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ABSTRACT
A magnetic proton recoil (MPR) neutron spectrometer is being designed for SPARC, a high magnetic field (BT = 12 T), compact
(R0 = 1.85 m, a = 0.57 m) tokamak currently under construction in Devens, MA, USA. MPR neutron spectrometers are versatile tools for
making high fidelity ab initio calibrated measurements of fusion neutron flux spectra and have been used to infer fusion power, ion tempera-
ture, fuel ion ratio, and suprathermal fuel populations at several high performance fusion experiments. The performance of an MPR neutron
spectrometer is in large part determined by the design of the magnetic field, which disperses and focuses recoil protons. This article details the
ion optical design of a high-resolution MPR neutron spectrometer, including the amelioration of image aberrations due to nonlinear effects.
An optimized design is presented that achieves ion optical energy resolution δE/E < 1% and focal plane properties that enable straightforward
integration with the hodoscope detector array.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0219551

I. INTRODUCTION

Neutrons produced by fusion reactions present an impor-
tant diagnostic signal for studying the physics and performance of
fusion reactors. In particular, the energy spectrum of neutron emis-
sions from Deuterium–Deuterium (DD) and Deuterium–Tritium
(DT) fusion reactions encodes useful kinetic information about the
fuel.1 The Magnetic Proton Recoil (MPR) technique is a powerful
method that leverages the well understood physics of elastic nuclear
scattering and charged particle transport through magnetic fields
to make high-resolution calibrated measurements of neutron flux
spectra.

The MPR technique was first proposed for studying fusion neu-
tron emissions in 19922 and was experimentally pioneered at the
JET tokamak to make detailed studies of the DT neutron production

spectrum.3 Since then, the MPR technique has been successfully
implemented at the OMEGA and NIF laser facilities.4 MPR based
measurements of neutron emissions from these fusion experiments
have been used to deduce many important plasma parameters,
including total fusion rate,5 ion temperature,6 bulk plasma flows,7
fuel ion concentrations,8 and non-thermal fusion.9

The operating principles of the technique are summarized
schematically in Fig. 1. Collimated neutrons (1A) emitted from the
fusing plasma impinge upon a thin, <250 μm, conversion foil (1B),
where they elastically scatter on protons. An aperture (1C) selects
protons scattered into a small, <4 msr, solid angle about the for-
ward direction, forming a diffuse proton beam. This beam then
traverses a magnetic beamline, which focuses the protons and dis-
perses them according to their energy. The dispersed protons then
strike an array of detectors (1F), called a hodoscope,10 which records
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FIG. 1. Schematic drawing of the MPR spectrometer for SPARC with major compo-
nents labeled. The magnetic field parameters listed here correspond to a 14 MeV
reference proton energy.

the spatial distribution of protons. The measured spatial distribu-
tion of the protons is directly related to the proton energy spectrum
by the dispersion of the beamline (see Fig. 5). The proton spectrum
is related to the incident neutron energy spectrum by the aperture
geometry and stopping power of the conversion foil. The response
function can be directly calculated from first principles using accu-
rately measured quantities, constituting an ab initio calibration of
the instrument.2,4

The overall neutron energy resolution is set by three compo-
nents: the conversion process, which broadens and downshifts the
proton spectrum relative to the neutron spectrum; the ion optical
resolution given by Eq. (A10); and the finite hodoscope detector
channel width, which sets the minimum resolvable scale length. The
system is held under vacuum better than 0.1 mTorr in order to min-
imize the broadening of the proton spectrum via interactions with
air molecules.

The next generation of MPR spectrometers is currently being
designed to expand the capabilities and improve the quality of neu-
tron spectrum measurements as fusion experiments begin to probe
the burning plasma regime.11 This work describes the design of the
ion optical magnet system for an MPR spectrometer for the SPARC
tokamak. In Sec. II, the spectrometer is contextualized at SPARC,
and the current design is summarized. Section III describes the ion

optical design process in detail. The ion optical performance is dis-
cussed in Sec. IV. A brief description of the ion optical formalism is
given in the Appendix.

