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ABSTRACT

A new high energy proton radiography facility PRIOR-II (Proton Microscope for FAIR) has been designed, constructed, and successfully
commissioned at the GSI Helmholtzzentrum fiir Schwerionenforschung (Darmstadt, Germany) pushing the technical boundaries of charged
particle radiography with normal conducting magnets to the limits. The setup is foreseen to become a new and powerful user facility for
carrying out fundamental science experiments in the fields of plasma and shock wave physics, material science, and medical physics. It
will help address several unsolved scientific challenges, which require high-speed and precise non-invasive diagnostic methods capable of
probing matter with up to 100 g/cm* areal density. PRIOR-II is specifically designed to utilize the full timing capabilities of the SIS-18
synchrotron at GSI for ultra-fast dynamic experiments with up to 4 GeV protons and will also be fielded at the future FAIR facility, where
higher proton energies and beam intensities will be available. This will enable experiment geometries with even higher areal densities, more
flexible experiment timing, and further enhanced spatial resolution.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).
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. INTRODUCTION

Lens-based proton radiography is a powerful technique for
probing the interior of dense objects in static or dynamic exper-
iments by mono-energetic beams of GeV-energy protons, using a
system of magnetic lenses for imaging.

The concept of proton radiography employing magnetic lenses
has been developed and demonstrated in the 1990s at the Los
Alamos National Laboratory using 800 MeV H™ beams from the
LANSCE linear accelerator facility.” Since then, several proton
radiography facilities using high energy protons from 800 MeV up to
70 GeV have been commissioned at the ITEP (800 MeV) in Moscow,
Russia,” the IHEP (70 GeV) in Protvino, Russia,””’ the BNL (24 GeV)
in Brookhaven, USA,” and GSI (4.5 GeV) in Darmstadt, Germany.
Efforts on constructing a facility at the IMP in Lanzhou, China, have
been made but not yet been realized;”  however, the diagnostics
may be implemented for future warm dense matter experiments at
the HIAF in Huizhou, China.

The custom radiography lens system required for this tech-
nique, a magnetic quadruplet—commonly known as Russian
quadruplet'’—allows for a flexible adjustment of magnification and
image contrast and provides second-order chromatic aberration
correction. "~ It is driven in a way so that the measured proton
transmission distribution at the detector position is directly related
to nuclear interactions and multiple Coulomb scattering (MCS) in
the target investigated.'" Therefore, image contrast is dependent
on the scattering angle of the protons and can thus be translated
to areal densities using an approximation of the Moliére scattering
theory.

In order to enhance the capabilities of this technique, several
advancements have been developed over the past years. For imag-
ing of low-density processes such as, e.g., turbulent mixing of gases,
inverted collimation can be used to enhance the contrast of low
density features.'” For this, protons with both large and small scat-
tering angles are removed from the beam simultaneously, leaving
only protons that have scattering angles corresponding to the den-
sity window investigated. Furthermore, dark-field radiography has
been developed, which is capable of significantly enhancing image
contrast at the cost of lower proton intensity.

The performance of lens-based radiography facilities is depen-
dent on the overall length of the magnetic imaging lens itself
(see Sec. 1I), and as such, compact and strong quadrupoles are
desirable for such systems. Apart from superconducting magnet
technology, the highest field gradients can be achieved with perma-
nent magnet quadrupole (PMQ) lenses. Therefore, several systems
of this kind, e.g., at GSI in Germany, were developed'” and built
using the highest energy-density NdFeB permanent magnet materi-
als. Such quadrupoles are based on multi-layer Halbach-style arrays
assembled from individual permanent magnet elements with dif-
ferent magnetic orientations.”’ Despite providing the highest field
gradients at very compact dimensions, those magnetic assemblies
have been proven to be subject to strong self-demagnetization due
to radiation damage through interaction with the scattered high
energy primary protons and secondary particles. As this effect
also leads to a severe degradation of the image quality, the new
PRIOR-II facility relies on compact high-gradient and radiation-
resistant normal conducting magnets, which provide constant field
quality and enhanced tuning capabilities. Such systems based on
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electromagnets are also especially suitable for applications in very
confined spaces, where PMQ lenses pose a significant disadvantage
as they require movement along the beam axis for focusing multiple
beam energies.

