects with the resonance terms.
A bunched beam of inhomogeneous bunch density will have
only specific longitudinal slices of the bunch in resonance
at a time. Subsequent synchrotron motion drives particles
in and out of resonance periodically. This is known as a
periodic resonance.

Previous experimental observations of periodic reso-
nances have been performed at the GSI’s SIS [1] and at
CERN’s PS [2]. Both previous experiments had their peri-
odic resonances saturate comparatively slowly (~1s). Since
this phenomena has only been studied in comparatively few
machines, there is value in driving such resonances with
another accelerator. The AGS at injection was chosen to
perform one of these experiments.

Most of these resonances have been performed with re-
spect to third order resonances. While third order resonances
have been studied in the AGS in the past [3] there has been lit-
tle interest in studying these resonances (specifically n = 26)
post installation of warm and cold partial snakes [4]. The
addition of these optics adjusted the operating tunes away
from these resonances to preserve polarization. But even
with partial snakes installed it is still possible to cross these
resonances. It should also be noted that there are operational
compensation sextupole families which can modify third
order stopbands strength as necessary.

* Work supported by Brookhaven Science Associates, LLC under Contract
No. DE-SC0012704 with the U.S. Department of Energy
T balcewic @frib.msu.edu
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Periodic Resonances

In the presence of significant space charge the betatron
oscillations will be defocused by these effects [5]. Space
charge effects can be split into a coherent linear oscillator
and an incoherent nonlinear oscillator. The magnitude of
the oscillator detuning is a function of the particle distri-
bution. This means that for smooth distribution particles
with different longitudinal positions will oscillate at differ-
ent frequencies compared to one another. This gives rise to
tune variation due to space charge along the longitude. This
in combination with chromaticity will splay out a bunch’s
operating tunes over a wide area of tune space.

If a resonance crosses a bunch’s operating tunes, it will
resonantly drive some longitudinal portion of the beam caus-
ing emittance growth and/or loss. Synchrotron motion will
eventually move these particles out of resonance, but other
particles will correspondingly move back into resonance.
Depending on the exact parameters and speed of tune vari-
ation [6], there are two regimes a periodic resonance can
enter.

First is the Adiabatic Regime. If changes to the tune as par-
ticles cross the resonance are smooth enough, some portion
of the particles move to the islands of stability. This limits
the particle loss and emittance growth. Particle loss is fairly
evenly distributed across the longitudinal domain. If in the
Non-Adiabatic regime the changes in tune are not smooth
as particles cross the resonance. This causes particles that
were in an island of stability in a previous synchrotorn oscil-
lation to no longer necessarily be in a stable island this turn.
Over many synchrotron periods this can lead to the loss of
particles that cross the resonance, and eventually all parti-
cles with a sufficiently large longitudinal position (bunch
shortening). That continues until the loss of particles and
emittance growth drives the tune shift above the resonance
crossing.

EXPERIMENTAL SETUP

The experiment in question was performed at the AGS
on April 12th 2022 with protons. Since the objective of
the study was to cross the resonance line with the beam,
optical parameters should not be adjusted nor energy ramped
after injection as that could shift the portion of the bunch in
resonance. Thus the study was performed at injection, and
the single particle injection tune was adjusted down very
close to the resonance line. The horizontal tune for these
experiments is O, = 8.73. Each experiment is injected at a
specific vertical tune within the range 8.666 < Q, < 8.756
to adjust the resonance crossing.
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AUTOMATION OF SUPERCONDUCTING CAVITY AND
SUPERCONDUCTING MAGNET OPERATION FOR FRIB*

W. Chang”, S. Zhao, Y. Choi, X. Du, W. Hartung, S. Kim, T. Konomi, S. Kunjir, H. Nguyen,
J. T. Popielarski, K. Saito, T. Xu
Facility for Rare Isotope Beams, Michigan State University, East Lansing, MI, USA

Abstract

The superconducting (SC) driver linac for the Facility
for Rare Isotope Beams (FRIB) is a heavy ion accelerator
that accelerates ions to 200 MeV per nucleon. The linac
has 46 cryomodules that contain 324 SC cavities and 69 SC
solenoid packages. For linac operation with high
availability and high reliability, automation is essential for
such tasks as fast device turn-on/off, fast recovery from
trips, and real-time monitoring of operational performance.
We have implemented several automation algorithms,
including one-button turn-on/off of SC cavities and SC
magnets; automated degaussing of SC solenoids;
mitigation of field emission-induced multipacting during
recovery from cavity trips; and real-time monitoring of the
cavity field level calibration. The design, development,
and operating experience with automation will be
presented.