II. MPR NEUTRON SPECTROMETER AT SPARC
SPARC is a high magnetic field (BT = 12 T), compact

(R0 = 1.85 m, a = 0.57 m) tokamak designed to demonstrate net-
energy fusion in a magnetically confined plasma and study burning
plasmas.12 A suite of neutron diagnostics plays an important role
in realizing these goals.13 The MPR spectrometer constitutes the
midplane line of sight of the poloidal neutron emission camera. Its
viewing geometry is shown in Fig. 2. The MPR will be located out-
side the tokamak hall behind the 2.5 m thick concrete wall, which
serves as the primary radiation shield for the spectrometer, although
additional shielding is planned to further reduce background neu-
tron and gamma fluxes. A 3 cm diameter collimator through the
wall defines the field of view of the plasma. Except for the diagnos-
tic port’s thin vacuum flange and its own vacuum vessel, the view of
SPARC’s core plasma is unobstructed. Raj shows a rendering of the
SPARC tokamak hall and neutron lab in these proceedings.13

The range of conditions expected across SPARC’s experimen-
tal campaigns imposes several performance requirements on the
sensitivity and energy resolution of the spectrometer. The absolute
sensitivity requirements correspond to measurements of DT fusion
power between 100 kW and 140 MW. The required resolution is
set by measurement of the core ion temperature Ti > 4 keV via the
thermal broadening of the primary neutron peak. Based on Brysk’s
Gaussian approximation for thermonuclear neutron spectra,14 this
requirement implies an energy resolution capable of resolving a
width of 350 keV for DT plasmas and 166 keV for DD plasmas.

This spectrometer is designed to maximize flexibility to meet its
performance requirements. Electromagnets can tune the energy sen-
sitivity of the instrument to cover the range from 2 to 20 MeV while
preserving the relative ion optical performance, enabling high qual-
ity measurement of DD (En ≈ 2.45 MeV) and DT (En ≈ 14.1 MeV)
neutron emissions. There is an inherent tension between the sen-
sitivity and resolution of MPR spectrometers. Increasing the con-
version efficiency necessitates a larger, thicker foil and/or a wider
aperture, while improving the resolution calls for the opposite.
To resolve this, mechanisms are being designed that will enable
shot-to-shot selection of conversion foil and aperture. The design
of the hodoscope detectors is critical to ensure accurate measure-
ment of the proton distribution in the focal plane. Dalla Rosa

FIG. 2. Neutron spectrometer field of view defined by the 3 cm diameter collimator through the tokamak hall wall (red lines). The field of view admits neutrons with a maximum
angle of 0.24○. The in-port shielding (in gray) has been designed to accommodate this field of view, giving a nearly unobstructed view of the core plasma out to ∣Z∣ < 17 cm.
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describes detector prototype experiments for the hodoscope in these
proceedings.10

III. ION OPTICAL DESIGN
The design of the magnet system was conducted using the ion

optical formalism shown in the Appendix,15 and calculations were
carried out using the differential algebraic Taylor map code COSY
INFINITY.16

The conversion foil and aperture geometry define the initial size
and divergence of the proton beam, which determines the size of
the magnets. The design presented here considers a 1.5 cm radius
foil and a 1.75 cm radius proton aperture separated by 50 cm. This
geometry constraints the accepted rays to have xi, yi < 1.5 cm and
θxi, θyi < 3.7○.

A three magnet beamline consisting of a quadrupole, a dipole,
and a multipole (quadrupole + hexapole) has been optimized
through analysis of transfer map elements. The Taylor map formal-
ism is leveraged by finding a first order configuration that meets the
requirements, increasing the fidelity of the calculation, and applying
corrections order by order.

A. First order design
The most important constraint on the first order design is to

provide an ion optical focus. Restricting attention to the parameter

subspace that forms images, the system has been optimized to max-
imize the resolving power of the spectrometer [Eq. (A3)], subject to
the saturation limits of the magnet iron and the size and power limits
of the neutron lab.