The new PRIOR-II facility at GSI is designed to take advan-
tage of the most recent developments in the field by employing
a set of custom high-gradient normal conducting magnets, which
are specifically designed to suppress high-order parasitic multipole
field components at nominal working currents for 4-5 GeV protons
(about 80%-90% load). This enables a sub-10 ym design spatial res-
olution, allowing the probing of fine structural effects in dynamic
shock-wave experiments, which currently cannot be visualized at
other operational facilities. Furthermore, contrary to present nor-
mal conducting magnet based radiography designs relying on just
two power supplies, the PRIOR-II quadrupole magnets are driven
by four individual power supplies with a high current stabilization
providing an increased tuning capability of the system and allow-
ing for the correction of even the smallest mechanical and magnetic
deviations. Combined with the proton pulse structure provided by
the SIS-18 synchrotron at GSI (up to four individual bunches within
about 600-800 ns), PRIOR-II represents a new, valuable instrument
for research on various challenging areas in the fields of materials
science and plasma physics.

Il. DESIGN AND CONSTRUCTION
A. lon optical design

In order to understand the challenges of the ion optical design,
a brief introduction of the underlying beam physics is necessary.

Let the coordinates of a particle at the object plane of an
imaging system be x = {x1, %2, .. ., X6 }, where according to common
(e.g., COSY INFINITY code” ") notation,

X1 =X X2 =a =Px/Po,
x3 =Y, x4 = b = py/po, (1)
XSZZZ*(t_tO)UOY, XGZkIK_KO,

1+y K()

where x and y are the horizontal and vertical positions, respectively;
p, and p, are the horizontal and vertical momentum components,
respectively; and Po> Ko, vo, tos and y are the momentum, kinetic
energy, velocity, time of flight, and total energy over mjg ¢ of the ref-
erence particle, respectively. These coordinates are canonical. After
passing through the lens system, the coordinates of a particle at the
detector (image) plane are X = {X1,X,...,X¢}. The final coordi-
nates, X are related to initial coordinates, x by a transfer map (Taylor

expansion) M= {Mi, Mz, ..., Ms},

> Mygyxiag X8 @)
{i.}, Y i<N

Xy = Miox=

where N is the order of the transfer map. The elements M ¢,y of
the vectors M are proportional to the partial derivatives of the final
coordinate X with respect to the corresponding initial coordinates
{xi}, e.g., the second-order element M, (54} o< %.

Due to a finite relative initial energy spread of the SIS-18
beam’’ g} of about 107, as well as energy loss straggling in the tar-
get, high-order chromatic effects have to be considered. The most
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dominant aberrations are the second-order chromatic aberrations,
namely, position- and angle- dependent aberrations, which can be
described for X, through the second-order transfer map elements
M 16y and My 6. Assuming that the (x,a) and (y,b) phase
space planes of the ion optical system are decoupled, this yields for
the X, coordinate (x-coordinate) from Eq. (2),

X] = Ml,{l} X+ Ml,{Z} -a+ Ml,{l,6} -x-k
+M1,{2,6)-a-k+-~-. (3)

The imaging condition for proton radiography is equivalent to
point-to-point focusing, where the final position of a proton X is
independent from the initial angle, 4, hence

M3 =0, Mjeyy =0, 4)

and the first-order elements M, ¢y = My, M; 33 = M, are the
geometrical magnifications of the imaging system.

Furthermore, by preparing the incoming beam at the object
location using upstream magnetic quadrupoles, so that the correla-
tion coefficients (beam convergence or divergence angles) fulfill the

relations,
xa) M1 ML {1e} 6}
)T Miee )
bb) __ Msse

YT T Mg

the position-dependent second-order chromatic aberration terms
M 116y and M3 (36) vanish as well. This is called chromatic match-
ing " and crucial for eliminating the most significant image distor-
tions. As the remaining second-order angle-dependent terms cannot
be canceled by any means, it is an intrinsic property of the magnetic
lens system, which is often referred to as chromatic length "= C,

ARTICLE pubs.aip.org/aip/rsi

The chromatic length is a suitable parameter, which can be
employed for optimizing the performance of radiographic lens sys-
tems, as shown in . For practical purposes, one can estimate
the spatial resolution performance of a proton microscope due to
the second-order chromatic aberration only just as

RS, %0479 Cyy - Oc - 0, (7)

where 6. is the acceptance of the collimator at the Fourier plane of
the system providing image contrast due to the MCS in the object

and 0} = \/(K?) is the total beam energy spread after an object. The
coefficient 0.479 is due to the assumption that the collimator accep-
tance angle is matched to an object causing a normally distributed
MCSwith g, so that 6. ~ 0, The approximation in Eq. (7) is called
chromatic resolution; an example is presented in , where it is
calculated for several configurations of the PRIOR-II facility. If the
beam after an object has a significant energy spread oy and the colli-
mator acceptance angle 6. is not too large, the chromatic resolution
is expected to be the dominating term.

