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Electron-positron pairs, produced in intense laser-solid interactions, are diagnosed using magnetic spectrom-
eters with image plates, such as the National Ignition Facility (NIF) Electron Positron Proton Spectrometers
(EPPS). Although modeling can help infer the quantitative value, the accuracy of the models needs to be
verified to ensure measurement quality. The dispersion of low-energy electrons and positrons may be affected
by fringe magnetic fields near the entrance of the EPPS. We have calibrated the EPPS with six electron
beams from a Siemens Oncor linear accelerator (linac) ranging in energy from 2.7–15.2 MeV as they enter
the spectrometer. A Geant4 TOPAS Monte-Carlo simulation was set up to match depth dose curves and
lateral profiles measured in water at 100 cm source-surface distance. An accurate relationship was established
between the bending magnet current setting and the energy of the electron beam at the exit window. The
simulations and measurements were used to determine the energy distributions of the six electron beams at
the EPPS slit. Analysis of the scanned image plates together with the determined energy distribution arriving
in the spectrometer provide improved dispersion curves for the EPPS.

I. INTRODUCTION

Intense laser-matter interactions can produce short
bursts of hot electrons, positrons, protons and heavy
ions1 for a variety of potential applications ranging from
fast ignition concepts2,3 for inertial fusion energy to diag-
nostic proton beams4 and anti-matter sources5. Over the
last decades progress has been made in understanding the
physics generating these particle bursts. On the front of
the target the pre-pulse of the laser produces a preformed
plasma6 and the laser-matter interaction accelerates elec-
trons through J × B forces7 and stochastic processes8.
As the relativistic electrons propagate through the tar-
get they produce bremsstrahlung and positrons9. On the
backside, positrons, protons, and heavy ions experience
target-normal sheath acceleration (TNSA)10. Based on
this understanding it is now becoming possible to control
these processes in order to optimize the particle bursts
for specific applications. For example, the high numbers
(1012) of energetic (> 10 MeV) electrons and positron
produced by laser-matter interactions represent an at-
tractive source for pair plasma trapping experiments11;
however, existing pulsed-power driven magnetic coils12

at short-pulse laser facilities achieve magnetic fields that
can confine pairs of only a few MeV. To lower the energy
of laser-matter interaction generated pairs the sheath on
the back side of the target needs to be manipulated to
reduce the TNSA.
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Progress in understanding and ability to manipulate
the processes of intense laser-matter interaction relies on
detailed measurements of the particle beams. Particles
can be recorded with image plates13, or through imag-
ing of scintillating screens14. The spatial distribution
of particles and photons can be directly recorded15–17

or particle spectrometers can be employed to separate
charged particles by mass and energy with magnetic,
or also with electric fields18. By using image plates
and permanent magnets19–21, imaging can be done hours
later in an external scanner and the magnetic spectrom-
eters can be ruggedized against electromagnetic pulses
of laser-matter interactions. Particle spectrometers can
be shielded against, radiation only accepting particles
through a narrow slit. They can provide large energy
resolution and, if used in groups, spatial and angular res-
olution.

Here, we focus on the calibration of a specific fam-
ily of magnetic spectrometers called electron-positron-
proton spectrometers (EPPS)19 developed at Lawrence
Livermore National Laboratory (LLNL) specifically for
diagnosing intense-laser matter interaction and used at
several laser facilities including the National Ignition Fa-
cility (NIF) as NIF EPPS (NEPPS). The EPPS spec-
trometer uses (two 51x102x1.3 cm Neodymium) perma-
nent magnets to separate charged particles with an uni-
form magnetic field strength onto BAS-SR image plates
on curved holders. The magnetic field strength and image
plate size and shape determine the EPPS energy cover-
age. The curved image plates allow the EPPS to resolve
electron and positron energies over four orders of magni-
tude, with high resolving power. The EPPS image plate
scans are interpreted with models of the dispersion of
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particle energies in the magnetic field to determine the
energy of the observed signals, the resolving power, and
uncertainties.