INTRODUCTION

The Facility for Rare Isotope Beams (FRIB) driver linac
is designed to accelerate ion beams, from hydrogen to
uranium, to 200 MeV/u. It has a folded layout as shown in
Fig. 1, which consists of three linac segments (LS1, LS2
and LS3) connected with two folding segments (FS1 and
FS2), and a beam delivery system to deliver the accelerated
beam to target. Linac segments and folding segments have
46 cryomodules with 324 superconducting (SC) cavities
for accelerating, 69 SC solenoid packages for transverse
focusing and steering. Four SC dipoles has been installed
in FS2 to steer and deliver beam from LS2 to LS3 [1]. To
operate large scale SC devices with high availability, the
implementation of automation tools is necessary and
important.

Beam Delivery
System To Target
8=0.085 Matching =0.085 Matching 053 Matching  Superconducting
Cryomodule  Cryomodule 1s3 Cryomodule __ Folding Segment

b 4 A e \FS2

oﬁm o 151 1180085 iy / 7">F
A = L52 7 78

lon Sources (above ground)

Folding Segment  Cryomodule

Figure 1: Schematic layout for FRIB driver linac.

AUTOMATION FOR SC CAVITY

Cavity Auto Turn-on

The FRIB cryomodules contain 104 quarter-wave
resonators (QWR) and 220 half-wave resonators (HWR)

*Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661.
# chang@frib.msu.edu
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for beam accelerating. Manually turn-on each cavity is
time consuming and not suitable for the user operation.
Since all cavity had been commissioned, the automatic
turn-on program has been developed based on experts’
commissioning experience. Two auto turn-on programs for
QWR and HWR single cavity are developed [2]. After
commissioning test succeed, they are duplicated for all
QWRs and HWRs and running at Experimental Physics
and Industrial Control System (EPICS) Input/output
controller (IOC) level. With cavity control parameters be
optimized, the cavity can be turned on in 1 minute [2]. The
auto turn-on program is also improved, in each cavity
commissioning or maintenance time period, new logic
update will be tested to enhance the performance and
reliability. Figure 2 shows the QWR and HWR auto turn-
on logic sequence. Currently there are two new steps for
performance improvement, which will be tested during the
next linac maintenance time period.

QWR turn-on logic: HWR turn-on logic:

Set Ea low interlock = 0 MV/m Pneumatic tuner valve turn-on
Setand adjust tuner pressure to
g the setpoint
Self excited mode \Y
RF-On at initial setpoint (1.5 MV/m) Set Ea low interlock = 0 MV/m
Tuner loop on and tuning the Open loop mode
cavity irequency to the centre RF-On atinitial setpoint (1.5 MV/m)
Check detuning overshoot
Switch to open loop mode Tuner loop on and tuning the
cavity frequency to the centre
Check detuning overshoot
Check cavity *
calibration Pf/Ea Cheok cavity
calibration Pf/Ea
Adjust FF gain to
compensate amplifier
gain drifting Adjust FF gain to
compensate amplifier
Q gain drifting
Set Ea low interlock = 1 MV/m Q
Amplitude lock Set Ea low interlock = 1 MV/m
Ramp up Ea to Final setpoint Amplitude lock
O Ramp up Ea to Final setpoint
Check Ea at final setpoint 0
Phase lock Check Ea at final setpoint
Phase lock
Set Ea low interlock
to 2/3 final Ea setpoint

* Red part s the next updated version ready for test

Figure 2: FRIB QWR and HWR auto turn-on logic. Black
part: current logic, red part: new logic for next update.