The first magnet, a vertically focusing quadrupole, is placed
10 cm behind the aperture. Vertical focusing has two benefits: the
vertical gap of the dipole is reduced without clipping the proton
beam, which reduces the power requirement while maintaining full
beam transmission, and it increases the horizontal dispersion of the
beam, which improves the resolving power. The quadrupole has a
bore radius of 6 cm.

The dipole is located 60 cm away from the exit of the
quadrupole and deflects particles of the reference energy through a
70○, 55 cm radius arc. The field strength determines the magnetic
rigidity of the reference particle; tuning the field to 0.98 T selects
14 MeV as the reference proton energy. The dipole has an 8 cm ver-
tical gap and a 40 cm wide region of homogeneous magnetic field.
Dipoles are inherently focusing in the dispersive plane and have no
first order effect on vertical motion;15 however, the shapes of the pole
faces provide additional degrees of freedom with which to tailor the
ion optical trajectories in both directions. The slope of each face acts
as an ion optical quadrupole.

A combined quadrupole/hexapole multipole is located 40 cm
behind the exit of the dipole. The quadrupole field is vertically focus-
ing to control the vertical image size, enabling shorter hodoscope

FIG. 3. First order trajectories projected onto the dispersive plane. Colors correspond to proton trajectories with different energies (red = E0 + 25%, black = E0, and
blue = E0 − 25%). The ion optical resolving power is 81 (δE/E = 1.2%). The inset shows the third order optimized dipole face shapes (solid black) and region of
homogeneous field (dashed green).
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detector units, which reduces background counts. To simultane-
ously observe the greatest range of energies while being power
efficient, the multipole is designed to have an oblate bore to match
the dimension of the dispersed proton beam. Modeled as an ellipse,
the multipole has a horizontal major radius of 20 cm and a vertical
minor radius of 10 cm. This multipole design gives an energy bite of
±25% about the central energy. The focal plane is 30 cm beyond the
exit of the multipole.

The distances between elements were chosen based on manu-
facturing constraints on the size of the magnet coils and iron yokes,
as well as the observation that the magnification roughly scales with
the ratio of the length after the dipole to the length before the
dipole. As the system’s performance is sensitive to each parameter,
the magnet parameters were determined iteratively by making small
adjustments, refitting to find focus, and comparing the new per-
formance to the design goal. Figure 3 shows first order optimized
trajectories through the system.

B. Correction of aberrations
Including higher order terms in the calculation of the transfer

map reveals the presence of aberrations that degrade the resolving
power. Figure 4(a) shows a third order aberration as an example. The
strategy is to ameliorate the aberrations order-by-order with mul-
tipole fields of the corresponding order. As is expected for a well
behaved Taylor expansion, the higher order terms will become less
and less important. This design is found to only require corrections
up to the third order before the higher order aberrations no longer
significantly contribute.

1. Second order corrections
The second order calculation of the transfer map includes cou-

pling between phase space coordinates and introduces nonlinear
distortions of the first order image and focal plane. The aberra-
tions induced by second order terms of the transfer map are cor-
rected by applying appropriate hexapole field effects, either through
multipoles or by introducing curvature to the dipole faces.

One second order aberration was a 63○ rotation of the focal
plane away from perpendicular incidence. This chromatic aberra-
tion [Eq. (A8)] is controlled by the coupling of the initial angle
and energy of protons in the final position and is corrected by
hexapole effects following the dispersive action of the dipole. The

FIG. 4. Third order x − θx phase portraits: (a) Uncorrected cubic angular aberra-
tion, identified by the clear S-shape; and (b) corrected phase portrait lacking any
obvious structure. Notice the reduction in dispersive image size from 6 to 1.5 cm.
In addition, the focal plane radius of curvature is increased from 48 to 60 cm.

dipole exit face curvature and multipole’s hexapole component are
subsequently used to rotate the focal plane to normal incidence
(0.13○).