In order to reduce the chromatic length and, therefore, increase
the performance of the imaging system, the drifts L; through L;
between the individual magnetic elements and the lengths QL; and
QL, of the elements itself have to be minimized (see ). As the
object to image distance Ly, at the HHT (high energy, high temper-
ature) experimental area at GSI and at the FAIR facility is fixed to
9.5 and 20.0 m, respectively, the last drift L4 is defined by the cho-
sen parameters of the system and does not need to be considered.
Reducing both, drifts and element lengths, always comes at the cost
of higher quadrupole field gradients and steeper beam slopes W, and
W, from Eq. (5), which makes it harder to achieve the conditions for
chromatic matching with the upstream elements and also reduces the
beam size at the object location and, therefore, the available field of
view (FOV).

The ion optical design of the PRIOR-II facility was first opti-
mized for fielding at the existing HHT experimental area of the GSI
for proton energy of 4 GeV. The final design was then transferred

c. - Ml,{z,ﬁ}, c, - M fae) ©)
M, M,
Ltot <
L1 Lo Ls Lo L4
S . s o i

S
\ ME%—‘MQ3 %

N
NN R
SIS RN
R -y
\/
> > [ <> o>
QL: QL2 | QL2 QL4

Fourier plane /
collimator position

object plane

image plane

FIG. 1. General schematics of a mag-
nifying magnetic quadruplet or Russian
quadruplet for particle or proton imag-
ing purposes. A beam envelope in the
horizontal x-plane for a D-F-D-F config-
uration of the lens is shown (calculated in
COSY INFINITY); trajectories with large
scattering angles are sorted out in the
Fourier plane using a collimator.
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to the FAIR facility and underwent a performance evaluation with
5 GeV protons. As a variation of the lengths of the magnetic ele-
ments generally has a larger effect on the chromatic length than a
variation of the drift lengths, the optimization procedure was carried
out by first fixing the drifts Ly to a mechanically reasonable min-
imum and then reducing the length QL, of the quadrupoles until
90% load for the maximum pole tip field of about 1.3 T was reached.
This also ensured compatibility at FAIR with even higher energy
protons from the SIS-100 synchrotron. Furthermore, the length-
ratio between long inner and short outer magnetic quadrupoles
MQ2, MQ3 and MQI, MQ4, respectively, was preserved (1.625:1) to
ensure equal load on all elements. This optimization procedure was
performed for multiple pole tip radii from 15 mm up to 30 mm. As
the corresponding angular acceptance or FOV of the setup showed
a significantly stronger dependence on the aperture radius than
the chromatic length, a design with a larger aperture was favored
to increase the maximum FOV for future physics experiments at
GSI and at FAIR.

B. Ultra-high-gradient normal conducting
quadrupole lenses

Following the ion optical optimization procedure, the main
technical parameters of the PRIOR-II quadrupole magnets were
fixed and are presented in . It is to be noted that the cho-
sen maximum flux density of 1.3 T on the pole tip is rather high
as normal conducting quadrupoles usually do not exceed 0.9-1.0 T
pole tip field. The saturation effects in the PRIOR magnets may,
therefore, significantly distort the field distributions. At the same
time, an excellent field quality is required within the good field
area of the magnets within a wide range of the field gradients
for different proton energies. Among other considerations, these
contradictory requirements demand careful designing of the yoke
geometry including the pole tip shape, coil configuration, and the
end chamfer profile.

The magnet design of the PRIOR-II system was carried out
in a multi-stage process starting with an optimization of the pole
tip shape described in the studies in Refs. 27-29. The scalar mag-
netic potential U(r, 0) in the magnet aperture may be expressed by

TABLE I. PRIOR-II technical design parameters. The effective lengths and maximum
effective fields (integrated gradients) are given at the maximum specified current.