Reliable single cavity level auto turn-on program can be
integrated to the group one button turn on. So far, for the
LS1 and FS1 104 QWR cavities, a simple CS-Studio OPI
control page has been made (Fig. 3, left) for operators to
use. Operators are able to turn-on all QWRs within
2 minutes with “one button”. For 220 HWRs, currently the
auto turn-on is performed by SC cavity experts, all cavities
can be group turn-on through a Python script (Fig. 3, right).
Similar OPI will be developed in the future after HWR
single cavity level auto turn-on program being improved
further.
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SUPERCONDUCTING CAVITY COMMISSIONING
FOR THE FRIB LINAC*

W. Chang”, S. Kim, W. Hartung, T. Konomi, S. Kunjir, J. T. Popielarski, K. Saito, T. Xu, S. Zhao
Facility for Rare Isotope Beams, Michigan State University, East Lansing, MI, USA

Abstract

The superconducting driver Linac for the Facility for
Rare Isotope Beams (FRIB) is a heavy ion accelerator
which has 46 cryomodules with 324 superconducting (SC)
cavities that accelerate ions to 200 MeV per nucleon.
Linac commissioning was done in multiple phases, in
parallel with technical installation. Ion beams have now
been accelerated to the design energy through the full linac;
rare isotopes were first produced in December 2021; and
the first user experiment was completed in May 2022. All
cryomodules ~ were successfully  commissioned.
Cryomodule commissioning included establishing the
desired cavity fields, measuring field emission X-rays,
optimizing the tuner control loops, measuring the cavity
dynamic heat load, and confirming the low-level RF
control (amplitude and phase stability). Results on
cryomodule commissioning and cryomodule performance
will be presented.

INTRODUCTION

The Facility for Rare Isotope Beams (FRIB) driver linac
is designed to accelerate ion beams, from hydrogen to
uranium, to 200 MeV/u with 46 superconducting
cryomodules (SCMs). Four accelerating SCM types
SCM041 (beta = 0.041), SCMO085 (beta = 0.085), SCM29
(beta=0.29), SCM53 (beta=0.53) and two matching SCM
types SCM085-matching (beta = 0.085), SCM53-matching
(beta = 0.53) has been built in three straight segments,
Linac Segment 1 through 3 (LS1, LS2, LS3), and two
folding segments (FS1 and FS2). LS1 contains 3 SCM041
and 11 SCMO085, LS2 contains 12 SCM29 and 12 SCM53,
LS3 contains 6 SCMS53, 1 SCMO085-matching and 1

SCM53-matching are located in FS1 and FS2, as shown in
Fig. 1.

Beam Delivery
System To Target
=0.085 Matching B=0.085 Matching $=0.53 Matching ~ Superconducting
Cryomodule  Cryomodule 1s3 Cryomodule _ Foldin gs.q.m

=4 /. S2
11 =0.085 Cryomodules / 38=0.041 Cryomodules 500 keV/u RF07
3]

A . s 1s2 ¥

Cryomodule

FS1  a LS1
L

Folding Segment Jon Surces (sbove ground)

Figure 1: Layout of the FRIB driver linac.

Four types of cavity (Fig. 2): beta = 0.041 quarter-wave
resonator (QWR), beta = 0.085 QWR, beta = 0.29 half-
wave resonator (HWR) and beta = 0.53 HWR make up
FRIB six different types of SCM [1]. Table 1 shows the
configuration of FRIB SCMs. A total of 324 cavities has
been installed in FRIB SCMs.

lﬁ!b

P = 0.53 cavity

P=0041 cavity P=008Scavity P=0.2dc

Figure 2: FRIB beta=0.041 QWR, beta =0.085 QWR and
beta = 0.29, beta = 0.53 HWR cavities.

All cavities had been successfully commissioned in 3
phases. In the first phase all QWR cavities in LS1 and FS1
were commissioned [2]; in the second phase 168 HWRs in
LS2 were commissioned; in the last phase the rest 52
HWRs in LS3 and FS2 were commissioned.

