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A Simulation of the Photoionization of H- Together With
the Subsequent Tracking of the Liberated Electrons™

R. Thurman-Keup”, M. El Baz, V. Scarpine,
Fermi National Accelerator Laboratory, Batavia, USA

The Proton Improvement Plan - Il (PIP-Il) is a new linear accelerator
(LINAC) complex being built at Fermilab. It is based on

superconducting radiofrequency cavities and will accelerate H- ions
to 800 MeV kinetic energy before injection into the existing Booster

ring. Measurements of the profile of the beam along the LINAC must
be done by non-intercepting methods due to the superconducting
cavities. The method chosen is photoionization of a small number of

a vacuum line to the end of the LINAC. At each laserwire, a
vertical pipe can direct the laser to the H- beamline.

H- by a focused infrared laser, aka laserwire. The number of ionized

electrons is measured as a function of laser position within the H-

beam. To aid in the design of the collection mechanism, a simulation Laser
was written in MATLAB with input from the commercial
electromagnetic simulation, CST. This simulation calculates the
number and positions of the liberated electrons and tracks them
through the magnetic collection and H- beam fields to the collection
point. Results from this simulation for various points along the LINAC

will be shown.

Introduction

Fermilab is in the process of constructing a new super-conducting
(SC) linear accelerator to replace the existing normal conducting
LINAC. This project is called the Proton Improvement Plan - Il (PIP-II)
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[1] and is being built to increase the deliverable beam intensity to
the Deep Underground Neutrino Experiment being con-structed in
South Dakota. Since the LINAC is mostly superconducting, the use of
physical wire scanners as beam profilers is not allowed in much of
the LINAC due to the risk of a broken wire contaminating the SC
cavities. As the beam is composed of H- ions, laserwires [2,3] were

chosen as the profiler. A laserwire functions by photoionization of
the extra electron on the H- ion using a focused laser. The binding

Photoionization Theory

energy of the extra electron is only 0.7542 eV and can be ionized by The number of photoionizations depends on the particle
a 1064 nm YAG laser. The ionized electrons, which are proportional densities of both the incoming laser, I;, and H- beam, [, and the
in number to the local density of H- ions, are collected as the laser is cross section for photoionization, oy,

moved through the H- beam, enabling reconstruction of the profile

of the beam.

Photoionization Simulation
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dn = ca,\/(|l—,8| — |l x B| )1111, dtdxdydz

with [ and E being the laser and H- normalized velocity vectors.
See [4] for the origin of the square root multiplier. The cross
section depends on the laser wavelength in the frame of the H-,

The simulation code is written in MATLAB [6]. It steps through jl,
time and calculates the number of ionized electrons on a 1— B2

predefined set of physical mesh points. The simulation utilizes il = A
one of two possible numerical mesh arrangements, laser grid or
beam grid, depending on the laser and H- beam parameters.
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For orthogonal beams, the two equations reduce to
dn = co;l;1, dtdxdydz

The laser originates in the laser room and is transported through

pe——

Experimental Device

Laser Scanning Box optics showing moving stages for scanning.
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The incoming H- beam is partially ionized by the laser and
the electrons are bent vertically by a magnet to a faraday
cup. The blue volume is the vacuum chamber.
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Electromagnetic Field Calculations SSR2 CM 2

SSR2 CM #4

The electromagnetic field calculations involve two separate parts: the fields of the H- beam, and SSR2 CM #6
the static fields of both the electron collection magnets and possibly secondary electron LB650 CM #1

containment electrodes.

Bunch Fields

The beam field calculation is done in MATLAB and uses a single bunch which can have
any arbitrary shape and size, but a single fixed velocity. The fields are evaluated on a
rectangular mesh containing an inner section with generally closer spacing to resolve the
fields within the bunch, and an outer section with larger spacing. The fields at each
mesh point are a numerical integration over the bunch charge. This numerical
integration requires a mesh of the bunch as well. To reduce numerical errors, the field
evaluation mesh spacing is adjusted such that it is an integer multiple of the bunch mesh
spacing.
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photoionizations. A Poisson distribution is utilized for up to 500 electrons, beyond which a Gaussian
approximation is used. The electrons are given momenta based on the 6D phase space specified for the H- beam.
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the overlap region of the laser and
3 the H- beam. The mesh is an
elliptic cylinder with radii that scale The tracking simulation is written in MATLAB and was
with the transverse laser size. This
keeps the mesh size proportional
9) to the laser width and avoids losing the electrons through static fields and the fields of the H-
resolution near the laser waist.
Used when the laser intensity is
low enough that depletion of the

