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Research Focus: Matter under Extreme Conditions

Highest Charge States
Relativistic Energies

High Intensities

High Charge at Low Velocity
Low-Energy Anti-Protons
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Extreme Static Fields

Extreme Dynamical Fields and
Ultrashort Pulses

Very High Energy Densities and
Pressures

Large Energy Deposition
Antimatter Research



The APPA Collaborations at FAIR

APPA
® > 500 scientists FLAIR

® > 90 institutions SP: K. Blaum
® > 30 countries ®144 scientists

® 49 institutions

® 15 countries

SPARC
SP: R. Schuch

®302 scientists
® 83 institutions

3 % ® 26 countries

BIOMAT

SP: M. Durante
C. Trautmann

®110 scientists
® 28 institutions

® 12 countries

HEDgeHOB
SP: D. Varentsov

®175 scientists
® 43 institutions

® 14 countries

WDM
SP: F. Rosme;j

® 71 scientists
® 24 institutions

® 8 countries




Consequences of the MSV for
APPA

No storage rings and traps at FAIR
for experiments

No low-energy pbar @
No proton radiography beam line @

All APPA collaborations squeezed
into a “Zero Budget” Cave

=1n 2009, most of the APPA work
packets had to be redefined (in
particular for Atomic Physics) @
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APPA Facilities at FAIR (Status 2008)
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MSV for APPA (Status 2012): The Facilities |ga\I3,

location of target stations "
Cold Low- HESR

Energy D
Heavy lons o
a n d A n ti - : S‘ft::u&zr';ge'; magnet

Solewid masne

P roto n S Injectior. agsipment

RF cavity / stochastic cooling device

gy /./~/
v,
g

Space reserved for future upgrade

Unlque physics
: " @




/ Antiproton and lon Research

Y

Atomic & Fundamental Physics

«*

QED in the non-perturbative regime
Correlated multi-body dynamics for atoms and ions
Precision determination of fundamental constants

Influence of atomic structure on nuclear decay properties
Fundamental physics and antimatter
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SPARC challenges & Opportunities EES&2s J

"Heisenbergs dream”
shot out the nucleus,

3 let electrons explode !

World-wide unique for strong

%
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e Multiple Pair Production ?

eRecombination with the Vacuum ‘t < 0.1 as \

Explore correlated electron dynamics
- sub-attosecond time-scale

- not accessible by other means | |
_ - |




Experimental Conditions at the HESR RES/AZts

HESR: 4.5 MeV

location of target stations Worldwide premiere:

Precision experiments using
_ cooled relativistic ion beams

species: p, pbar, HCI, RIB
circumference 574 m 2
injection energy 740 Me\4

Bp=50Tm

for U®2+: 4,937 GeV/u
Ymax=0-30; Bpyax=0.987
maomantum lanergy) ran

Stochastic cooling & electron cooling
electron-, gasjet-, fiber-targets (!)
Particle detectors

lon stacking

Luminosity (number of stored ions)
Beam diameter/charge separation
Acceleration and deceleration
Coupling of laser to the ion beam line

Building / Space for setups
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Precision Experiments at High Energies ‘ N
(HESR) —
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[pair-production phenomena
* non-perturbation regime (aZ=~aZ,~1)
* multiple pairs
* negative continuum dielectronic recombination
radiative processes
« recombination(polarization phenomena etc:)
« _photon-photon angular correlation
target ionization
« correlated electron motion —exploring the ultrafast,
extremely strong transient fields of relativistic ions
electron impact phenomena
« electron impact excitation and ionization
bound state QED and nuclear parameters
« laser excitation in Li-like ions (An = 0)
laser Interaction at high y
« test of special relativity
» laser cooling
» laser assisted pair creation
fundamental physics
PNC effects in high-Z ions




Precision Experiments at High Energies
(APPA Cave)

lon channeling at relativistic energies
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CRYRING@ESR: Highly-Charged lons
at Low Energies