Table 1: Configuration of FRIB Cryomodules

Cryomodule type CA CB CH CC CD CG
Number of cryomodules 3 11 1 12 18 1
B 0.041 0.085 0.085 0.29 0.53 0.53
Operation frequency
(MHz) 80.5 80.5 80.5 322.0 322.0 322.0
Cavity type QWR QWR QWR HWR HWR HWR
Cavities per cryomodule 4 8 4 6 8 4
Design accelerating 5.1 5.6 5.6 7.7 7.4 7.4

gradient E, (MV/m)

*Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661.
# chang@frib.msu.edu
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Abstract

A 185.7 MHz superconducting quarter-wave resonator
(QWR) was designed for the Low Emittance Injector of the
Linac Coherent Light Source high energy upgrade (LCLS-
IT HE LEI). The cavity was designed to minimize the risk
of cathode efficiency degradation due to multipacting or
field emission and operate with a high RF electric field at
the cathode for low electron-beam emittance. Cavity
design features include (1) shaping of the cavity wall to
reduce the strength of the low-field coaxial multipacting
barrier; (2) four ports for electropolishing and high-
pressure water rinsing; (3) a fundamental power coupler
(FPC) port located away from the accelerating gap. The
design is oriented toward minimizing the risk of particulate
contamination and avoiding harmful dipole components in
the RF field. The ANL 162 MHz FPC design for PIP-II is
being adapted for the gun cavity. We will present the RF
design of the cavity integrated with the FPC.

INTRODUCTION

SLAC plans to upgrade its LCLS-II to produce higher-
energy X-rays for X-ray Free Electron Laser (XFEL) users.
It is planned to add more accelerating cryomodules in linac
to increase the electron beam energy and also to upgrade
the injector to generate ultra-low emittance (~0.1 pm-rad at
100 pC bunch chage) electron beam: LCLS-II High Energy
upgrade (HE) Low-Emittance Injector (LEI) [1, 2]. The
approach for the electron gun is use of a superconducting
radiofrequency (SRF) gun in order to provide stable CW
operation and a low-frequency option such as 185.7 MHz
was chosen to minimize growth of the projected emittance
due to time-dependent transverse RF field [3].

Michigan State University (MSU) — Argonne National
Laboratory (ANL) — Helmholtz Zentrum Dresden
Rossendorf (HZDR) collaboration team was selected to
develop an SRF gun cryomodule integrating with a cathode
load-lock system. We chose these technical options for the
SRF cavity and FPC [1]: 185.7 MHz quarter-wave
resonator (QWR), two-window fundamental power
coupler (FPC) based on ANL’s 162 MHz FPC as used in
the PIP-II HWR cryomodule [4].

* Work supported by the Department of Energy Contract DE-AC02-
76SF00515.
Tkims@frib.msu.edu
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One of the design goals is the RF electric field at the
cathode E. (cathode gradient) higher than 30 MV/m, which
has never been demonstrated in the other ‘production’ SRF
guns that provided beams for user operations [5, 6]. The
challenges of the past SRF guns in achieving such high
cathode gradient were conditioning effects or excessive
dark currents due to field emission and/or multipacting [5].
We designed our cavity integrated with an FPC improved
from the past low-frequency SRF guns. In particular, these
features are employed, as shown in Fig. 1:

e The anode-side cavity end wall is a “dome” shape,
which helps to reduce the strength of low-field
coaxial multipacting barrier,

e The cavity is equipped with four rinse ports that
allows electropolishing and high-pressure rinsing,

e The FPC is installed on a rinse port instead of the
beam port while not introducing harmful dipole
mode. This was chosen to reduce possible field

emission due to potential particulate cross-
contamination during clean assembly.
FPC
(top: He return) J
=

2x Anode-side
rinse ports

2x Cathode-siderinse ports

Figure 1: He-jacketed SRF Gun cavity integrated with the
fundamental power coupler (FPC). This is a cross-sectional
view on a ‘skew’ plan; x: horizontal, y: vertical,
z: longitudinal axes. Another cathode-side rinse port
exists on the other side of this view.

