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Building blocks of matter
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lon source

Linear accelerator

UNILAC
Max. 20%
Speed of light

(20 MeV/Nukleon)
Heavy ion Experiments hall ﬂ
synchrotron

Max. 90% ) -
[ m
Speed of light
a2 GeV/Nukleon) )
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Elements periodic system
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Chart of Nuclel
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Radiation therapy — Dose comparison

lon beam

X rays

relative Dose
N

2 6 10 14 18
penetration depth

[cm]
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For ion and anti-proton research
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GESELLSCHAFT FUR SCHWERIONENFORSCHUNG

Nuclear structure High energy density
ith in

intense beams of matter with intense

short heavv ion beams

An International Accelerator Facility
for Beams of lons and Antiprotons

High energy Intense proton
hea:_y ion E:?;Oo(lit;\l) and :
reactions |
30 GeViu antinrotons i
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Novel beams

Exotic nuclei

SIS 100/200

Anti protons

UNILAC

Novel beam guality

Beam intensity

beaml-Precision
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Costs

Building and infrastructure: 225 Mio. €
Accelerator: 265 Mio. €
Experiments / Detektors: 185 Mio. €
Total: 675 Mio. €
Time table

Komponenten Entwicklung
Komponenten Design
Konstruktion und Bau

Inbetriebnahme

Zeit [Jahre]
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An international accelerator facility for research
with ion- und antiproton beams

S
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Set-up of the new facility
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Present and Future Facilities at(ﬁ%p‘ﬁ""
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SIS 1 \x\__/l/
P_roton ESR

Linac =\

E N\
A\ fé‘ N "‘

HESR
N
& Super-FRS

CI=E—t| ) \ Q el
' Radioactive
UNILAC lon Beams
4] 100 m v
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1_'\Z\7§Plasmae‘Phy3|cs experim enta
eaatsIS100

lon beam intensity: 1012 U 28+ / ~ 50 ns

concentrated in ~102 cm3 -> ~300 ]
kJ/g

supplemented by physics of beam-matter
interaction, making possible the
homogeneous volumetric isochoric
heating regime

[equis] data aguisition systems

= aphcal fiber bundles for imaj
fe.g 23x35 mm, 10 um pixel

= highvoltage lines

— low vollage signal lines

—— optical fiber signal lines

B fron shielding

Off-load area for large
& devi

supercond, ;uaclmpolu (focusing & transport)

2. Combination of powerful PW laser +
heavy ion beam

3. Advanced diagnostic methods
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Expected Beam Parametg

SIS 100 (GSI)

N = 2-1012 Uran T = 50 ns

E, = 1GeV/u E..t = 80 kJ

Range (Pb) = 1.55 cm beam radius ~ 0.05 cm
E. = 600 kJ/g P, = 12 TW/g

S
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Heavy lon Beams at GSI

SIS18 200-1000 MeV/u SISlOO 400-2700 MeV/u

| 4x10° - 1010 1012
{~300 ns <100 ns
~1-3 kJ/g 300 kJ/g
2x1011
<100 ns
20-30 kJ/g
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Specific Energy Deposition = ! a;, %

(8

Specific Power Deposition Pg

o, -Es,
tH I 1L
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~ Heavyion beam & targ
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Usree surface(t) = P(1)

Intense beam

Volume
Edep(t)
transparent wa =
SiO,, sapphire, LiF
pyrometer T(t)
E=I
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Future experiments ﬁ'}_

PHELIX PW
laser beqm

Parameter: Diagnostics:

stemperature <= fast 6-channel radiation pyrometer
= density/volume < shadowgraphy, Y & p radiography

(with PHELIX backlighting)
* mass velocity/pressure <= interferometry/VISAR

a conductivity < multi-probe & non-contact methods
= deposited energy < precision beam diagnostics & alignment
=== 1l
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Dynamic Target Confinement for EOS Measuren

using X-Ray Scattering 2 \ ‘ “
i dirani
PHELIX bOCkllghTer‘ ,;?1.5 = ci??ﬂnemenr |
(K, radiation) ( = .;% ,-
tamper — o i 5 il
| scattered x-rays =osp -
2 > :
oY low-Z target material T I T
5\0160“\ (solid Hz) 0 20 40Time, nseo 80 100