H-is not important. equation of motion

covering the physical overlap
region of the laser and the H-
beam. The simulated time steps

the physical mesh spacing
divided by the H- beam velocity.
This relation-ship means that

] with every time step, the H-
beam moves one spatial step,
allowing for the fixed mesh to

1 O handle depletion of the H- beam.

Tracking Simulation

created originally to track electrons in the electron beam
profiler [8] and ionization profile monitors [9]. It tracks

bunches but does not do self-interactions with the other
electrons. It uses an adaptive Runge-Kutta method [10]
to solve the pseudo-relativistic second-order differential

dp _  dGv)
dt dt
F(#t) = my (C_i + yz,[?(,[? : Ez))
which, when inverted to find @, is
d*7 1 S o
d= 17 = ym (I — BBT)F(# 1)
where F(#,t) = q (E(F, t) + ¥ x B(#, t)), m is the mass

of the particle being tracked, y = 1/4/1 — B2 is the
Lorentz factor, and I is the identity matrix. We apply the

Runge-Kutta method to the second-order differential
equation rewritten as coupled first order differential

F(#t) =

equations
dﬁ 1 - > -
—=—(I-BBT)F(#t
2t = = BEDFG0
i
—_— =7
_ dt
m Grid For the bunch fields, the field is interpolated to the re-
a rectangular fixed mesh guested position after adjusting it for the requested time

and the velocity of the bunch,

E|B#t) - E|B @+ t,)
where t,,, = (t modulo t;). The modulo function
implements a repetitive bunch structure at the specified
bunch spacing, t,.
The adaptive part of the algorithm adjusts the step size
to keep changes in the momenta, either absolute value
or direction, within a range specified by thresholds. If
any of the thresholds are exceeded, the step size is
adjusted to compensate.

a spacing that is equal to

Studies were done to evaluate the photoionization rates for different length laser
pulses, laser arrival time jitter, and H- temporal bunch lengths. These results will
help to determine the optimal laser properties to maximize signal and resolution
while minimizing unused laser energy which has detrimental effects on the vacuum
windows. For instance, from the plots, we can see that laser pulses with a length of
20 or 30 ps have good photoionization but small variation with jitter.
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Static Fields

Position

[m]

18.7
25.4
31.6
51.5
65.2
78.9
93.4
107.1
127.6
148.0
170.5
192.9

Beam Parameters

E, o, o, O
[MeV] [mm] [mm] [ps]
21 23 2.3 208
100 13 14 33
186 1.2 12 20
61.2 14 15 13
106.0 13 1.3 13
1539 14 14 11
192.2 23 24 6.7
2674 18 19 5.7
4009 19 2.0 5.2
5165 2.1 1.8 5.0
652.6 18 19 4.4
8333 15 19 3.7

The static fields are calculated in CST [7] which is a 3D electromagnetic simulation. We

designed a magnet with a return yoke to reduce the impact on the H- beam. In addition,

we will also add a small quadrupole magnet for the MEBT laserwire to compensate
electron spreading from H- space charge forces. When the electrons strike the faraday

cup, they generate secondary electrons that
may escape the surface of the faraday cup,
altering the collect-ed charge. To avoid this,
we may need to install a conductive ring to
apply an electrostatic field to keep the
secondary electrons from leaving.

MEBT laserwire
a) and b) are the trajectories looking down from above the beam. They show
the difference in final spread between having a quadrupole field and not

having a quadrupole field.
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c) and d) are the trajectories looking from the side of the beam. They first
deviate down before bending up which allows more clearance between the

electrons and the beampipe.

HWR laserwire (after 1%t cryomodule)

a) is the trajectories looking down from above the beam. Notice that the
containment is much better even without the quadrupole since the energy is
high enough to prevent significant spreading from H- space charge.
b) and c) are the trajectories looking from the side of the beam.
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