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Abstract

The Proton Improvement Plan-II (PIP-II) accelerator up-
grade at Fermilab represents a groundbreaking leap for-
ward in high-energy physics research. This ambitious ini-
tiative involves enhancing Fermilab's accelerator complex
by replacing the current linear accelerator (linac) with a
warm front end (WFE) capable of accelerating H™ beams
up to 2.1 MeV. Subsequently, a superconducting linac fur-
ther accelerates these beams up to 800 MeV. To precisely
measure the transverse beam profile, a combination of tra-
ditional wire scanners at the WFE section and Laser wire
scanners along the superconducting linac are planned for
implementation. This investigation is centered on refining
the Faraday cup design for the PIP-II Laser wire scanners
by utilizing GEANT4, a Monte Carlo simulation toolkit.
Leveraging this method enables a comprehensive analysis
of particle trajectories, energy deposition, secondary parti-
cle emission, backscattering, etc., facilitating optimization
through adjustments to cup geometries, materials, and
placement to maximize its efficacy in beam diagnostics.

INTRODUCTION

The Fermilab Proton Improvement Plan-II (PIP-II)
stands as a significant upgrade project designed to elevate
the performance of Fermilab's accelerator complex. A pri-
mary objective of the PIP-II linac is to substantially boost
the energy of the H beam from 400 MeV to 800 MeV, sur-
passing the capabilities of the current linac. In pursuit of
these objectives, while maximizing cost-effectiveness, the
plan involves implementing superconducting radiofre-
quency (SRF) technology. The final linac design comprises
a warm front end featuring a low energy beam transport
(LEBT) section, followed by an RFQ, and further by a me-
dium energy beam transport (MEBT) section, which ramps
up the energy to 2.1 MeV. Subsequently, a superconducting
linac (SCL) equipped with five distinct SRF cavity types
facilitates the acceleration to the final 800 MeV [1].

However, beam profile measurements pose a challenge
within the high vacuum levels necessitated by the SCL.
The conventional wire scanner method proves impractical
due to concerns surrounding particle contamination, vac-
uum degradation, and resultant beam loss, leading to issues
such as heating and quenching. Therefore, a non-invasive
approach to beam profile measurement, such as substitut-
ing the carbon wire scanner with a laser wire scanner, is
being considered. This methodology has already been
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successfully employed at the Spallation Neutron Source
(SNS) at Oak Ridge National Laboratory (ORNL) [2].

The principle of the laser wire profile measurement is
based on photoionization, as shown in Eq. 1.

H +y > H+e” (1)

When the Laser intercepts with the H beam at a certain
wavelength, it causes electrons to detach from the H". The
density of the H beam can be determined by measuring the
density of the detached electrons [3].

Figure 1 illustrates the Laser wire scanner system. It pri-
marily involves a laser wire system, a deflecting magnet to
divert the detached electrons away from the H- beam, and
a Faraday cup (FC) to collect those electrons. There are 13
laser wire stations located along the 200 m long SCL, first
at 2.1 MeV and last at 800 MeV.

Faraday cup

Deflector

Mirror

J y
z Y
~—
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Figure 1: Laser wire scanner system.

The FC stands out as a straightforward, easily handled,
and cost-effective solution for accurately measuring abso-
lute beam current. Careful consideration of the FC's phys-
ical properties is key to minimizing signal losses. Factors
such as geometry, material nature, and target wall thickness
are crucial in the FC design. Further, challenges arise due
to phenomena like secondary electron emission and
backscattering, which can lead to inaccuracies in beam cur-
rent measurements. Therefore, understanding these phe-
nomena and optimizing the FC design accordingly is es-
sential for achieving accurate measurements [4-6].

In this paper, we outline the design concept of the FC
and describe simulations conducted to better understand
the stated phenomena. We utilize Geant4, a well-known
toolkit recognized for its Monte Carlo simulations of par-
ticle interactions with matters.

DESIGN CONCEPT

The initial design steps prioritize the selection of mate-
rial and determining the cup thickness. To minimize elec-
tron leakage, the cup thickness must exceed the penetration
depth of incident electrons. To decide on the appropriate
thickness, the electron stopping distance was computed for
several potential FC materials, including Cu, Al, W,
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Stainless steel, and Mb. This calculation utilized the Con-
tinuous Slowing Down Approximation (CSDA) range for
each material [7]. Figure 2 illustrates the relationship be-
tween the stopping distance derived from the CSDA range
and the kinetic energy for the materials under considera-
tion.