The hexapole corrections used to rotate the focal plane exac-
erbated other aberrations. The largest of these was the quadratic
angular aberration (x∣θxθx). The entrance face curvature of the
dipole is used to correct this aberration. The correction to the focal
plane tilt also introduces a strong vertical chromatic aberration that
causes the images formed by low energy protons to be shorter and
wider and the images formed by high energy protons to be taller
and thinner [see Fig. 5(b)]. Without adding another magnet, this
aberration could not be corrected without sacrificing the image qual-
ity in the dispersive direction. As in the first order calculation, the
optimum parameter values were found iteratively.

2. Third order corrections
Third order calculations introduce cubic nonlinearities and

induce focal plane curvature [Eq. (A9)]. These aberrations were cor-
rected by appropriate octupole field contributions provided by cubic
shaping of the dipole faces. Figure 4 shows the uncorrected and cor-
rected third order x − θx phase portraits, and the inset in Fig. 3 shows
the resulting optimized third order dipole shape.

After making these third order corrections, it was found that
higher order aberrations did not significantly degrade the ion optical
performance of the system.

FIG. 5. (a) Proton energy dispersion for 16 MeV central energy. The shaded blue
region shows the FWHM of Monte Carlo proton images and is 0.8 cm at 14 MeV,
corresponding to a resolution of 127 keV. (b) Characteristic monoenergetic proton
images spaced by 500 keV over the same energy range. 14 MeV protons land at
x = −15 cm in this setting.
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IV. ION OPTICAL PERFORMANCE
The performance of the spectrometer was assessed using the

new open-sourced toolkit MPRTools,17 which will be described more
fully in a future publication. MPRTools implements many use-
ful functions for quantifying and visualizing the performance of
MPR systems. In the following analyses, a fifth order transfer map
generated by COSY INFINITY is used.

The toolkit implements a Monte Carlo procedure to generate
a realistic ensemble of protons from user defined incident neu-
tron spectra using ENDF differential scattering cross section data.18

Applying the transfer map produces realistic spatial proton distribu-
tions in the focal plane. The full width at half maximum (FWHM) of
monoenergetic distributions can be used to compute the resolution
according to Eq. (A10). The central ion optical resolution is com-
puted to be 0.8% relative to the reference energy and is maintained
as the reference energy is varied. The electromagnets can be tuned
to any reference energy up to 16 MeV, at which point the dipole
begins to saturate. The spectrometer measures protons with energies
within 25% of the reference energy. Table I describes the ion opti-
cal resolution and measured energy range of the spectrometer for
three reference energies of interest. The performance is more than
sufficient to meet the resolution requirement described in Sec. II.

Figure 5(a) shows that the ion optics are heteroskedastic with
energy. The FWHM increases for energies away from the reference,
with the image broadening being more dramatic at the low end of the
energy range. Figure 5(b) shows a series of monoenergetic proton
images and reveals that the variation in FWHM is a result of the ver-
tical chromatic aberration discussed in Sec. III B 1. This aberration
could not be corrected without sacrificing resolution or increasing
the system’s complexity and was determined to be an acceptable
trade-off from an integration perspective.

A. System integration
These analyses do not consider the broadening of the proton

spectrum relative to the incident neutron spectrum, which must be
studied in detail to determine the overall energy resolution of the
spectrometer. Future work will find optimal combinations of foil
radius, foil thickness, and aperture radius that maximize the count
rate for a particular total energy resolution.

The focal plane of the ion optics has been carefully tailored to
ease integration with the hodoscope detector array.10 The vertical
image size was kept <10 cm. The focal plane was rotated to normal
incidence with the optical axis, reducing the amount of crosstalk
between neighboring detector channels and shortening the over-
all length of the focal plane. The curvature of the focal plane was
also reduced to improve the coupling of proton trajectories with the
detectors.

TABLE I. Ion optical properties when tuned to proton energies appropriate for the
study of DD, DT, and non-thermal neutron emissions.