II. DISPERSION MODELS

The motion of a charged particle is described by the

relativistic equation of motion, ∂

∂t
(γm~u) = q~u× ~B, where

γ is the relativistic correction factor, m is the particle

mass, q the particle charge, ~u the particle velocity and ~B
the magnetic field.
The EPPS is designed to have a uniform magnetic field

so the particles will move along the gyroradius of their
energy ρ = γmu⊥/(qB), where u⊥ is the velocity perpen-
dicular to the magnetic field. Assuming the field is per-
fectly perpendicular to the plane of the image plate radii,
the relationship between gyroradius ρ, the displacement
towards the image plate d and the displacement along
the dispersion direction l (Fig. 1 a) can be expressed as,

ρ2 =
l2 + d2

2d
. (1)

In the EPPS the image plates are curved following the
circumference of a circle centered at x0 and y0 with radius
rC making l and d interrelated along the image plate,

d = y0 +
√

r2c − (l − x0)2. (2)

With these assumptions the dispersion can be expressed
as a function of particle energy by combining eqs. (1)
and (2), solving for l in terms of arc-length. Uncer-
tainties occur due to the initial entry position and an-
gle of the particles, both are constrained by the narrow
collimating slit. While the EPPS spectrometers are de-
signed to have less than 10% variation in magnetic field
strength across the dispersion plane19, at the edges of
the plane near the entrance slit there will be 3D fringe
fields22 and variations in the rise of the magnetic field.
To account for this non-uniformity, the field of the per-
manent magnets can be calculated23 from their magne-

tization ~M and the divergence-less magnetic field con-

dition ∇ · ( ~H + ~M) = 0. In this study we used the
COMSOL Multiphysics®AC/DC solver24 to calculate
the magnetic field from the EPPS geometry, magnetiza-
tion of the magnets and permeability of materials. While
the calculated field is mainly unidirectional and uniform
throughout most of the EPPS body near the slit there
are indeed 3D fringe fields that especially affect the paths
of low energy particles. The uniform field and numerical
model can be adjusted to measurements of the peak mag-
netic field and the magnetic field profile along the slit axis
measured by Hall probes, respectively. However, it is dif-
ficult to access the full spectrometer volume through the
narrow slit for a complete magnetic field map. Verifying
how important fringe field effects are and how accurately
these are captured by the uniform and numerically cal-
culated field dispersion models requires calibration mea-
surements.

III. CALIBRATION

Spectrometers are calibrated with particle sources
such as electron guns25, radio frequency electron
accelerators26,27, or even laser-matter interactions that
are characterized with dosimeters28 or filtered with film
pack29. Medical electron accelerators are widely used to
deposit energy in tumors sufficient to destroy them with-
out damaging surrounding cells. The detailed modeling
and stability of beam characteristics required to achieve
successful treatment make electron beams from these ac-
celerators excellent calibration sources20,30,31. We cali-
brate the EPPS against a standard measurement for a
Oncor medical electron accelerator.
The Oncor medical linac (Siemens Oncology Care Sys-

tems, Concord, USA) accelerates electrons from a diode
gun in a RF waveguide. A bending magnet (Fig. 1 b)
rotates the electron beam direction by 270◦32. Since the
gyroradius depends on the electron energy and magnetic
field, setting the field strength or rather the current of the
electromagnet selects the beam energy. For medical pur-
poses the lowest default beam energy is nominally 6 MeV;
however, for these calibration measurements we have re-
duced the bending magnet current to achieve energies of
3.15 MeV and 4.56 MeV at the exit window. After the
bending magnet the electron beam travels through the
treatment head33 with components for shaping the beam.
For the calibration measurements we only kept difficult-
to-remove components: the water cooled titanium exit
window, an aluminum scattering foil, and an electron
monitor chamber consisting of several kapton and gold
layers (Fig. 1 b). Ref. [33] characterized the geometry of
each of these components.

The standard measurement for this calibration is a
depth scan of the beam energy deposited in water. Two
CC13 ionization chambers (IBA Dosimetry) measured
the percentage depth profiles in the water tank placed
below the treatment head at the accelerator iso-center
(100 cm from exit window)30. One chamber is placed
above the water and acts as a reference to account for flu-
ence irregularities, while the other chamber measures the
absorbed dose at stepped depths. To center the cham-
bers initially the measurement chamber scanned two per-
pendicular lateral profiles. For calibration measurements
each EPPS is placed below the treatment head (56.2 cm
below the exit window) (Fig. 1). Image plates are placed
in the EPPS and exposed to one or several of the beam
energies. After exposure the image plates are stored in
light-tight bags and kept in a gel-pack-cooled box to keep
the temperature within a consistent range (13◦C – 18◦C)
until scanning on the next day. The exposure and scan
time are noted to account for image plate fading34.

