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HEDgeHOB collaboration will construct and run at FAIR
two main HEDP experiments: HIHEX and LAPLAS

HIHEX
Heavy Ion Heating and Expansion

Numerous high-entropy HED states:
EOS and transport properties of e.g., non-
ideal plasmas, WDM and critical point 
regions for various materials

LAPLAS
Laboratory Planetary Sciences

 uniform quasi-isochoric 
heating of a large-volume 
dense target

 isentropic expansion in 
1D plane or cylindrical 
geometry

 hollow (ring-shaped) 
beam heats a heavy 
tamper shell

 cylindrical implosion 
and low-entropy 
compression

Mbar pressures @ moderate temperatures:
high-density HED states, e.g. hydrogen 
metallization problem, interior of Jupiter 
and Saturn
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Plasma Physics beam lines and cave at FAIR

SIS-100:
One beam line 
with replaceable elements:
- HIHEX experiments
beam shaping system

- LAPLAS experiments
RF beam deflector (“wobbler”)  
to provide annular ion beam 

50 4. IMPLEMENTATION: TECHNICAL DESIGN AND PROJECTS

Figure 4.6: Transverse distributions of beam intensity after the HIHEX shaping system for different focal spot
sizes. First row — half-width is 2 mm, second row — 3 mm and third row — 4mm. First column — Gaussian
distributions, second column — parabolic distributions and third column — uniform distributions (see caption of
Fig. 4.5). The dimensions of the plots are 10x10 mm.

Figure 4.7: Shaping Gaussian beam to parabolic (left) and uniform (right) distributions of different widths.
Solid lines — result of shaping (5th -order transfer map, the non-zero power moments up to 8th-order were
fitted), dashed lines — ideal parabolic and Gaussian distributions, dotted lines — Gaussian distributions with the
corresponding dispersion.

4.2.5 Large-aperture superconducting FFS quadrupoles

4.2.5.1 General considerations

In the first-order approximation, the focal spot size is inversely proportional to the focal angle. There-
fore given a fixed focal distance of 1.5 m after the HIHEX beam line, large-aperture quadrupoles with
reference radius of more than 160 mm are needed for the FFS in order to obtain a sub-millimeter
size focal spot at the target. Due to high magnetic rigidity of the ion beam (80–100 Tm), high field
gradients about 30 T/m have to be realized is the FFS magnets. The main parameters of the HEDge-

Transverse distributions of beam 
intensity at focal plane for HIHEX 
experiments 

1 mm

56 4. IMPLEMENTATION: TECHNICAL DESIGN AND PROJECTS

Figure 4.9: Transverse distribution of the ion beam at the focal plane of the LAPLAS beam line: minimum round
focal spot with wobbler switched off (left plot, spot size is 1.1 mm at 2σ level) and ring-shaped focal spots with
the ring radii of 2, 3 and 4 mm. The dimensions of the plots are 10x10 mm.

distributions at the target.
Different deflection angles and correspondingly, different lengths and electric field magnitudes of

the wobbler cavities needed to obtain a round focal spot (see Tab. 4.8) are caused by the asymmetry
of the beam emittance in x− and y− planes (see Tab. 4.1). It is to be noted that in the case of
an asymmetric beam emittance, a perfectly round focal spot can be obtained only at a fixed focal
plane. While moving away from this plane, the intensity distribution in the case of a ring-shaped as
well as for a not-deflected beam will be losing its azimuthal symmetry showing an ”elliptic” portrait
with different aspect ratios before and behind the focal plane. However, there is a mode planned
for the SIS-100 synchrotron operation where the transverse beam emittance in x− and y−planes
can be equilibrated. In this case the LAPLAS beam line can be set up fully symmetric, with equal
lengths and deflection angles for the both wobbler cavities. The FFS design can then also be made
fully anastigmatic, preserving cylindrical symmetry of the beam intensity distribution at different
planes. The SIS-100 operation mode with equilibrated transverse emittance is indeed preferable for
the LAPLAS experiments.

4.2.6.2 RF beam deflector — wobbler

Two resonant rf multi-cell deflector cavities are proposed to obtain a ring-shaped focal spot for the
LAPLAS experiments. A general view of a four-cell rf deflector cavity is shown in Fig. 4.10. The
deflecting plates are installed on the thick stems within a cylindrical tank. The cavity operates at the
rf frequency of 300 MHz. The shape of the plates is optimized to reduce the transverse electric field
non-uniformity (field errors) across the beam passage channel. The design clear aperture diameter
of 100 mm seems to be close to the limit for the given operating frequency. The rf parameters of the
deflector cavity are given in Table 4.9.