In this investigation, we examined FCs positioned at the
first and last Laser wire scanner locations, corresponding
to H beam energies of 2.1 MeV and 800 MeV, respectively.
Consequently, the energy of the detached electrons was
calculated to be 1 keV at first and 450 keV at the last Laser
wire locations. As depicted in Figure 2, the electron stop-
ping distance for Cu, W, Stainless steel, and Mb is below
0.25 mm for 450 keV electrons, and it should be consider-
ably smaller for 1 keV electrons. However, we chose to
primarily focus on Cu for its exceptional electrical and
thermal properties, and Stainless steel for its ease of use
and safety in the sensitive vacuum environment.

0.25

—Al
0.2 w

—Stainless Steel
Mb
0.15
at 800 MeV =~ 450 ke

0.1F

0.05

Stopping Distance from CSDA Range [cm]

0 0.2 0.4 I 0.6 (]:N 1

Kinetic Energy [MeV]
Figure 2: Stopping distance from CSDA range for different
materials as a function of electron kinetic energy.

The next focus of the design is to optimize the geometry
that could be accommodated within the limited space avail-
able for beam instrumentation devices situated between the
cryomodules of the superconducting linac. A stopping dis-
tance of 0.25 mm offers ample flexibility in selecting the
thickness of the cup for both Cu and Stainless steel materi-
als.

Figure 3 illustrates the considered Laser wire scanner
setup (near the Laser interaction point) and its cross-sec-
tion with anticipated electron trajectory.

(a) (b)
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Figure 3: (a) Illustration of the Laser wire scanner setup
near the interaction point. (b) Cross-section of the setup in-
dicating the anticipated electron trajectory.

As shown in the figure, deflecting magnets are pivotal in
guiding the electrons into the FC. These magnets were de-
signed using CST software, incorporating angled pole
pieces to generate a quadrupole field, thereby preventing
electron dispersion in the transverse direction.
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Based on the provided parameters, a FC was designed as
illustrated in Figure 4. Given the constrained space
(<5 cm), the cup's design was chosen to be a cylindrical
slab with a 5 cm diameter and 2.5 cm thickness, accompa-
nied by a 1 cm high outer ring.

5cm

2.5¢cm

I 1 cm

Faraday cup

) 4
«X (into page)

7

3cm

B

Elcctron

: Laser into trajectory

i the page

11.6 cm

Figure 4: Schematic diagram of the FC design.
GEANT4 SIMULATIONS

To investigate the interaction of electrons with materials
and the impact of secondary particles and backscattering
on measurements, Geant4 simulation was employed [8, 9].
This involved utilizing physics processes such as brems-
strahlung, ionization and multiple scattering, pair produc-
tion, Compton scattering, and photo-electric effect. For an
accurate modeling of electromagnetic interactions at lower
energy levels, two EM physics lists (constructors) were
chosen: G4EmStandardPhysics_option4, which includes
Goudsmit Saundeson (GS) multiple scattering for 450 keV
electrons, and both G4EmStandardPhysics option4 and
G4EmStandardPhysicsSS (single scattering) for 1 keV
electrons [10].

Figure 5 illustrates the Geant4 model of the FC, display-
ing the magnetic field area of the deflecting magnets for
450 keV electrons. Additionally, it visualizes the trajecto-
ries of electrons within the cup volume and the secondary
photons.

(a)

Figure 5: Visualization by Geant4 (a) the FC system, (b)
particle tracks inside the material.

Figure 6 illustrates the simulation results for 450 keV
electrons with a production cut value for secondaries at
0.1 mm and a step limit of 5 um (a) Energy deposited in
the cup, (b) Energy of the reflected charged particles, (c)
Energy of charged secondary particle at creation, and (d)
Energy of reflected neutral particles.
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Figure 6: For 450 keV electrons (a) Energy deposited in
the cup. (b) Energy of the reflected charged particles. (c)
Energy of charged secondary particle at creation. (d) En-

ergy of reflected neutral particles.