To determine the energy of the electron beam arriv-
ing at the EPPS slit, the beam source has to be char-
acterized and the scattering in the treatment head com-
ponents and air taken into account. This is achieved
with Monte-Carlo simulations of the propagation of the
electron beams. The Monte-Carlo simulations were per-
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FIG. 1. EPPS image plate geometry (a), setup of the calibration measurement (b) (not to scale), standard measurement (c),
and source and EPPS entry energy distributions (d). In (a) an electron (path in red) is deflected by the magnetic field B onto
a gyro orbit of radius ρ. The impact position on the image plate is defined by lengths d and l. The image plate is a section of
a circle defined by the radius of curvature rc and the center (x0, y0). In (b) the energy of the electron beam is selected by the
bending magnet field (I). The beam passes through an exit window (II), a scattering foil (III), and a monitor chamber (IV).
Upon entering the EPPS through a slit in a tantalum plate (V) the electrons are deflected by the magnetic field B towards
the radius of curvature rC = 12 cm image plate (VI). c) Depth dose curves calculated with Monte-Carlo simulation (orange) of
each beam compared to diode measurements (blue dashed) in the water tank. d) Normalized energy distribution of the source
in the simulation (orange) and simulated energy distribution of electrons arriving at EPPS slit (gray bars).

formed with TOPAS35, a wrapper of Geant4 developed
in the medical physics community. TOPAS includes
Geant4 physics lists describing multiple electron scatter-
ing. The geometry and materials of treatment head com-
ponents are taken from the characterizations of a previ-
ous study33. The electron beam is assumed to have a
Gaussian energy profile and simulated with 5 · 107 par-
ticle histories to provide sufficient statistical precision in
the calculated quantities. The mean and width of the
Gaussian-shaped source distribution are adjusted until
simulated depth dose in water agrees with those of the
standard measurements (Fig. 1c). Then the beam is
scored at the height of the EPPS slit. The source en-
ergy distribution and energy distribution arriving at the
EPPS slit height are plotted for each nominal beam en-
ergy in fig. 1d. The bending magnet voltage and beam
parameters are summarized in table I. The bending mag-
net voltage is listed and the impedance relating the bend-
ing magnetic voltage and current is 6.19 ± 0.05 Ω. The
bending magnet voltage VB and the mean energy of the
electron beam at the exit window µE fit a line given
by µE = 3.33 [MeV/V] VB − 0.353 [MeV] within 0.3%.
This linear relationship also holds for the two beam ener-
gies below the standard operating regime. The simulated
beam energy distribution parameters and angles at the
EPPS slit height are used for the following comparison
to the measured dispersion positions of the beams in the
EPPS. Further scattering will occur along the electron
path of the air filled EPPS but this effect is small since a
1 MeV electron loses about 2 keV per cm in air at room
temperature and pressure and the combined length of
EPPS slit material and dispersion volume is ∼ 11 cm.
57 calibration image plates were exposed to electron

beams in six EPPS models. Each shot exposed an image
plate to between one and all six of the available electron

TABLE I. Beam parameters for each nominal beam energy
EN : Bending magnet voltage VB , mean energy at exit win-
dow µE , mean energy at EPPS slit µS , standard deviation in
energy at slit σS, and standard deviation in angle σ◦

EN [MeV] VB [V] µE [MeV] µS [MeV] σS [MeV] σ◦ [deg]
3 1.050 3.15 2.69 0.19 0.1
4.5 1.475 4.56 4.04 0.26 0.08
6 2.110 6.69 6.13 0.42 0.07
9 3.018 9.69 9.06 0.43 0.06
12 3.819 12.38 11.73 0.67 0.05
15 4.860 15.85 15.17 0.82 0.04