Figure 4.10: Four-cell deflecting rf cavity design.

A typical distribution of the rf electric and magnetic fields in the cavity at the operating mode is
shown in Fig. 4.11. The transverse deflecting component of the electric field in the deflector cavity is
shown in Fig. 4.12.

In order to ensure the resonant interaction of the beam with the deflecting rf electric field, each
cell of a cavity must have a length of ! = βλ/2, where β is the relative ion velocity and λ is the rf field

Transverse distributions of beam 
intensity at focal plane for LAPLAS 
experiments 

1 mm
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Plasma Physics beam lines and cave at FAIR

SIS-18:
a dedicated radiography beam line - 
density diagnostics for
LAPLAS and HIHEX experiments

PRIOR - Proton Microscope for FAIR: 
- proton energy 4.5 GeV
- up to ~20 g/cm2 (Fe, Pb, Au, etc.)  
- ≤10 µm spatial resolution
- 10 ns time resolution (multi-frame) 
- sub-percent density resolution
- proton illumination spot size: 3–15 mm
- imaging, aberrations correction by 

magnets
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!"#$%#&'#())*!"#$%+&,#&')-,!"#$%# &,#&./&&!"#$%+&,#&')-,

012324+54361783924:

Proton Interactions

Thursday, October 15, 2009



6

Multiple Coulomb Scattering
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Marginal Range Radiography
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Proton Scattering Radiography 
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LANL Transmission Radiography (1995) 
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Magnetic Imaging Lens 

!"#$%#&'#())*!"#$%+&,#&')-,!"#$%# &,#&./&&!"#$%+&,#&')-,

01234567+8912632+!43:
&
;(
+9

(&+9

<=1>?=@AB4 8>43565C+!43:

D
E
F4
7
5

89
1
2
4

GA=?64?+@B134

HBA:4?+5A+:71B4

Thursday, October 15, 2009



11

Contrast from Multiple Coulomb Scattering 
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Transmission Calculation
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Principles of Proton Radiography
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Accurate Areal Density Reconstructions 

!"#$%#&'#())*!"#$%+&,#&')-,!"#$%# &,#&./&&!"#$%+&,#&')-,

"0012345+"2536+7589:4;+%50<8942104:<89

=1:6>+3+945?+@5>A5+38>+3>B194+?323C54529+4<+D:4+C539125>+>343

! "
2

14.1 2

c o

c
f

p xx
MeV x x

T e

# $
%

& '& '( )* +( )( )+, -, -.
">B194+?323C54529+4<+D:4+42389C:99:<8+>343E

F%
!"
# 8106532+0<66:9:<8+658A4G

F#
$
H D:I5>+23>:34:<8+658A4G+J@:8><@9K+L53C+38A1632+9?253>M

Thursday, October 15, 2009



15

Radiographic Analysis 
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Density Reconstruction 
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Beam Optics 
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Proton Radiography System 
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800 MeV pRad Facility at LANSCE

LA-UR-07-1225

800 MeV pRad Facility at LANSCE

Object Location
Identity Lens Image Locations

Identity LensCollimator

• Three imaging lens systems 
–180  µm with 120 mm field of view 
– 65  µm with 42 mm field of view 
– 30  µm with 17 mm field of view 
• 1-50 g/cm2 object thickness. 
• ~40 images, 100 ns exposure 
over < 1 ms
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800 MeV pRad Facility at LANSCE

LA-UR-07-1225

pRad has been used to study the failure of materials driven 

by point detonated high explosives

AluminumCopper

Tantalum Tin

A comparison of spall for different materials

• Experiments were aimed at extending VISAR 

measurements below the leading spall layer.  

• Proton radiographs reveal that the deepest damage 

layers are not well defined.

• Multiple pRad experiments show that damage 

formation deep within the metal is “statistical” in 

nature and dependent on metal.