These are based on the experience with development and
operation of low-frequency, low-B SRF cavities and
cryomodules [7, 8]. We will present the details of cavity
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SUPERCONDUCTING QUARTER-WAVE RESONATORS*
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Abstract

Multipacting (MP) barriers are typically observed at
very low RF amplitude, at a field 2 to 3 orders of magnitude
below the operating gradient, in low-frequency
(<~100 MHz), quarter-wave resonators (QWRs). Such bar-
riers may be troublesome, as RF conditioning with a fun-
damental power coupler (FPC) of typical coupling strength
(external Q = 10° to 107) is generally difficult. For the
FRIB B =0.085 QWRs (80.5 MHz), the low barrier is ob-
served at an accelerating gradient (Eacc) of ~10 kV/m; the
operating E, is 5.6 MV/m. Theoretical and simulation
studies suggested that the conditioning is difficult due to
the relatively low RF power dissipated into multipacting
rather than being a problem of the low barrier being
stronger than other barriers. We developed a single-stub
coaxial FPC matching element for external adjustment of
the external Q by one order of magnitude. The matching
element provided a significant reduction in the time to con-
dition the low barrier. We will present theoretical and sim-
ulation studies of the low MP barrier and experimental
results on MP conditioning with the single-stub FPC
matching element.

INTRODUCTION

Coaxial multipacting appears at very low RF amplitudes
(2-3 orders of magnitude lower than operating E,..) in low-
frequency (<~100 MHz) coaxial cavities [1]. This some-
times causes operational issues because it requires a rela-
tively long conditioning time. It is claimed that a stronger
coupling and/or a broad loaded-bandwidth helps faster
conditioning. Accelerator facilities equipped with low-fre-
quency QWRs such as ATLAS at ANL, ISAC-II at TRI-
UMF and ALPI-PIAVE at LNL use variable couplers to
condition MP [2-4]. In the case of INFN — LNL linac, MP
conditioning usually starts when the cavities are still
warm [4].

In FRIB B = 0.085 80.5 MHz QWRs, the low-field MP
appears at E,.. of ~10 kV/m whereas the operating E,.. is
5.6 MV/m [5]. We found that this MP barrier requires a
long conditioning time such as ~1 day or longer, which is
not favorable from operation cost standpoints. We thus
have been using an alternative method to conditioning:
turning on RF with an initial amplitude higher than the MP
band such that it passes through the MP band during the RF
rising time before MP is built up. This technique has been
working well and the downtime due to this MP issue has
been negligible so far. However, operational complexities

*This is based upon work supported by the U.S. Department of Energy
Office of Science under Cooperative Agreement DE-SC0000661, the
State of Michigan and Michigan State University.

Tkims@frib.msu.edu
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still remain particularly because the low-field MP can be
enhanced by field emission from neighboring cavities. We
recently revisited low-field MP and performed R&D using
the ReA6 cryomodule, one of the FRIB B = 0.085
80.5 MHz QWR cryomodules, installed in the ReAcceler-
ator linac of FRIB [6].

Figure 1 shows MP conditioning in one of the B = 0.085
80.5 MHz QWRs in the ReA6 cryomodule. The forward
RF power Pj.q was kept constant at 2 W. The accelerating
gradient E,. was initially stuck at ~6 kV/m but gradually
increased and eventually jumped up at ~14 kV/m after
26 hours of CW conditioning. The vacuum activities were
observed on the beamline cold-cathode gauge (green) dur-
ing conditioning. The reflected RF power P, (magenta)
gradually decreased as the MP was getting conditioned.
Multipacting simulation using the CST PIC Solver con-
firmed that this is coaxial multipacting; for example, at
12 kV/m Eg., the dominant multipacting is 1% order two-
point multipacting between the cavity inner and outer con-
ductors, as shown in Fig. 2.

Since the conditioning time of ~1 day per cavity is not
favorable for operation, we investigated possibility of im-
provements of the conditioning time with higher P
and/or stronger coupling. We will present theoretical pre-
diction and experimental results.

ReA6 Cavity8 D1368 Low-field MP test
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Figure 1: CW conditioning of the low-field MP barrier.
This shows trends of Pj,q (blue), Py, (magenta), Eq. (red),
beamline cold-cathode gauge pressure (green) for
~26 hours.