MQ1, MQ4 MQ2, MQ3
Pole tip radius 30 mm
Good field radius 25 mm
Max. pole tip field 13T
Field quality +4 % 107 rel. units
Geom. length 400 mm 650 mm
Eff. length (415 + 2) mm (658 + 2) mm
Weight 1200 kg 1800 kg
Turns per coil 15
Max. current 1700 A
Total power 38.6 kW £ 10% 52.0 kW + 10%
Max. gradient 42 T/m 42.8 T/m
Max. effective field 174T 282T

ARTICLE pubs.aip.org/aip/rsi

a Fourier expansion in polar coordinates, with g being the pole tip
radius, as shown in the following equation:

6

U(r,0) = Uz(é) cos (20) + Us(é) cos(60)+---. (8)

For a system with the quadrupole fourfold symmetry, only the
terms Us, Us, and Uy, . .. appear in the expansion. Moreover, for
the ideal magnet, only the first term in Eq. (8) with the amplitude of
U, is not vanishing. In practice, the ideal field configuration is dis-
turbed by the finite dimensions of the pole, by the influence of coils
and nonlinear magnetic properties of the steel, all of which excite
high-order parasitic harmonics. Amplitudes of these harmonics can
be partially suppressed by a proper choice of the pole tip shape. The
main principles of the performed optimization procedure are based
on the idea that the pole border line may be described in terms of
a Fourier series and the field distribution in the magnet aperture.
A strong correlation between amplitudes of corresponding expan-
sions provides conditions for a fast and robust convergence of the
pole shape optimization procedure.”” Such an optimization option
for the multipole magnets has been integrated into the software
MULTIMAG” developed for computing magnetic fields in accel-
erator magnets on the basis of finite element method. The goal
function for the optimization procedure is formed as a set of the
desired field harmonics in the aperture.

While for normal conducting quadrupole beam line magnets,
only the main harmonic U, is usually assumed to be not equal to
zero; magnets that operate in deep saturation, such as the PRIOR-
IT magnets, pose a challenge for a magnet design. According to the
main requirements to the developed magnets, the flux density in
the iron core will strongly saturate the pole material. Consequently,
a distortion of the field distributions at maximum excitation cur-
rents exceeds acceptable margins. It is possible to reformulate the
requirements to the field quality in the magnet aperture in terms
of maximum acceptable amplitudes of the field harmonics at the
border of the good field area. A series of numerical experiments
demonstrated that saturation effects change mainly the amplitude
of the first non-quadrupole harmonic Usg (see ). Therefore, it
was decided to find a pole tip profile, which initially induces the
sixth harmonic of the flux density distribution with the maximum
acceptable amplitude. Saturation of the iron reduces this amplitude
to zero in intermediate fields and reverses the sign of the amplitude
(or more accurately—changes the phase of the corresponding term
in Fourier series by 180°). In such a way, we achieved the maxi-
mum possible range of the field gradient variation. To further widen
this range, an air slot was introduced for the pole of the magnet
( left). Such an arrangement—commonly known as Purcell fil-
ter’’—produces the effect of “negative shimming” in the case of sat-
urated pole and properly corrects the field distribution for the case
of the maximum excitation current. The parameters of the hole are
as follows: the diameter is 10 mm and the distance to the pole surface
is 13 mm.

Based on the 2D cross section described above, a 3D model of
the PRIOR-II magnets has been built for further optimization. This
model has been analyzed using OPERA 3D"' software ( right).
Optimal parameters of the end chamfers (the inclination angle of
60° and the length of 6 mm) provide similar correction of the field
distributions in the magnet aperture for all excitation currents in the
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FIG. 2. Cross section of the pole tip of the PRIOR-II quadrupole magnet (left) and corresponding 3D model of the final magnet (right).

coil. The chosen final pole chamfer ensured a similarity between the
field distributions in the central cross section and the corresponding
average flux density G = [ G(z)dz/L, where L is the yoke length. The
integral field quality in the magnet aperture is shown in Fig. 3.

The dependency of the parasitic high-order field harmonics
in the magnet aperture on the magnitude of the pole tip field is
shown in Fig. 4. It confirms the initial assumption that the satura-
tion effects affect mostly the sixth harmonic amplitude, which was
used at the stage of pole shape optimization. One can see that the
maximum amplitudes of undesired field harmonics in the magnet
aperture shown in Fig. 3 do not exceed the required limits presented
in Table I.

o G=6T/m
o G=37T/m
v G=44T/m

AG/G, 1074 [rel. units]

Angle [deg.]