LA-UR-07-1225

1.2 mm/!s

Sabot

6
m

m
 A

l

Xe

2.3 g/cm2

2.3 + 0.055 g/cm2

FlyerShocked XeSTP* Xe

* Standard Temperature and pressure

Rictmyer-Meshkov Instability Growth in Gasses

0.5 µs 1.0 µs 1.5 µs

2.0 µs 2.5 µs 3.0 µs

3.5 µs 4.0 µs 4.5 µs

LA-UR-07-1225

Solid-Solid Phase Transitions in Iron

Shock
Phase 

Transition

Al Flyer

Fe Target

T
im

e

Phys. Rev. Lett. 98 135701 (2007)
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800 MeV proton radiography setup at ITEP 

Field of View on object       up to 40 мм
Investigated objects        up to  60 g/cm2
Spatial resolution        0.5 p.lines/mm
Time resolution        4 bunches / 1 ms

Protective Target Chamber designed for:
 Up to 80 g TNT
 Pumped down to 10-3 Torr
 Active ventilation system
 Fiber for optical diagnostics (VISAR)

Thursday, October 15, 2009
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800 MeV proton radiography setup at ITEP:
detonation wave in TNT 

Areal density, (g/cm2) 

Simulation results – A. Shutov 

Relative proton beam transmission, (%) 

Experiment – ITEP (October 2008) 

1.94 mm/250ns=(7.76±0.12)km/s 
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800 MeV proton radiography setup at ITEP:
proton microscope 

1 mm 

E = 800 MeV  

Magnification  X = 7.82  
Field of view < 10mm 

Spatial resolution  ! = 50um 

Magnification  X = 3.92 

Field of view < 22 mm 
Spatial resolution  ! = 60um 

Density resolution ~ 6% 

Beam structure – 4 bunches 
(FWHM=70ns) in 1 us 

ITEP Proton Microscope commissioning at 2008 

Ball bearing and ferrite ring (X= 7.82 and X=3.92) Brass stair 1 mm step "#=400um 

Static test-object images 

Detonation wave 

immitator d=15mm 

!=100um 
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Resolution Limits of Proton Radiography 
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PRIOR – Proton Radiography at FAIR 
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At FAIR: a dedicated beam line from 
SIS-18 for radiography
 4.5 GeV, 5·1012 protons

up to ~20 g/cm2 (Fe, Pb, Au, etc.)  
≤10 µm spatial resolution
10 ns time resolution (multi-frame) 
sub-percent density resolution

Challenging requirements
for density measurements in dynamic 
HEDP experiments:

large penetrating depth (high ρx)
good detection efficiency (S/N)
imaging, aberrations correction by magnets
high spatial resolution (microscopy)
high density resolution and dynamic range
multi-frame capability for fast dynamic events

GeV protons:
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Technical specifications and resolution scalings 

proton energy:                              4.5 GeV
spatial resolution:                          ≤10 µm
temporal resolution:                      10 ns
multi-framing capability:               1 – 4 frames within 1 µs
target characteristics:                   up to 20 g/cm2

areal density reconstruction:        sub-percent level 
field of view:                                 10 – 15 mm
stand-off distance:                       1 – 1.5 m
proton illumination spot size:       3 – 15 mm 
total length after object plane:     less than 15 m 
using permanent magnets or/and existing electromagnets

Spatial resolution scalings with proton energy:
object scattering       chromatic aberrations detector blur

σo ∝
"

3
2
t

p
σc ∝

"
1
2
t

p
3
2

σd ∝
"s"

1
2
t

p

PRIOR technical specifications (for FAIR experiments):
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PRIOR magnetic lens design: thin lens approximation 

f =
√

k2ms2

km−m + k − 1
− k2s2

km−m + k − 1
+

2k2lms

km−m + k − 1
− 2klms

km−m + k − 1

z =
(km− k) s + (k − 1) lm

k − 1

b =
(km− k) s2 + (2k − 2) lms

(k2 − k)ms + (k2 − 2k + 1) lm

Chromatic length -
complicated function
of lens spaces: M346 = −4bk2ls2z

f4 − 3bk2s2z
f3 + 4lsz

f2 + 2bk2sz
f2 + 2sz

f + 2bk2lz
f2 − 4bklz

f2 + 2blz
f2 − bkz

f +
bz
f + 3bk2ls2

f3 + 2bk2s2

f2 + 2bk2ls
f2 − 2ls

f + bkl
f − bl

f

M126 = −4bk2ls2z
f4 + 3bk2s2z

f3 + 4lsz
f2 + 2bk2sz

f2 − 2sz
f + 2bk2lz

f2 − 4bklz
f2 + 2blz

f2 + bkz
f −

bz
f −

3bk2ls2

f3 + 2bk2s2

f2 + 2bk2ls
f2 + 2ls

f − bkl
f + bl

f

Quad focal length:

