@2z 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.

15th International Particle Accelerator Conference,Nashville, TN

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

JACoW Publishing
doi: 10.18429/JACoW-IPAC2024-WEPR74

ELECTRON CLOUD SIMULATIONS IN THE FERMILAB BOOSTER"

S.A.K. Wijethunga 7, A.P. Schreckenberger, C.Y. Tan
Fermi National Accelerator Laboratory, Batavia, Illinois, USA

Abstract

As part of Fermilab's Proton Improvement Plan-II (PIP-II),
the Fermilab Booster synchrotron will operate at a higher
intensity, increasing from 4.5 x 102 to 6.7 X 10'? pro-
tons per pulse (ppp). A potential challenge for achieving
high intensity performance arises from rapid transverse in-
stabilities induced by electron cloud (EC). This research
presents EC simulations using PYECLOUD, which is an
advanced computational tool that incorporates measure-
ments of the secondary electron yield (SEY) from the
Booster's combined function magnet material. By system-
atically varying beam parameters in PyECLOUD, such as
bunch structure, SEY, bunch length, and intensity, it be-
comes possible to forecast the impact of EC effects on the
beam stability of the PIP-II era Booster.

INTRODUCTION

In particle accelerators, free electrons are always present
within vacuum chambers for various reasons, including
ionization of residual gas molecules and stray beam parti-
cles colliding with chamber walls. Electromagnetic fields
from the beam can accelerate these electrons to energies
ranging from several hundreds of electron volts to a few
thousand electron volts, depending on beam intensity.
When these electrons collide with chamber walls, second-
ary electrons are produced based on their impact energy
and the Secondary Electron Yield (SEY) of the surface.
This cycle, particularly with closely spaced bunches of pro-
ton beams, can trigger an avalanche effect, generating elec-
tron clouds (ECs) [1-2]. These ECs pose significant chal-
lenges for high intensity proton accelerators, leading to is-
sues such as transverse instabilities, emittance growth, par-
ticle losses, vacuum deterioration, and surface heating
within the chamber [3-5].

Earlier research conducted at the Fermilab Recycler fa-
cility has shown that combined function magnets possess
the capability of confining ECs by the magnetic mirror ef-
fect. Simulation findings suggest that ECs gathered over
multiple revolutions within these combined function mag-
nets can reach intensities several orders of magnitude
greater than those observed within a pure dipole [6,7].

To fulfill the requirements outlined in Fermilab's Proton
Improvement Plan-II (PIP-II), the Fermilab Booster [8], a
rapid cycling synchrotron (presently@15 Hz, PIP-11@20
Hz) that contains 96 combined function magnets, must
supply a high intensity beam of 6.7 X 1012 ppp, marking a
44% increase in current intensity [9]. Consequently, it
becomes crucial to detect any indication of the existence of
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an EC within the PIP-II era Booster and assess its potential
impact on achieving the desired performance.

This paper describes the methodology and findings of
SEY measurements performed on Booster combined-
function magnet materials and a sequence of simulation
studies using the PyECLOUD program to analyze EC
accumulation within the magnet. These simulations varied
parameters such as bunch length, SEY, and beam intensity
to explore their effects on EC buildup.

SEY MEASUREMENTS

The SEY quantifies the average number of secondary
electrons emitted when a single electron strikes a surface.
It typically depends on the incident electron energy and in-
cident angle. In particle accelerators, the SEY is a crucial
characteristic of the vacuum chamber materials, which ex-
erts a significant influence on the accumulation of free
electrons, which ultimately may result in an EC [10,11].

Booster combined function magnets are constructed by
stacking steel sheets (SS) with epoxy (Ep) layers in be-
tween [8], as shown in Figure 1, to minimize eddy currents.
As a result, the accelerated free electrons within the vac-
uum chamber can potentially interact with both the SS and
Ep components of these magnets. Hence, the SEY strength
(8sey) of the combined function magnet material should be
considered as the combination of both dsgy of SS and dsey
of Ep. Note: the sample utilized in this study has not been
exposed to the beamline and, thus, has not undergone any
conditioning.

Figure 1: Picture of Booster combined function magnet
elaborating the SS and Ep layers.

SEY Test Stand

The SEY test stand is a dedicated setup situated in the
XGW-003 area of the Fermilab Accelerator Division build-
ing designed to measure the dsgy of various samples. As
shown in Figure 2, it consists of a Kimball electron gun
driven by a 1022B-type power supply, a vacuum chamber
with pumping equipment (to keep the pressure <1 X 1075
torr), and a Keithley pico-ammeter. The system configura-
tion is primarily controlled through the electron gun power
supply. The 1 anode voltage is held at 95.3 V. The electron
energy ramps from 0 to 1.5 kV in increments of 25 eV, and
the focus voltage follows this ramp with empirically
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determined set points that mostly follow a shifted tanh
function. The leakage current magnitude of the test stand
system generally ranges between 3 and 12 pA, depending
on the bias voltage applied, and the grid voltage is set such
that measured currents are at least an order of magnitude
larger. This typically leads to an applied grid voltage be-
tween 12.0 and 14.3 V. A 3x3 grid sweep over the sample
surface is introduced through the application of deflection
voltages that also scale with energy. The full scan proce-
dure takes roughly an hour per measurement to complete.

r«"\

Figure 2: SEY test stand.