beam energies. Fig. 2a) shows an image plate exposed to
all six energies. The image plate scans show spots that
correspond to the electron beams on top of a background.
The background signal has a super-Gaussian shape in the
vertical direction36 and a double-exponential shape in the
horizontal direction, increasing in magnitude towards the
low energy side37. The beam spots are super-Gaussian
in the vertical direction and Gaussian in the horizontal
direction. The shape in the horizontal direction results
from the energy distribution of the electron beam and
the dispersion of equal energy electrons entering across
the finite slit width (∼ 1 mm). To determine the position
of the beam spots a double exponential is fit to the back-
ground and subtracted from the signal, then Gaussians
are fit to an averaged line-out of the signal (Fig. 2 b).
The 3 MeV and 4.5 MeV beam spots have low signal-to-
noise ratios on image plates exposed to all beams. On
image plates solely exposed to the 3 or 4.5 MeV beams
the signal-to-noise ratio is higher, ∼ 2 (∼ 10 with back-
ground fit subtraction), because the background is re-
lated to the total dosage. Here, we present the calibra-
tion of the EPPS4-H, a specific EPPS, in which 15 image
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FIG. 2. Scan of image plate exposed to all six beams a) and
fits of the spots produced by the beams b). In b) a horizontal
line-out of the scan (solid blue), a double exponential fit to
the background (dashed orange) and six Gaussian fits to the
beam spots (dashed) with the nominal beam energy labels are
plotted.
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FIG. 3. Average peak position of the beam spots for each en-
ergy plotted (red) together with the dispersion models using
a 0.75 T uniform magnetic field (solid blue), and a numer-
ically calculated magnetic field (black markers with dashed
interpolating polynomial), which includes fringe effects. The
error bars correspond to the dispersion due to simulated elec-
trons entering across the finite slit width. d = 0 is the start
of the image plate. Inset shows the magnetic measured (solid
black) with a Hall probe along the central axis compared to
the calculated magnetic field (dashed gray). x = 0 is the slit
position.

plates were exposed. In the EPPS-4H the magnetic field
rises over the first 20 cm of the main axis, reaches a 0.75
T magnitude with variations of only 6% along the cen-
tral 60 cm (fig. 3 inset). For each beam energy there are
3–4 exposed image plates. Based on previous sensitiv-
ity analysis of the treatment head model the simulated
beam energies are accurate to within 1%33. The stan-
dard deviation of the peaks of the beam spots ranged
from 800 µm (16x50 µm pixels) for the 3 MeV beam to
200 µm (4 pixels) for the 9 and 12 MeV beams. Fig. 3

shows the average peak position l of the beam spots for
each energy E plotted (red) together with the dispersion
models of uniform magnetic field (solid blue), and nu-
merically calculated magnetic field (black markers). The
l of the uniform field dispersion model differs by 12%–
29% from the calibration beam spots. As the energy
increases the uniform field model approaches the numer-
ical dispersion. Higher energy electrons are less affected
by the non-uniformity in the magnetic field near the slit.
The l of the numerically calculated (uniform field) dis-
persion model differs by 10%–2% (12%–29%) from the
calibration l. The resolving power dE/dl can be deter-
mined by differentiating a interpolating 6th polynomial
given by l =

∑n=6
n=0 cn ·E

n, where c0 = 1.29, c1 = −0.419,
c2 = 5.11 · 10−2, c3 = −1.95 · 10−3, c4 = 2.83 · 10−5,
c5 = −3.56 · 10−7, c6 = 1.3 · 10−9, l [mm], and E [MeV].
Multiplying the resolving power by the difference in l of
the calibration and the numerical dispersion model yields
a < 0.7 MeV error for all calibration beams.

IV. CONCLUSIONS

The calibration measurements with six well-
characterized electron beams confirm that a dispersion
model based on numerically calculated magnetic fields
based on spectrometer geometry and magnetization
values provides an accurate description of the dispersion.
The resulting dispersion curve agrees with the measure-
ments within < 0.7 MeV over the energy range of the
calibration measurements, 2.7–15.2 MeV. The error of
the dispersion calculated from a uniform field is ∼ 3–6
times the error dispersion from a numerically calculated
field. At higher energies the effect of fringe fields is
diminished and the numerical dispersion approaches the
dispersion of electrons in a uniform magnetic field. The
image plate scans from these calibration measurements
could be used to calibrate the dosage response of image
plates in the EPPS to the fluence of an electron beam
as determined by ion chamber dosimetry38. A future
study could test whether the background signal observed
in these calibration measurements and laser-matter
interaction experiments originates from bremstrahlung
by further propagating electrons in a Monte-Carlo
simulation through the full spectrometer geometry30,
tracking their scattering off the EPPS material, and
scoring the resulting photons at the image plates.
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