Last Quad to detector:

Distance 2d to 3d Quad:

z s b ls

dldsdbds

Total length: x = z + 2 · s + b + l

x0 − xi
M11

= M126θAδ
M11

; y0 − yi

M33
= M346θAδ

M33
Chromatic blur: - for properly matched beam

(
M11 M12

M21 M22

)
=

(
1 z
0 1

) (
1 0

−1
df+f 1

) (
1 s
0 1

) (
1 0

k
df+f 1

) (
1 b
0 1

) (
1 0

−k
df+f 1

) (
1 s
0 1

) (
1 0

1
df+f 1

) (
1 l
0 1

)
=

(
−m 0
M21

−1
m

)

(characterize spatial resolution )
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PRIOR magnetic lens design: thin lens approximation 

Normalized chromatic length vs magnification
(Fixed total length x=10 m and pole tip field 
Bt=1.73 T)
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Permanent Magnetic Quadrupoles (PMQ) – design 

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS, VOLUME 1, 022401 (1998)

Stability considerations of permanent magnet quadrupoles for CESR phase-III upgrade

W. Lou, D. Hartill, D. Rice, D. Rubin, and J. Welch

Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853
(Received 5 March 1998; published 26 June 1998)

The Cornell electron storage ring (CESR) phase-III upgrade plan includes very strong permanent
magnet quadrupoles in front of the cryostat for the superconducting quadrupoles and physically as
close as possible to the interaction point. Together with the superconducting quadrupoles, they provide
tighter vertical focusing at the interaction point. The quadrupoles are built with neodymium iron boron
(NdFeB) material and operate inside the 15 kG solenoid field. Requirements on the field quality and
stability of these quadrupoles are discussed and test results are presented. [S1098-4402(98)00006-8]

PACS numbers: 75.50.Ww

I. INTRODUCTION

The Cornell electron storage ring (CESR) phase-III
luminosity upgrade plan includes very high gradient,
27.6 cm long, permanent magnet quadrupoles (PMQs)
followed by a pair of superconducting quadrupoles [1].
These permanent magnet quadrupoles are located 33.7 cm
away from the interaction point. This quadrupole scheme
of the interaction region permits reduction of beta function
at the interaction point b!

y to 1 cm or less and also
helps to reduce the vertical beta function at the first
parasitic interaction point, which occurs 2.1 m from the
interaction point, as well as the peak vertical beta, which
reduces aperture requirements and vertical chromaticity.
By reducing the effects of parasitic crossings adjacent to
the interaction point, it allows the operation with bunch
spacing of 14 ns. The luminosity after the upgrade will
be increased dramatically due to the extra beam current
implied by 9 3 5 bunches made possible by reducing
the bunch spacing and the tighter vertical focusing at
the interaction point [2]. Although it is designed for
flat-beam crossing angle collision operation, the phase-III
interaction region (IR) quadrupole scheme is compatible
with the possible round beam configuration [3].

II. PERMANENT MAGNET QUADRUPOLE

CONSTRUCTION

The permanent magnet quadrupole is made of three
9.2 cm long sections which are assembled individually
then bolted together for the full quadrupole. The whole
assembly is mounted to the drift chamber of the CLEO
detector. The cross section view of the quadrupole
assembly is shown in Fig. 1.
The permanent magnet quadrupoles extend from 337 to