FIG. 3. Integral flux density distribution in the aperture at the border of the good
field area for different flux density levels for the 400 mm long magnet.

o 6% harmonic
3 o 10 harmonic
v 14" harmonic
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FIG. 4. Flux density harmonics at the border of the good field area as functions of
the pole tip field magnitude.

C. Final design parameters

As the result of the design work described above, the key para-
meters of the PRIOR-II proton microscope are presented in Table IT
for use at the present HHT experimental area with up to 4 GeV pro-
tons from the SIS-18 synchrotron as well as at the APPA (Atomic,
Plasma Physics and Applications) cave at the future FAIR facility
with up to 5 GeV from the SIS-100 synchrotron.

Due to different geometrical constraints at both experiment
locations, the main difference between the two use cases is the avail-
able object-to-image distance, Lor, which mostly affects the systems’
magnification and, therefore, the required detector size. Both scenar-
ios show very similar performance in terms of the available FOV and
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TABLE II. lon optical design and performance of PRIOR-II at GSI and FAIR. The spatial resolution performance has been
calculated in the object plane under the assumption that downstream of the object the energy and angular spreads of the

beam are gy = 7 x 107 and 0, ~ 6¢, respectively.

FAIR GSI
Geometry
Object to image distance, Liot 20.0 m 9.5m
Object to matching distance, Lo 1.0m 1.0 m
Stand-off, L; 0.5m 0.5m
Outer gaps Q1-Q2 and Q3-Q4, L, 0.1m 0.1 m
Middle gap Q2-Q3, L3 0.5m 0.4m
Distance to the image, L4 16.7 m 6.3 m
Optical properties
Reference energy, E, 5000 MeV 4000 MeV
Normalized RMS emittance, €x x €, (mm mrad) 6.25 x 2 6.25 x 2.5
Magnification, M 8.03 3.49
Chromatic length, Cx x Cy (m) 2.66 x 5.04 2.77 x 5.24

Matched beam slope, W x W, (mrad/mm)

—-0.4849 x -0.2270 —-0.5292 x —0.1990

Performance
Collimator acceptance, 6, (mrad) 2 5 2 5
Field of view, FOV, x FOV, (mm) 30 x 52 29 x 48 30 x 57 30 x 54
Chromatic resolution, R x R} (um) 18x34 45x85 19x3.6 47x89

the spatial resolution. This indicates that the best achievable spatial
resolution for the given oy and 6, [see Eq. (7)] is limited by the intrin-
sic ion-optical aberrations of the magnifier only. It is to be noted that
the actual spatial resolution is likely to be limited by other factors,
e.g., by the available detector resolution discussed in more detail in
Sec. 11T A.

The proton microscope is first fielded and commissioned at the
HHT experimental area at GSI. The ion-optical layout of the cor-
responding HHT beam line section, including the matching section
upstream of the object location as well as the imaging quadruplet,
is shown in Fig. 5 alongside the envelopes of the matched beam.
Here, mostly the apertures of the last two matching quadrupoles are

image plane
§ § .‘E’ E object plane
o O o < o o
X D F 2 2 F| [F /
= = ﬁ:ﬁ 3 gg gg FIG. 5. lon-optical layout of the
L i GC o0 HHT beam line at GSI with the
D DF D PRIOR-II  microscope in D-F-D-F
A p
/ — 7 configuration. The beam envelopes
] ¥ P m (above the axis—horizontal and
— 1 ™ e o s L A below the axis—vertical) show a
= = —— matched beam  configuration  cal-
T —— = N—— .
““%\Q T culated and plotted with COSY
I — . Element names are printe
™ INFINITY. Element inted
? DAF D according to the GSI nomenclature,
— hence MU—dipole, QD—quadrupole
1 L duplet, QT—quadrupole triplet, and
uadrupole quadruplet.
Y IFl D] D] (D] Fourier plane U= i s
collimator position
j
Matching Section PRIOR-II
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FIG. 6. PRIOR-II setup fielded at the HHT experimental area at GSI. Upstream
view from behind the last (short) quadrupole of the imaging quadruplet toward the
Fourier plane and the object plane. The last (dark blue) quadrupole of the matching
section in front of PRIOR-II (see Fig. 5) can be seen on the left-hand side of the
picture.

limiting the FOV of the system. The maximum achievable magnifi-
cation of the system is given by the total length available at the HHT
area, Lir = 9.5 m. A picture of the setup at the HHT area captured
during the commissioning run is shown in Fig. 6.