THEORETICAL PREDICTION

When a coupler is coupled to a cavity, the time-depend-
ent amplitude of the reflected wave can be represented

by [7]
-ty 2B
v@=v.|(1-e T)1+3 1, )
where 7 is the RF filling time and f is the coupling coeffi-
cient, equal to Oy/Qex. The first term in Eq. (1) can be in-
terpreted as the wave radiated from the cavity whereas the
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Abstract

Superconducting radio-frequency (SRF) electron guns
are attractive for delivery of beams at a high bunch repeti-
tion rate but moderate accelerating field. An SRF gun is
the most suitable injector for the high-energy upgrade of
the Linac Coherent Light Source (LCLS II-HE), which will
produce high-energy X-rays at high repetition rate. An
SRF gun is being developed for LCLS-II HE as a collabo-
rative effort by FRIB, HZDR, ANL, and SLAC. The cavity
operating frequency is 185.7 MHz and the target accelerat-
ing field at the photocathode is 30 MV/m. The photocath-
ode is replaceable. The cathode is held by a fixture
(“cathode stalk”) which is designed for thermal isolation
and particle-free cathode exchange. The stalk must allow
for precise alignment of the cathode position, cryogenic or
room-temperature cathode operating temperature, and DC
bias to inhibit multipacting. We are planning a test of the
stalk to confirm that the design meets the requirements for
RF power dissipation and biasing.

INTRODUCTION

XFELs are powerful tools for revealing structural dy-
namics at the atomic scale. The LCLS-II-HE will achieve
a hard X-ray of 13 keV by doubling the beam energy to
8 GeV from that in LCLS-II. Furthermore, the photon en-
ergy of LCLS-II-HE can reach 20 keV by factor of two re-
duction in the electron source emittance [1].

The development of a low frequency quarter-wave reso-
nator (QWR) SRF gun was proposed to achieve a low emit-
tance beam. The advantage of such a gun is that it can
provide a quasi-DC field in the accelerating gap and oper-
ate at 4K. As with other SRF guns, an ultra-low vacuum
level can be achieved, which allows a wider range of pho-
tocathodes to be used.

One of the critical parameters for a high-brightness elec-
tron source is the cathode gradient. The goal of the gun
cavity development is to demonstrate stable CW operation
with a cathode gradient of at least 30 MV/m.

CATHODE STALK DESIGN

The cavity frequency was selected to be 185.7 MHz,
which is one-seventh of the 1300 MHz LCLS-II linac fre-
quency. The cavity shape was designed to mitigate multi-
pacting and was evolved from the WiFEL design [2]. The
cathode and the cathode stalk use components employed in
the SRF gun at HZDR [3].

T konomi@frib.msu.edu

07: Accelerator Technology

There are four main requirements for the cathode stalk.
One is precise alignment control of the cathode position. If
the cathode position is off-centre, the radial RF field on the
cathode will be biased and emittance growth will occur.
This growth is difficult to recover with the beam optics
downstream of the SRF gun. Second requirement is that it
can be biased up to 5kV DC to inhibit multipacting in the
coaxial structure of the cathode and cathode stalk. The third
requirement is that the temperature of the cathode can be
changed if needed, which can improve photocathode per-
formance. The fourth requirement is particle free cathode
exchange to prevent field emission from contamination.

The cathode stalk assembly is shown in Fig. 1. The cath-
ode port of the cavity is connected to the bellows flange of
the cathode stalk. The tube of the cathode stalk is electri-
cally isolated from the bellows by a ceramic ring. The head
of the tube is made of copper and will be cooled by a pipe
externally connected to a helium gas supply of either 300 K
or 55 K. The tube body is made of stainless steel that is
copper/gold plated on the outside to reduce RF loss and
thermal emissivity. The cathode holder is conduction
cooled through the contact surface with the tube head. The
DC bias is connected to a cooling pipe that is electrically
isolated using a ceramic break. Three manipulators will be
used to adjust the cathode position. These extend to the out-
side of the cryomodule. The insertion arm for cathode ex-
change includes four segmented electrodes that are used to
sense its transverse location. The cathode holder is inserted
into a cone-shaped socket in the cathode head and held in
place by a spring.