Spectroscopy for tests of QED
— High-precision x-ray spectroscopy
« 1s-Lamb-Shift
« Two-Electron-QED

— Recoil ion momentum spectroscopy
« Highly-excited stated

— Laser spectroscopy

— Recombination spectroscopy with high
resolution

 Atomic collisions
— Sub-femtosecond correlated dynamics
— Unexplored regime: strong perturbation Q/v

 Nuclear Physics at low-energies
— exotic nuclear decay modes
— astrophysical reactions

Features@Cryring

e Low-energy and
electron cooled
beams

e Electron cooling with
adiabatic expansion

e High-luminosity for
in-ring experiments

e VVery fast
deceleration 7 T/s

e Internal jet and
electron target

e Slow extraction




Modularized Start Version of
FAIR and beond

FLAIR@ESR v

CRYRI‘NG HI

CRYRING@ESR may enable a W
much earlier realization of the |
physics program of FLAIR with

/ slow anti-protons. | i 4—— 2.2 GeV pbars from CR (10 Tm)

aq— 30 MeV pbars from RESR (0.8 Tm)
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Spectroscopy for tests of CPT and QED
Antiprotonic atoms (pbar-He, pbar-p), antihydrogen %

Sub-Femtosecond Correlated
Dynamics Probed with Antiprotons

Atomic collisions EmEm
Sub-femtosecond correlated dynamics: ionization, energy M e
loss, antimatter-matter collisions U

£=30.. 5fs t=5fs...0.1as

Antiprotons as hadronic probes AT
X-rays of light antiprotonic atoms: low-energy QCD ey
X-rays of neutron-rich nuclei: nuclear structure (halo) L
Antineutron interaction - o

'fﬁ"‘\f"

Medical applications: tumor therapy S m @

20

0
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depth in water (cm)

FLAIR collaboration uses low-E antiprotons at CERN-AD to test decelerator
schemes and to perform initial experiments of the FLAIR physics program

—— 43



Plasma Physics at FAIR

Nel% 300 MeV/u; Kr crystal

Interaction of ions and photons with plasmas
Equation of state, phase transitions, transport phenomena
Matter under high pressure
Coupling of intense light with matter

Warm Dense Matter o large volume of sample (mm?3)
gg - gjid-; gnzi\t/y o fairly uniform physical conditions
oP ~ kbar, Mbar O high entropy @ high densities

@ O high rep. rate and reproducibility

Q (l > O any target material

Compared to GSI, FAIR will provide a specific intensity and energy
deposition increase by a factor of 100 !




Plasma Physics with Intense lon Beams

Relevant for astrophysics, planetary science, inertial confinement
fusion research, research on materials under extreme conditions

Measurements are required for guidance of theoretical models

— 10° - ‘\
ED 5T e
% 5R & R 2 & % 3 Eop—
(<)) 3 1 3 ;
L C ; |
E 03- Inertial
i Fusion
@ : y
3 : Energ
g- " E SUn 0re
1o i
10°:
: ‘3 a
- “Q’ <*5I1s 18
101? W; ~Jupiter
10? : Sup-Surface I state
0% 1% 0% 107 17 10
Degeneracy Strongly coupled

Density [cm™
Exn=KT = Egermi y fem-] plasmas, M'=E./ Ey\> 1




HIHEX

Heavy lon Heating and Expansion

U2+, 2 GeV, 510", SC
FFS

LAPLAS

Laboratory Planetary Sciences

u28*+ 1 GeV, 510",
Wobbler

PRIOR

Proton Microscope for FAIR
p, 5-10 GeV, 2:10'2, PRIOR

uniform quasi-isochoric heating of a large-volume
dense target and isentropic expansion

numerous high-entropy HED states:
EOS and transport properties of non-ideal
plasmas / WDM for various materials

ring-shaped beam implodes a heavy tamper shell,
low-entropy compression of hydrogen