The imaging quadruplet is driven in a D-F-D-F instead of the
common F-D-F-D configuration, i.e., the first PRIOR quadrupole
lens is defocusing in the horizontal plane (see Fig. 5). This makes
the matching by the existing upstream HHT beam line quadrupoles
more efficient, requiring a steeper matching angle Wy [Eq. (5)] and
also leads to a smaller horizontal chromatic length Cy ~ 0.5C, and a
larger FOV in the vertical direction, which is preferable for foreseen
dynamic experiments.

The PRIOR-II design for both use cases allows for a certain
degree of flexibility: the performance and properties of the magni-
fier can be adapted to an experiment by adjusting the L, and L4
distances, especially—at FAIR. The FOV can also be enlarged by
increasing the L3 distance at the cost of slightly degraded spatial res-
olution of the system. However, as the geometrical changes to the
system will also affect the position of the Fourier plane with respect
to the mechanical collimator position in the beam pipe, the density
reconstruction performance of the system needs to be re-checked for
a particular geometry.

ARTICLE pubs.aip.org/aip/rsi

I1l. TUNING AND OPERATIONAL COMMISSIONING

A. Lens tuning and spatial resolution
performance analysis

Prior to performance measurements and physics experiments,
the working point of the radiographic system needs to be deter-
mined and adjusted to correct for first-order errors of the ion optics
introduced by, e.g., mechanical deviations from component align-
ment, magnetic field uniformity, magnetic field errors introduced
by overlapping fringes, and hysteresis effects (iron yoke saturation).
Those errors may lead to longitudinally separated focal planes in
x and y, thus degrading the spatial resolution performance at the
physical image plane and producing an undesirable slightly astig-
matic imaging. It is possible to correct for those errors by introduc-
ing so-called eigenscans. By varying the individual magnet currents
in a specific pre-calculated way, it is possible to decouple horizon-
tal and vertical focusing [Eq. (4)] while still preserving the stigmatic
imaging conditions (M g1y = Mj (33 = M). This requires at least
three degrees of freedom or “3 knobs” (independent magnets’ cur-
rents). Here, the PRIOR-II setup with four individually controlled
power supplies has a significant advantage compared to 2-knob
radiographic systems with just two power supplies, which can only
be tuned accepting a trade-off between the ideal spatial resolution
performance and stigmatic imaging. A comparison between the sim-
ple 2-knob with a correction for M (5, to prevent the x- and
y-magnifications from drifting apart too far and the 3-knob eigen-
scan method for PRIOR-II calculated in COSY INFINITY is shown
in Fig. 7. To simplify matters, we only consider the “EigenX” scans
with the fixed focus location in the x-plane. However, all the cal-
culations and measurements were carried out analogously for the
y-plane as well.

From the graphs shown in Fig. 7 it is clear, that while keep-
ing the first-order imaging conditions M, 53 = M3 4y =0 and
minimizing the corresponding second-order chromatic terms from
Eq. (7), the best spatial resolution performance with the stigmatic
imaging My = M, is dependent on the second-order terms and,
therefore, identical to the design parameters presented in Table II.
In practice, several other factors, such as previously mentioned
magnetic field non-uniformity, overlapping fringe fields, and also
physical limitations of the detector system, may play a significant
role as well.
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In order to quantify the performance in an experiment setting,
one has to find a definition for the spatial resolution performance
of a radiographic setup. As ultra-fine and thin structures commonly
used in conventional light optics for measuring the modular transfer
function (MTF) would not produce sufficient image contrast when
imaged with high energy protons, we instead consider the width of
the horizontal/vertical sharp edge transitions of a thick object, i.e.,
a tungsten block, which is similar to a line spread function (LSF).
A normal edge transition can be fitted with the error function,

correspondingly. However, actual measurements with the identical
detector geometry and a razor blade target instead of the scintilla-
tion screen illuminated uniformly by a green LED with 520 nm peak
wavelength showed a spatial resolution limit of 30-35 (8.6-10) um
attributed to the alignment of the optical detector system at the given
wavelength.

While attempts have been made to formulate PSF models for
the interaction of x rays and low energetic particles with scintil-
lator screens,”” no data exist for imaging applications with high
energy protons. We have measured the spatial resolution perfor-
mance of various scintillation materials at different thicknesses with
the method described above, where monolithic CsI(TI) showed a
spatial resolution decrease per thickness unit of 5.9 ym/mm. How-
ever, the observed limit of about 20.0 ym at the object plane is
reached at 2.0 mm scintillator thickness already; a further decrease
in the thickness did not improve the observed results.

