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PRIOR motivation — Proton Microscope for FAIR

Challenging requirements
for density measurements in dynamic
HEDP experiments:

e Up to ~20 g/cm? (Fe, Pb, Au, etc.)
e <10 pym spatial resolution

e 10 ns time resolution (multi-frame)
» sub-percent density resolution

GeV protons:

e large penetrating depth (high px)

« good detection efficiency (S/N)

e imaging, aberrations correction by magnets
 high spatial resolution (microscopy)

 high density resolution and dynamic range

e multi-frame capability for fast dynamic events

PRIOR project will accomplish two main tasks:

e FAIR proton radiography system which a core FAIR installation will
be designed, constructed and commissioned in full-scale dynamic
experiments with 10 GeV proton beam from SIS-100

e prior to FAIR, a worldwide unique radiographic facility will become
operational at GSI providing a capability for unparalleled high-
precision experiments in plasma physics, high energy density
physics, biophysics, and materials research



High energy proton interactions for radiography
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Quadrupole Identity Lens (Russian Quadruplet):

imaging and correcting chromatic aberrations

Fourier plane o stigmatic imaging lens

e initial beam is matched
to have certain
position-angle
correlation

e Same position-angle
correlation which forms
a Fourier plane
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Advantages of proton radiography (vs X-rays)

» (magnetic) lenses for imaging and aberration correction

 high resolution and dynamic range to both density and material composition
e better signal-to-noise ratio and detection efficiency

« higher penetrating depth (thick targets: 800 MeV p «— 5 MeV X-rays)

« multi-frame capability
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There are three resolution limitation of proton radiography

Object scattering

Proton position at
image

Incident proton
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 introduced as the protons are
scattered while transversing
the object

e increase proton energy

e reduce the amount of
material downstream the
object

Chromatic aberrations
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e introduced as the protons
pass through the magnetic
lens imaging system

« the dynamic range is often
limited by energy loss rather
than object thickness

« increase proton energy

Detector blur

Tiled LSO Scintillator

Pellicle - 8pm thk
800 MeV Proton
i ﬁ
Camera llogsing

l l/tns 8Smm/ F¥1.4
v ol

Cooling Fan

0,02
p

e introduced as the proton
interacts with the proton-
to-light converter and as
light is collected with a
camera system

e increase proton energy

e increase number of
pixels, light collection
efficiency, search for
proper scintillators
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Proton microscopy for HEDP, material sciences and beyond

Al EOS in a shock wave experiment by proton

« materials in extremes (EOS, dynamic phase
transitions, hydrodynamics of HED flows,
instabilities, material strength and damage, ...)

« new materials synthesis and process-aware

manufacturing
 industrial applications

« biophysics, medical applications

Current proton radiography /
microscopy:
~ 50 - 200 pm resolution
macro- and in some cases
mesoscopic studies

17 pRad (LANL),
PUMA (ITEP)

800 MeV

< 10 pm resolution:
introduction of microstructural
and microkinetic studies

| PRIOR (GSI)

< 1 ym resolution:
full-scale microscopic studies

4.5 GeV | PRIOR

(FAIR)
10 GeV

radiography (LANL)

Experiments on Richtmyer-Meshkov instability
(LANL)

Phase transition of molecular nitrogen

__(PCH




Plasma physics experimental areas at GSI
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Fielding at the HH'T experimental area of GGSI

® a compact system but long drift is needed for the microscope



PRIOR PMQ and optical design

Parameter Value

Proton energy 4.5 GeV

PMQ inner aperture = 30 mm
B 1.83T
Field gradient 122 T/m
"Short" quad length  144.4
"Long" quad length ~ 288.8
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Beam time commissioning of PRIOR microscope

The PRIOR prototype has been
constructed and successfully
commissioned in static experiments
with 4.5 GeV proton beam of SI1S-18
in April 2014
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Static experiment with PRIOR

Fiducial plate Ta steps
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e Ta steps: 25um
e Maltese cross: 40 um - 60 pm




Dynamic experiment with PRIOR / /ZF

» Pulse power generator:
(50 kV, 10 pF, 40 nH)

e 12.5 kd stored

e 200 - 300 kA, 1-2 ps

e chamber filled with water
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e 0.1-1 mm diam., 4-5 cm long
wires (Cu, W, ...)

e T ~feweV, g ~50-150 kJ/g,
~101"=-10"2A/cm? /s
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Fast self-emission images of exploding wires Puax - s GW)

Cu, 20.8mm Cu, 20.8 mm &

Explosion of a wire array

Cu, 3x20.4 mm




Dynamic experiments with PRIOR

e 0.8 mm Ta wire in 2 cm of water.

« Current density is about 40 MA/
cm?

e Energy density deposition is
around 10 kd/g

o« ~2¢V

« mMmM/us expansion velocity.

« Several dynamic experiment
experiments were performed to
build a time history of the
expansion.

« Main goal: to measure internal
structure of expanding Ta was
readily achieved.
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PaN [ERA

Proton Therapy and Radiography

150 MeV

Detector

Relativistic plateau (non-Bragg-peak) protons

e simultaneous imaging (on-line e not sparing tissue behind the tumor
radiography) with the same beam . mggification of the dose distribution
o very small lateral scattering due to production of secondaries

Image-guided stereotactic particle radiosurgery (IGSpRS) is in competition with X-ray
SRS, but online imaging and low lateral scattering allow reduction of margins, treatment

of moving targets and dose escalation




Biological images with HEPM

Zebrafish in 1cm-thick paraffin
ITEP

Human phantom - ‘Matroshka’, LANL



Treatment dose verification with Matroshka phantom

Beam:
Treatment plan: . 1.5e10 protons
e front field: 0 deg - 800 MeV
o |eft field: 90 deg Dose: ~3 Gy

e back field: 135 deg




e High Energy Proton Microscopy (HEPM):

e provides unique capabilities for unparalleled high-
precision experiments in plasma physics, materials
research, biophysics and medicine

 PRIOR prototype @GSI:
e« commissioned in April 2014

e 20 um spatial resolution was achieved

 Off-line tests of exploding wire experiment at GSI have
been completed in 2013

e first dynamic experiments with 4.5 GeV protons

« PRIOR @FAIR:

e X500 beam intensity

e X2 proton energy

« SC or PMQ imager options

e probably the first

IEDgeHOB experiment at FAIR



High Energy Proton Microscopy workshops series
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