Mbar pressures @ moderate temperatures:
hydrogen metallization, interior of Jupiter, Saturn
or Earth

worldwide unique high-energy proton microscopy
setup with SIS-100 proton beam

dynamic HEDP experiments and PaNTERA,
jointly with BIOMAT collaboration:

unparalleled density distribution measurements
and Proton Therapy and Radiography
(PaNTERA) project




PRIOR - Proton Microscope for FAIR

Pump-Probe: lon and Proton beams

¢ the worldwide unique high energy proton microscopy facility PRIOR (10 um / 10 ns resolution, sub-
percent density reconstruction) will be integrated into the HEDgeHOB beam line

® using high-energy (5 — 10 GeV) high intensity (5-10'2) SIS-100 proton beams

Copper Aluminum
‘
M

Tanta|um

fragmentation -I_
, courtesy of

Material spall and
at micrometer level
LANL

:!31.;

¢ joint multidisciplinary research of HEDgeHOB and BIOMAT
during FAIR MSV:

® materials at extreme dynamic environments generated by
external drivers (plasma physics and materials research)

®* PaNTERA (Proton therapy and radiography) project
(biophysics)

® PRIOR setup beam time commissioning at GSI: 2013/2014




WDM: Investigation of Atomic and Thermophysical

Properties in Dense Plasma Environments

XUV~ (laser-driven « Opacities are very sensitive to

backighter) electronic levels and population
(test of atomic physics in dense
environments)

Opacity measurements |
at constant temperature ion beam

Isothermal expansion of thin

foil targets « Benchmark for theoretical

approaches

target foil
9 to spectrometer (existing models strongly diverging)

X-Tay probe " « Investigation of WDM with

Optical diagnostics beam \1‘/) emphasis on Optical properties
at constant volume / \\ 4/' (atomic physics in dense
Dynamic confinement of ion _——_ L:f environments)
low-Z targets beam /T - tzggreet « Laser as key diagnostics tool
low-Z tamper (XANES, X-ray scattering)
n
T

EOS measurements at ion —= =~ | - Thermophysical properties
constant pressure beam | =~ along the two-phase boundary
Quasi-static heating of —E g E E" » Quasistatic heating ensures
stacked foil targets homogeneous pressure,

L density and temperature

/0 AIE "\'Iﬂ.\'ll



Helmholtz Beamline project (2016- 2019)

High intensity, high-energy lasers in the context of FAIR
Pump-Probe: lon and Laser beams

« Building a kilojoule high-repetition-rate
laser

Use:

« Advanced diagnostics for HED targets at
the APPA cave (backlighting with X-rays,
ions, neutrons, electrons)

* Relativistic laser-ion interactions in the

| Helmholtz-
,'* nearby HESR hall

Beamllne

i - 1* j. 5=
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Initiative of the Helmholtz Center HZDR in close collaboration with HI-Jena. Already part
of the Helmholtz roadmap for new research infrastructures.



Biophysics

Materials Research

|
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ﬁ)smic radiation: the main hindrance \ ﬁ(posure of matter to relativistic i@

toward manned space exploration and high pressure: phase transitions
in mineralogy and geophysics

Widely unknown biological effects of
heavy ions lon-matter interaction at FAIR
energies: energy-deposition and
short-time processes at relativistic

NASA and ESA started a large experimental . L. "
projectile velocities

campaign in space radiation biophysics

Radiation hardness of materials:

B E])) requirements for accelerator and
spacecraft-components




Target station for irradiation under high pressure

pressure BIO*MAT

Materials research

temperature irradiation

§ FAIR
! - larger sample volumes (mm3)

Diamond
25mm  Sample &

N

* higher beam intensities
* temperature

relativisticions
(e.g., Au, Pb, U)

sso| ABiaua

Merrill-Bassett type - -
ion energy diamond anvil cell Paris-Edinburgh cell

—_




FAIR-Related Materials Research Activities I“?!O.MAT

Radiation hardness of materials
- mechanical and electrical degradation

- stripper foils

- target wheel for SFRS, beam dumps, collimator

SFRS Target

irradiated '
epoxy

stripper foils




Relativistic Energies: Galactic Cosmic Radiation (GCR)
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BIO-MAT