The findings are confirmed through a second set of measure-
ments completely replacing the detector setup with GAFchromic
EBT3 films, which are specified for an intrinsic resolution of
25.0 ym. Here, a spatial resolution of 60-70 ym was measured at the
image plane indicating that the observed discrepancy between spa-
tial resolution measurements and the theoretical ion-optical chro-
matic resolution limit does not originate from detector limitations.
We assume that a more detailed description of the ion-optical spatial
resolution performance considering all sorts of non-uniformities in
the magnetic field distribution of the magnetic quadrupole lenses as
well as higher-order ion-optical aberrations is required to describe
the observed performance of the system. The ongoing further anal-
ysis of the system’s performance will help push the boundaries of
what can be achieved with high-energy charged particle radiography
setups.

f(x)=a+b- erf(;‘%}%), )

as shown in . While Eq. is useful for the quantifying
particle radiography images, it may not fully describe possible over-
/undershoot due to limning' or tilted profiles due to the non-flat
shape of the incoming proton beam distribution. For those specific
scenarios, a “double” error function fit—a convolution of two error
functions—can help for practical reasons.

The PRIOR-II setup has been tuned using consecutive eigen-
scan procedures with 4 GeV protons, as described above and shown
in (right). The best measured spatial resolution performance
on a tungsten edge target [see (left)] was determined to be
Ry =70.1 (20.1) ygm and R, = 67.0 (19.2) ym in the image (object)
planes, respectively, with the system magnification of M ~ 3.49
(see ). As this is about a factor of three worse than the cal-

culated theoretical ion-optical spatial resolution RS , from
we need to consider the influence of the used detector setup on the
measured performance as well.

The spatial resolution of a detector depends on the pixel res-
olution of the camera used, on the resolution of the optical lenses
mapping the image of the scintillator screen on the camera’s sen-
sor, and on the point spread function (PSF) width of the scintillator
screen itself. The detector setup at GSI consists of a 5.5 Mp CMOS
camera (PCO Edge) with 6.5 ym pixel pitch and a Schneider Kreuz-
nach Emerald 100 mm F2.8 lens. The scintillation screen was a
2 mm thick slab of doped monolithic CsI(TI) from Proteus Inc.
with about 550 nm peak wavelength emission. With the detector
geometry at GSI, the theoretical limit of the camera’s CMOS sensor
translates to a pixel pitch of 20 (5.7) ym at the image (object) planes,

B. Commiissioning for physics experiments

While future applications of PRIOR-II certainly require the
best possible spatial resolution performance, another key parameter
is the capability to precisely reconstruct the areal density and—for
simple target geometries—volume density distribution in dynamic
experiments. As briefly mentioned in Sec. I, this is possible as the
image contrast is introduced mainly through collimation at the
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Fourier plane of the system, where the protons after penetrating a
target are sorted radially by their angle or transverse momentum a, b
(also see Fig. 1). This angle is composed of the initial proton angular
distribution with the width 8, before the interaction with a target as
well by the MCS angle 0(z) after the target of a thickness z, which
can be obtained from the Moliére scattering theory.'

By dividing the target image through the undisturbed pro-
ton beam distribution, one obtains the proton transmission image,
which—given a linear response of the detector—is directly related
to inelastic and elastic proton-target interaction processes, namely,
particle removal through nuclear collisions (NC) and MCS. This
model for radiographic density reconstruction has already been dis-
cussed in detail in other studies."””" We can describe the beam
transmission through a target as

o
T(Z) _ i . e—z//lm . (1 _ e_z (@) ) . (10)
To
—_—
——
NC MCS

2
Here, Top =1 - e b/ 26, is the transmission of the undisturbed

beam without a target, and A is the nuclear collision length of the
target material.

We have evaluated the model in Eq. (10) for step wedge data
captured with the PRIOR-II setup and a number of collimators
from 2.5 mrad up to 5.0 mrad angular acceptance to ensure the
validity of the model as well as to estimate and quantify the exper-
imental areal density resolution reconstruction capabilities of the
setup. It should be noted that the collimators for PRIOR-II are not
ideally thin planes as shown in Fig. 1 but 100 mm thick elements
made from a tungsten alloy. While this is not a sufficient amount of
material to stop 2 GeV protons used for this study, it introduces suf-
ficient parasitic beam scattering beyond the acceptance of the last
two electromagnetic quadrupoles so that the interacting particles
do not contribute to the final image anymore and do not affect the
density resolution of the setup.