E0 (MeV) δE (MeV) Emin (MeV) Emax (MeV)

2.4 0.020 1.5 3.0
14.1 0.112 10.6 17.6
16 0.128 12 20

V. CONCLUSIONS
The ion optical design of the electromagnet system discussed

in this paper meets its performance requirements. The design of the
magnet system was conducted using COSY INFINITY to find a lin-
ear design point and then systematically address the higher order
aberrations to maximize ion optical performance. The magnet sys-
tem allows a tunable choice of reference energy ranging from 2 to
20 MeV and views protons with an energy of ±25% about the cho-
sen reference energy. The ion optical energy resolution is 0.8% at
the reference energy, enabling high resolution measurements of the
neutron production spectrum of SPARC plasmas.
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APPENDIX: ION OPTICAL FORMALISM

Ion optics comprise a charged particle transport formalism
developed for the analysis of charged particle beamlines.15 Particles
are described by phase space vectors defined relative to a refer-
ence particle’s trajectory. x and θx describe the particle’s horizontal
(dispersive) displacement and angle away from the reference trajec-
tory. y and θy describe the displacement and angle vertically. The
deviation in the particle’s energy is denoted by δE.
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A transfer map, T, is an operator that maps particle vectors
from one point along their trajectories to another,

(x, θx, y, θy, δE) f = T[(x, θx, y, θy, δE)i]. (A1)

A Taylor map is constructed as a set of multivariate Taylor
polynomials for each phase space coordinate. The Taylor map of a
given set of magnets may be explicitly calculated using numerical
methods with high accuracy.19

1. Linear theory
First order ion optical calculations include only dipole and

quadrupole magnetic field effects and are linear in phase space
coordinates. The first order elements of T, which determine x, the
displacement of particles in the dispersive direction, are of partic-
ular importance for determining the performance of an ion optical
spectrometer,

x f = T1[(x, θx, y, θy, δE)i] = (x∣x)xi + (x∣θ)θi + (x∣δE)δEi. (A2)

The locus of points where (x∣θx) = 0 defines the focal plane of
the system. (x∣x) is the dispersive magnification and determines the
size of the image in the focal plane. (x∣δE) is the linear energy disper-
sion. The ion optical resolving power of a focused system is a linear
figure of merit given by

R0 =
(x∣δE)

2rfoil(x∣x)
. (A3)

In first order calculations, the horizontal and vertical motions
are decoupled: (x∣y) = (x∣θy) = (y∣θx) = 0.

2. Nonlinear theory
Higher order calculations a Taylor map introduces nonlinear

couplings between phase space coordinates that distort the image
and modify the dispersion. The first nine terms of the second order
expression for the focal plane position are

x f = T2[(x, θx, y, θy, δE)i], (A4)

= T1 + (x∣xx)x2
i + (x∣θxθx)θ2

i + (x∣δEδE)δ2
Ei, (A5)

+ (x∣xθx)xiθxi + (x∣xδE)xiδEi + (x∣θxδE)θxiδEi, (A6)

+ (x∣yy)y2
i + (x∣xy)xiyi + (x∣yθy)yiθyi + ⋅ ⋅ ⋅ . (A7)

The higher order terms produce aberrations. Geometric aber-
rations are proportional to the initial displacement and angle of
particles and increase the effective magnification, thereby degrading
the resolution. Chromatic aberrations are proportional to the energy

deviation and manifest as distortions of the focal plane, hampering
integration with detectors. The focal plane rotation is a second order
chromatic aberration,15

tan ϕ fp =
(x∣θxδE)

(θx∣θx)(x∣δE)
. (A8)

The curvature of the focal plane is a third order chromatic aber-
ration. The radius of curvature of a spectrometer with no focal plane
rotation is

RC =
(x∣δE)

2

(x∣x)(x∣θxδEδE)
. (A9)

The central energy resolution, δE/E, of a spectrometer can be
computed from a nonlinear transfer map by dividing the Full Width
at Half Maximum (FWHM) of a monoenergetic image by the linear
dispersion,

R[%] =
FWHM
(x∣δE)

. (A10)
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