Tamper thickness can be optimized to yield:
- smallest density variation during beam heating

nearly static famper / target interface even -+ initial target density at the bunch end
for long (100 ns) s Density, g/lcm3
heating time =l

Dynamic Confinement:
* uses a x-ray fransparent tamper
(50 um carbon)
- X-ray scattering provides
| N o information on density and
" | Hyorogen e temperature of electrons, degree of

Radus,mm 0z |80 e e ionization, and ion-ion corrglakioky
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Heavy ion beam as generat@r‘

k-

of high-S states in Pb e
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Heavy 1on beam as generator | '
of high-S states in metals

1 —— high explosives
|l Be Al —SIS18
* —3SIS100
’ * nuclear explosion, RUSSIA
* 4 nuclear explosion, USA
*
10 - * o CP
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carbon

Ii'ﬁ:ma beam dump
— L fast liquid

sample holder scintillator

Collimator

T e

— target chamber

X ~._Camera

Transmitted beam ions carry the information on the state of matter inside the target volume
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High Energy Density Physics EOS
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Transport Properties of Beam Heatel

W

L

First measurements of electrical

conductivity of metallic targets

beam
envelope target

\ (wire)

measurement
leads

Target dimensions: ¢0.25 x 10 mm
Beam focal spot: 0.5 - 1 mm (FWHM)

S. Udrea, Laser and Part. Beams 20 (2002) 399
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Resistance [mQ]

First measurements of elec‘rm&?
conductivity of metallic 1'ar'g
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1

Target Parameters Beam Parameters

r =0.4 mm 2.7 GeV/u Uranium

d 12

r1=0.6mm N =0.2-1.5x10

r2=2.1 mm T =20ns

o= 3.5 mm Eb= 21 - 155 kJ

L =1.0cm Ri0n= 5.9cm
T=02-0.6eV

" v 7700GPa

¥  16000K

200 GPa
5300 K

\P(r)

Ice crystals

Fluid H, + He
Phase transition region?

Fluid metallic H + He

Phase separation of H - He?
He rain drops?

Convection zone?

B-field generation?

Ices?

Possible core of iron/rock?

C. J. Hamilton

)V 2003
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Plasma Linse (U. Neuner et al)

focal beam spots

linear B-field

cathode




Petawatt High Energy Laser for Heavy lon Experlments

mirror tower

| 7 |rTronsport -fube ﬁ
/e /R

Faraday isolator

31.5 cm power amplifier
| | -
\

R

ﬂ ns - frontend
and preamplifier

Nd:Glass Laser Double-pass and
Booster Geometry, 31.5cm Beam
diameter:

a 4-6 kd Pulse Energy @ 10 ns

4 500 J Pulse Energy @ 0.5 ps

fs - frontend




The 31.5 cm double-pass amplifier, using First successfull x-ray laser experiments

Nova and PHEBUS disk amplifiers, is in (Ni-like Zirconium) using the frontend
commissioning (1kJ in 0.5 - 10 ns) beam (5J in 350 fs)

PHELIX Timeline:

2003/4: experiments with UNILAC
beam (1 kJ in 0.5 - 10 ns)

2004:  experiments with SIS-18
beam (1 kJ in 0.5 - 10 ns)

2004/5: PW compressor installation
(500J in 500 fs)

2005:  Booster amplifier installation

PHELIX Physics Program:

- diagnostics for WDM studies

- spectroscopy and interaction with radioactive
isotopes from the accelerator

- ion stopping in laser plasmas

* x-ray laser experiments

* ion acceleration experiments / fast ignitor

g, * laser induced nuclear physics
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Z5

target chamber

26 |

N .