Cooling line (55K He gas)
Cavity flange \ /]

Cathode — =— ‘ ==
puck

Cooling line
(RT/55K He gas)

Ceramic for

electric isolation
Cathode stalk

Cooling reservoir 5kV DC bias port—z
+Choke filter

- « Cathode alignment

( \ . and movement
/N
\ o]
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Spacer

Optical temperature
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Figure 1: Cathode Stalk assembly.
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Abstract

The Facility for Rare Isotope Beams (FRIB) is
developing a 644 MHz superconducting (SC) cavity for a
future upgrade project. The current low level radio
frequency (LLRF) controller at FRIB is not able to operate
at 644 MHz. The Ultrafast Electron Microscope (UEM)
laboratory within the Department of Physics at Michigan
State University designed an LLRF controller based on
analog RF components to operate a 1.013 GHz room
temperature (RT) cavity. With requirements for improved
stability, performance and user controls there was a need to
upgrade the analog LLRF controller. The FRIB radio
frequency (RF) group designed, developed and fabricated
a new digital LLRF controller, with high-speed serial
interface between system on chip field programmable gate
array and fast data converters and capable of high
frequency direct sampling, to meet the requirements of 644
MHz SC cavity and 1.013 GHz UEM RT cavity. This paper
gives an overview of the upgraded digital LLRF controller,
its features, improvements and preliminary test results.

INTRODUCTION

The Facility for Rare Isotope Beams (FRIB) conducted
the first user scientific experiment in May 2022 [1]. It will
make the majority (~80%) of the isotopes predicted to be
bound available for experiments. These isotopes will allow
researchers to understand atomic nuclei and their role in
the Universe. “The tremendous discovery potential of
FRIB can be further extended with an energy upgrade of
the FRIB linear accelerator to 400 MeV/u and to higher
energies for lighter ions (FRIB400)” [2]. Figure 1 shows
footprint of the current (green and black) and upgraded
(blue) FRIB linac.

e

*{‘ s
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Figure 1: FRIB400 future upgrade.

The Ultrafast Electron Microscope [3] laboratory
conducts research on nanoscale material processes at the
fundamental length and time scales and studies the
mechanisms of phase transitions (atomic and electronic) in
low-dimensional systems, the photo-generated hot electron
dynamics at interfaces, and the far-from-equilibrium
phenomena that involve multiscale, inter-correlated
channels of atomic and electronic relaxations following the
creation of an excited state in complex and mostly
nanostructured solids.

* Supported by the U.S. DOE Office of Science under Cooperative
Agreement DE-SC0000661, the State of Michigan, Michigan State
University and U.S. National Science Foundation grant DMR-1625181.
T kunjir@frib.msu.edu
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MOTIVATION

The current LLRF controllers in operation at FRIB were
fabricated in 2016 and support frequencies only between
40.25 MHz and 322 MHz. This is in part due to the
limitation of multiple integrated chip (IC) specifications
and design requirements. For example, on the current
controller, the maximum sampling frequency of analog to
digital converter (ADC) is 65 MSPS and digital to analog
converter (DAC) is 400 MSPS. With the development of
higher frequency cavity for the future upgrade and the
requirement of migration from analog LLRF control to
digital for UEM, the overarching motivation to upgrade the
LLRF controller was the need to support higher frequency
operation; 644 MHz for FRIB400 and 1.013 GHz for
UEM.

LLRF DESIGN

One of the requirements for the development of a new
LLRF controller was to leverage the latest technologies
available for FPGAs and data converters with the goal of
designing a controller that can be configured as a
replacement of current RF systems as well as new higher
frequency systems. Another significant requirement was
modularity and backwards compatibility of the controller
that simplifies hardware troubleshooting and facilitates
targeted maintenance of individual components.

Figure 2 shows the new LLRF controller chassis and the
hardware components. The new LLRF controller’s
hardware comprises of (1) FPGA board, (2) RF front-end
board, (3) tuner board that can be either stepper, pneumatic
or piezo, (4) switching power supply and (5) solid state
drive (SSD). These hardware components reside in a 2U
chassis designed to be stand-alone and rack mountable.

The FPGA board is a Xilinx ZCU102 [4