Based on the results, all particles experienced an impact
on both Cu and Stainless steel materials. The calculated
backscattering coefficients were found to be 17% for Cu
and 15% for Stainless steel, which is lower than the stand-
ard backscattering coefficient [11, 12] for these materials,
possibly due to the recapture of backscattered electrons by
the magnetic field. As shown in Figure 6 (c), the kinetic
energy of the secondary electrons is small; thus, the Lar-
mour radius can be kept small with a relatively low mag-
netic field. Additionally, the analysis revealed that 28.7%
and 26.8% of charged secondary particles were generated
for Cu and Stainless steel, respectively. Furthermore, sim-
ulations showed all reflected particles were primary parti-
cles, and no particles were transmitted through the cup.

Similarly, Figure 7 illustrates the simulation results for
1 keV electron with a production cut value for secondaries
at 0.01 mm and a step limit of 1 um (a) Energy deposited
in the cup. (b) Energy of the reflected charged particles.

(a) (b)

Dm‘ —— Stainless Steel - EM_opt4 —+= Stainless Steel - EM_opt4
s0000{ —— Stainless Steel - SS 300 { —— Stainless Steel - SS

Cu - EM_opta sl Cu - EM_optd
—+ cu-ss — cu-ss

@
& 30000

8

Stainless | Cu
steel

Stainless Cy
steel

99543 990

1| Entries 20045 22031

Number of Particles
¥ oy o8
3

Number of Parti
8

Mean 7672 753 00 | Mean | 768.7 | 778.9 4

o & 8
g
Ed

00 1000 1200 o 200 800 1000 1200

)
Energy [eV]

* Ener;‘)yo[evl i
Figure 7: For 1 keV electrons (a) Energy deposited in the
cup. (b) Energy of the reflected charged particles.

The results reveal that both G4EmStandardPhysics op-
tion4 and G4EmStandardPhysicsSS yield comparable out-
comes at low energies. Additionally, nearly all electrons
impacted both materials. The backscattering coefficient
was determined to be 22% for Cu and 22% for Stainless
steel, which is lower than standard values at this energy
range, potentially due to the previously mentioned reasons.
Moreover, no secondary particles were generated, and no
neutral particles were reflected. Similarly, all reflected par-
ticles were primary particles, and no particles were trans-
mitted through the cup.
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Next, the electron collection efficiency along the FC di-
ameter was simulated by changing the initial electron beam
location from +15 mm above the beampipe center to -
7.5 mm below the beampipe center, and the impacted and
reflected electron percentage was calculated as shown in
Table 1. The error of the reflected particles was calculated
to be 2.5%.

Table 1: Impacted and Reflected Percentage for Both
450 kV and 1 keV Electrons at Different Beam Positions

Electron 450 keV 1 keV

beam po- Im- Re- Im- Re-
sition pacted flected pacted flected

[mm] [%] [%] [%] [%]
-7.5 100 15.58 99.49 21.08
-5.0 100 14.98 99.48 20.47
-2.5 100 14.98 99.47 19.86

0 100 14.88 99.46 19.47
+2.5 100 14.63 99.58 19.10
+5.0 100 14.76 99.65 19.39
+7.5 100 14.58 99.65 18.78
+10.0 100 14.61 99.56 17.96
+12.5 100 14.72 99.66 17.88
+15.0 100 14.77 99.58 16.74

The results indicate that the impact efficiency remains
constant across the FC for both 1 keV and 450 keV elec-
trons. However, the reflected (backscattered) coefficient
decreases as the position of the electron beam shifts
from -7.5 mm to +15 mm. This decrease occurs because, at
+15 mm, the number of recaptured particles from the mag-
netic field is higher compared to when the beam is posi-
tioned at -7.5 mm as they reach the far edge of the FC.

SUMMARY

Geant4 simulations have been instrumental in under-
standing backscattered particles and secondary electrons,
which are crucial for accurate measurements of a FC for
the PIP-II Laser wire scanner system. Both Stainless steel
and Cu yielded similar results, but Stainless steel was cho-
sen for its suitability in vacuum environments. The current
FC design demonstrates nearly 100% collection efficiency,
making it suitable for accurate profile measurements. The
design also shows no reflection of secondary electrons and
an almost steady reflection coefficient along the cup sur-
face, ensuring consistent measurements regardless of the
interaction point. Future simulations will explore different
energies along the SCL to further refine and optimize the
measurement process.
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