Biophysics
= |

Biophysics

HE LANCET Oncology

Cosmic radiation — main ey 1 . RN
. B o A LABORATORY
hindrance toward manned space

exploration: moon (2015), Mars
(2030), and beyond

High uncertainty on biological
effects of heavy ions

No effective counter measures P Attenuation per unit mass ofa 1

; Tl P GeV/n Fe-ions in moon and Mars soil
NASA started experimental s r compared to other spacecraft

. . o . E T =
campaign in space radiation £ 25 : : materials
biophysics e : : ;
=151
ESA approved in 2008 a similar 8 1
program (IBER) in the framework | °
0 T T T T T T 1

Of AU rora, baSEd at GSl / FAlR Polyethylene HDPE Keviar Moon Regolith Aluminum Mars Regolith Nextel Moon Concrete

Example: Shielding properﬁes of - Polyethylene Moon Regolith Mars Regolith Moon Concrete
the moon and Mars regolith B Aluminum Nextel

Nextel is a semi-rid material widely used in satellites and
spacecrafts for its extraordinary shielding properties against
micrometeorites.



Particle Therapy at FAIR

* New project (PANTERA)

within APPA to exploit the | VY
PRIOR setup for therapy - TALE BBLL O
L = LT LT 1
» Relativistic protons (4.5 g
GeV) for image-guided,
high-resolution, realtime, ’ /
stereotactic radiosurgery

(proton theranostics),
(PRIOR setup)

« First image of a biological
target (a zebrafish) with
proton microscopy at
ITEP (800 MeV protons)

* Investigating also to use
high-energy antiprotons
for theranostics (together
with FLAIR)

X, mm

12




TDRs and Reports of the SPARC & FLAIR Collaborations

LSR: Technical Design Report

¥ FLANER

Stockholm
University

CRYRING@ESR:
A study group report

LSR

Low-energy Storage Ring

Technical Design Report

Version 1.3

Darrntads Jly

Michoe] Lestinsiy, Nocbert Anger, Ralph B, Raiph Beckerl, Maro Beveicl, Udo Biell,
Manne Sieghatm Lisoratory ;

CRYRING@ESR: A study group report

Infrastructure Proposal

B Ty r—— CHALMERS

“frastructure Proposal
stallation of CRYRING at GSUFAIR for atomic and nuclear physics

Wl Bock', Angela Hikan Danared .
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FACILITY FOR ANTIPROTON AND ION RESEARCH

Technical Design Report fop
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FACILITY FOR ANTIPROTON AND ION RESEARCH
SO € - SPARC Experiments at the HESR:
A Feasibility Study
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Abstract

phenomens in strong and ewn extreme cloctromagnitic felds and on the fundarmental
{eteractyon betwasn to troce and by nuck up 4o bers ursesum. The carent report

: CRYRING@ESR

TDR: Internal target station

eclsberaticn

SPARC experiments at
HESR: A feasibility study



HEDgeHOB TDRs In preparation

STATE ATOMIC ENERGY CORPORATION “ROSATOM™ 8 NATIONAL RESEARCH CENTRE “KURCHATOV INSTITUTE"
g e comes o e oo | OUPEF CONAucting T
INSTITUTE FOR MIGM ENERGY PHYSICS (INEP) Theoretical Expw Physcs
(SRCArITEn

quadrupoles for
HIHEX FFS e o Repert

TECHNICAL DESIGN REPORT l RF heavy ion beam deflector - WOBBLER

DEVELOPMENT OF LARGE-
APERTURE HIGH-GRADIENT
QUADRUPOLESFOR
PLASMA EXPERIMENTS

Cryogenic targets for
LAPLAS

Research and Development Project

RF beam rotator
(wobbler) for LAPLAS

Design and feasibility study
on fabrication and manipulation
of HEDgeHOB cryogenic targets

@-

FINAL REPORT
(Jume 8, 2007 ~ March 8, 2008)

— Many other TDRs are also in preparation
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