The transmission model has been fitted to the captured step
wedge data to determine the initial proton angle 6 as well as

Aluminum Wedge - E,=2GeV

ARTICLE pubs.aip.org/aip/rsi

FIG. 10. Top panel: proton radiography of a mechanical wristwatch with a 3.5 cm
diameter. As the watch is slightly larger than the maximum FOV of PRIOR-II at
G8l, the picture is stitched together from two separate images (top and bottom).
Bottom left: side view of a standard BNC plug. Bottom right: side view of an old
mechanical relay. The winding of the coil is composed of 80 um enameled copper
wire; individual wire cross sections can be resolved.

the actual collimator acceptance 6., which is allowed to vary by
£5.0% due to possible physical misalignment of the beam on the
geometrical axis and finite dimensions of the collimators extend-
ing off the Fourier plane. The resulting material and collimator
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FIG. 9. Transmission data and corresponding fitted transmission curves for aluminum (left) and copper (right) step wedge targets imaged using collimators with 2.5, 3.0,

and 5.0 mrad angular acceptances.
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dependent transmission curves and the data points used for fit-
ting are shown in . While the agreement of the model with
the captured data is very good in general, we have observed a few
outliers in the data, which are caused by an unstable beam profile
distribution from the SIS-18 synchrotron. As discussed above, the
particle scattering model describes proton transmission; therefore,
each captured target image needs to be divided by an undisturbed
proton distribution, which has to be acquired as a separate image.
Due to shot-to-shot pointing fluctuations caused by slightly vary-
ing extraction angles from the SIS-18 synchrotron, these beam
profiles may slightly differ from each other, consequently introduc-
ing small artificial areal density gradients in the final transmission
image.

The overall density reconstruction accuracy, mainly affected
through warped transmission images in the particular commission-
ing experiments, has been determined to be 1.9% for the 2.5 mrad
collimator, 2.6% for the 3.0 mrad collimator, and 4.0% for the
5.0 mrad collimator. As per Eq. (10), the error is increasing for larger
collimator acceptances ..

In order to illustrate the capabilities of PRIOR-II, we have also
captured radiographic images of various “complex” objects to show-
case the capabilities of this technique, some of which are shown in

IV. CONCLUSION AND OUTLOOK

Following the commissioning of the PRIOR-I prototype at
GSL," the PRIOR-II proton radiography facility has been successfully
designed, constructed, and fielded at the HHT experimental area of
GSI, making use of the latest advancements in normal conducting
magnet technology to maximize the overall performance of the sys-
tem. PRIOR-II has already demonstrated a 20 ym spatial resolution
and a sub-2% density reconstruction capability with 2-4 GeV pro-
tons during the commissioning run, establishing itself as a unique
diagnostic device for international users.

With the future high-speed dynamic detector system consist-
ing of an array of four intensified gated sSCMOS cameras, which
enable exposure times of 10-20 ns, it is especially suited for dynamic
shock wave experiments, which require fast measurements with ym-
scale spatial and ns-scale temporal resolutions while probing dense
matter. The short exposure times are possible due to the intense
proton pulses (5 x 10°-8 x 10'® particles per pulse) from the SIS-18
synchrotron, which has also been demonstrated during the commis-
sioning beam time measurements with single intensified cameras
and fast plastic scintillators, allowing for sufficient radiography
contrast even for high-areal-density experiments.

In addition to probing ultra-fast experiments, PRIOR-II is
also capable of visualizing semi-dynamic processes in dense mat-
ter on a timescale of several milliseconds up to 8 s using a slow
extracted beam from the SIS-18. Experiments of this type have been
conducted at the Los Alamos National Laboratory;™* however, the
flexible timing of the SIS-18 synchrotron will enable a larger vari-
ety of such experiments especially for material science applications,
e.g., melting of alloys and viscosity measurements under extreme
conditions.

Due to complex ion-optical effects, the predicted ultimate spa-
tial resolution performance of the PRIOR magnifier has not yet been

ARTICLE pubs.aip.org/aip/rsi

reached, which is a subject of ongoing theoretical investigations and
future experiments.
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