A special sample holder was designed for this measure-
ment, as shown in Figure 3(b), to collect the maximum cur-
rent from the Ep side of the sample.

(a) (®)

Figure 3: (a) SS sample. (b) Ep side of the sample mounted
into the holder.

According to our technique, the dggy of a sample is ob-
tained by using the following equation,

s sy L=l (M
SEY I I,

In order to collect the primary electrons (I, = 1), the
sample was biased at +150 V. This forced the recapture of
the secondary electrons escaping from the surface. This
current is ideally equivalent to the current from the gun.
Afterward, the bias was changed to —20 V to repel the low-
energy secondary electrons to obtain /_.

SEY Measurement Results

Figure 4 shows the SEY measurement for the SS side of
the sample on three different days with slightly different
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vacuum levels compared with a standard 316 Stainless
steel sample.
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Figure 4: §sgy of the SS side of the Booster magnet com-
pared with the dggy of the 316 Stainless steel sample.

Figure 5 shows the SEY measurements of both SS and
Ep sides.

2.4

—— Booster sample (SS)
2.2 -== Booster sample (Epoxy)
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Electron Energy (eV)
Figure 5: §ggy of the SS and Ep sides.

The measurements shown in Figure 4 help us validate
our measurement technique by comparing them against the
standard 316 Stainless steel measurement. Figure 5 shows
that the dggy of SS lies around 2.1 and gz of Ep lies
around 1.6. However, due to beam pipe conditioning over
the years, we assume that the §sgy of the magnet material
has decreased from our measurements.

SIMULATIONS

To model the EC accumulation within a combined func-
tion magnet in the Booster synchrotron, PyYECLOUD pro-
gram was utilized [12]. Table 1 details the primary input
parameters employed in the simulations. The cross section
of the combined function magnet was modeled as a rectan-
gle featuring dipole and quadrupole magnetic fields. Ini-
tially, the number of electrons was set at 10,
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Table 1: Common Input Parameters in Simulations

Parameter Transition Injection
Beam energy [GeV] 4.2 0.4
Bunch spacing [ns] 19.2 26.4

Simulations were carried out by varying the dggy of the
magnet material, bunch length, and intensity of the beam.
Figure 6 shows the EC build-up for a range of §sgy of the
magnet material at injection (bunch length, 0 = 0.57 [m])
and at transition (bunch length, ¢ = 0.25 [m]) for PIP-II
intensity 6.7 X 1012, PyECLOUD shows that the EC accu-
mulated only when 8gg > 1.9 at injection, and the accu-
mulation rate increased as §sgy increases.

Based on the correlation presented in Ref. [13] regarding
the tune shift (AQ) and the associated electron cloud den-
sity (p), for a dsgy of 2.1, the maximum tune shift calculated
is approximately 0.007 at injection and 0.003 at transition.
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Figure 6: EC build-up for different §5zy of the magnet ma-
terial. (a) at injection and (b) at transition.

Figure 7 shows the EC build-up for different bunch
lengths at injection and at transition for §sgy = 2.1 and in-
tensity 6.7 X 102, The saturation of the EC density re-
mains nearly unchanged regardless of the bunch length at
both injection and transition. The corresponding theoretical
maximum tune shift is approximately 0.02 at injection and
around 0.005 at transition, only when the bunch length is
0.1 m (rms).
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Figure 7: EC build-up for different bunch lengths. (a) at
injection and (b) at transition.

Figure 8 shows the EC build-up for different beam inten-
sities for single notch and opposite notch described in Ref.
[14] for 65y = 1.8. PyECLOUD simulations did not show
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EC accumulation near injection with a dggy = 1.8 and a
bunch length of 0.57 m (rms). Furthermore, EC saturation
remains consistent across all high intensity beams, regard-
less of their specific bunch structure, indicating that notch
configurations were minimally effective in mitigating EC
presence. According to theory, the maximum tune shift
near the transition is estimated to be around 0.001 for
6.7 X 10'? beam intensity.
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Figure 8: EC build-up for different beam intensities (a) sin-
gle notch and (b) opposite notch.

CONCLUSION

In conclusion, this study successfully conducted SEY
measurements on both the SS and Ep sides of the combined
function magnet material, §sgy (Ep) = 1.6 and &5y (SS) =
2.1. However, due to the vacuum chamber conditioning
over time, we assume that the 855y of the magnet material
has reduced from our initial measurements. Based on the
previous experience, analysis of tune shifts indicates that
they are not significant enough to be a primary cause for
instabilities. Furthermore, observations suggest that the
density of accumulated electron clouds remains nearly con-
stant for intensities exceeding 4.5 x 102 ppp. Despite op-
erating the Booster at 6.1 X 102 ppp and experiencing in-
stabilities attributed to impedances controlled by dampers
and chromaticities, the contribution to instability from EC
effects appears minimal. Therefore, it can be inferred that
EC accumulation is not anticipated to pose a significant
problem in the PIP-II era Booster.
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