616 mm from the interaction point and have a constant in-
ner radius of 3.35 cm and a two-step outer radius. The
dimensions of the quadrupole are chosen in such a way
that the strength of the PMQ is as strong as possible and
as physically close as possible to the interaction point in
the limited space available for the PMQs. They will op-
erate inside the 15 kG solenoid field of the experimen-

tal detector. They are built with neodymium iron boron
(NdFeB) material because of its lower price, higher com-
mercially available remnant field Br , and intrinsic coerciv-
ity Hci compared with samarium cobalt (SmCo) material.
The quadrupoles are built with 16 azimuthal segments.
Magnet pole pieces were ordered with three easy-axis

orientations (0±, 45±, and 90±) and magnetized as shown
in Fig. 1. The focusing strength of a permanent magnet
quad is influenced by remnant field (Br), inner “pole-tip”
radius (ri), and the ratio of outer to inner radius (ro!ri).
This last parameter, ro!ri , must be limited to avoid
subjecting parts of the magnetic material to excessive
demagnetizing fields, which could seriously degrade field
quality. According to the numerical analysis with the
Pandira code [4] and reverse magnetic field knock-down
test with the magnet material, we find that the ro!ri of 2.1
is appropriate to the magnet material with Hci of 21 kOe
and Br of 12 kG.

FIG. 1. Phase-III permanent magnet quadrupole cross section
view.

1098-4402!98!1(2)!022401(4)$15.00 © 1998 The American Physical Society 022401-1

PMQ parameter Value

Inner aperture, 2·Ri 15 mm
Outer dimensions, 2·Ro x L 79 x 100 mm
Internal ring magnetization 1.16 T
External ring magnetization 1.19 T
Pole tip field 1.7 T
Field non-linearity < 0.75 %
Field gradient 238 T/m
Integrated field 23.8 T

High Gradient Split-Pole Quadrupole

Extremely High-Level Gradient - Maximal Demagnetization Factor 
Flexible Choice of the REPM Coercivity on Magnetization
Minimal Demagnetization in Median Planes (in Critical Spaces)
Gradient – Fixed
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PRIOR magnetic lens design – 15 mm PMQ aperture 

Parameter Value
Proton energy 4.5 GeV
PMQ inner aperture, 2·Ri 15 mm
PMQ outer aperture, 2·Ro 79 mm
REPM remanent field 1.16 T
Field gradient 238 T/m
"Short" quadrupole length 110 mm
"Long" quadrupole length 220 mm
L1 (object to first quad) 1.0 m
L2 (first to second) 0.202 m
L3 (second to third) 0.346 m
L4 (last to image) 8.25 m
Total length 10.000 m

Parameter Value
Magnification 6.12

Spatial resolution 6 – 7 µm

Horizontal chromatic length, Cx 2.74 m

Vertical chromatic length, Cy 2.40 m

Angular acceptance 5 mrad

Horizontal matching correlation, Mx -0.42 mrad/mm

Vertical matching correlation, My -0.53 mrad/mm
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PRIOR magnetic lens design – 30 mm PMQ aperture 

Parameter Value
Proton energy 4.5 GeV
PMQ inner aperture, 2·Ri 30 mm
PMQ outer aperture, 2·Ro 100 mm
REPM remanent field 1.16 T
Field gradient 115 T/m
"Short" quadrupole length 165 mm
"Long" quadrupole length 330 mm
L1 (object to first quad) 1.3 m
L2 (first to second) 0.307 m
L3 (second to third) 0.515 m
L4 (last to image) 7.576 m
Total length 10.000 m

Parameter Value
Magnification 4.1

Spatial resolution 8 – 10 µm

Horizontal chromatic length, Cx 3.99 m

Vertical chromatic length, Cy 3.41 m

Angular acceptance 5 mrad

Horizontal matching correlation, Mx -0.45 mrad/mm

Vertical matching correlation, My -0.55 mrad/mm
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PRIOR setup features 

- flexible design: can be optimized for a particular experiment:
- proton energy can be reduced
- standoff can be changed
- magnification can be increased

- SIS-18 electron cooler: both transverse (⇒ density resolution) and 
longitudinal (⇒ spatial resolution) emittances of the beam can be 
reduced by an order of magnitude or more
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Fielding at GSI – a minor reconstruction of the HHT cave 

a compact system but long drift is needed for the microscope
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Radiation safety – preliminary simulations 
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PRIOR – Proton Radiography at FAIR 

proton energy:                              4.5 GeV
spatial resolution:                          ≤10 µm
temporal resolution:                      10 ns
multi-framing capability:               1 – 4 frames within 1 µs
target characteristics:                   up to 20 g/cm2
areal density reconstruction:        sub-percent level 
field of view:                                 10 – 15 mm
stand-off distance:                       1 – 1.5 m
proton illumination spot size:       3 – 15 mm 
total length after object plane:     less than 15 m
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