1"

=l

work

benches

charge detector

dipole., .-"'.

target cabin

concrete walls

9941‘[1 stop detector

target

ion species:

H bis U (Zn)*
energies:

3,6-11,4 (5,9)* MeV/u
repetition:

b0/2,5 Hz

(single shot)*

currents:
100-2000 (500)* TnA

"typical data

Q7 07/11/2003

IAEA CRP NOV 2003
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Experimental Scheme

r spech"mnetm S

Pin-hole

1on beam

‘. 07/11/2003
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High Energy lons in Laser Plasma

Space Resolved Observation of MeV-lons

hot 1cm nhelix-Laser
plasma — GSl-Darmstadt

target

— 7 - axis

target
Halo

z z = “2
spacg-resolved X-ray 1 2
Issi trosco . i
with twodimensionss . ——» Doppler-shift Doppler-shift
curved Bragg crystals v

jet

sina

=0 AX = A,

C
Rosmej, Hoffmann, Suf et al. 1999, JETP Lett. 70, 270

2% 07/11/2003 IAEA CRP NOV

Intensity (arb. units)

250

200

150

100

50

nhelix-laser
GSlI-Darmstadt

17 J, 15 ns
~  Fluorine, Zn=9

| < 10" W/em?2
KT, ~ 1 MeV

0.75 MeV

1.446 1.473 1.500

Rosmeij, Hoffmann, SUR et al 1999, JETP Lett. 70, 270



Gitomer et al. 1986
@ : Boiko et al. 1975
W : Wagli et al. 1978

@ : Rosmej et al. 2000

btk

10 10 10" . 18" 10"

1A% (W cm™2 um?)
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Beam Plasma Interaction '“ |
i
Energy loss of ®4Ni®* -ions at 5. V/u

'_ A cabon(37) 3
*4 Tetlon (501 ‘ ]

Tatlon (361) Tk # % ]

=
=

=
=
I

&

-

|

—
iy i

energy loss in keV/nucleon
&
(]
I

=40 —20 0 20 A0 i
hme 1 nanoseconds 46




Energy loss of heavy ions in plasma

Energieverlust von Schwerionen in Plasmen:

dE __ 16map®IgZ] 2 Up” 2 vy
—E = T N (e — D), ;) +neln | 5=

Iz > hwp — dEpiasma > dEFolie

IESI
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Review of Thomson Scatter-1
The free electron

Thomson scatter is essentially the scattering of a photon from
an electron. An electron “absorbs” the photon and re-radiates

it in some new direction
W O ||~ II‘ O

For a classical oscillating dipole the power radiated is given by;

4 2
Q)
(Py=—2F0 W
12 7zgyC

where p, is the magnitude of the dipole

==
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Review of Thomson Scatter-2 cross-
section

By dividing the time averaged scatter power by the averaged
incident power we can get the total scatter cross-section which we
note is independent of wavelength and small- so we need lots of

photons. 4
or = P2 © ~ 6.66x10%° m?

4y 67zg§mezc4

For unpolarised radiation the angular scatter depends on the angle between
the laser direction and the scatter direction

2
(1+ cos? 0)

do 1| ¢°

dQ 2 4718, C°

= === 1l
@ 07/11/2003 IAEA CRP NOV 2003 49




Results
Experiments on solid density Be plasmas provided the first
spectrally resolved x-ray Thomson scattering data E

Gated HOPG spectrometer

, Compton downshifted
and Doppler broadened
Thomson spectrum
observed as expected

15 beams: ;
7kd; 1<t<2

Heated

CH coated Be
Au shield (50 um

30 hieater béams:
15kJ;0<t<1ns

Cold
Be

t=05ns t=10ns t=15ns Ti disk
(g=104)

This slide supplied from SG Glenzer et.
al. (PRL 90(17) art. 175002, 2003) kindly
sent by O. Landen.




Proposals for XRTS-1 Pk
is & promising test-bed

backlighter

scattered farget

X-ray probe beam
(4.75 keV)

ion beam "
carbon  sample : y
tamper bam |
1 ‘.
I
. X-Tay
E 5 spectrometer
O
== 1L

<x 07/11/2003 IAEA CRP NOV 2003 51



] > f
5 & i _
Target Diagnostics by X-ray Scattering 'a,;'a

AL

Backlighter options:

backlighter
target * Long pulse (1 ns):
E,~1kJ, D~ 100 um, I, ~ 10'® W/cm?

Ti : thermal ionization, He_: Ey = 4.75 keV

« Short pulse (1 ps):
4 = E,~100J, @~ 100 pm, I, ~ 10" W/cm?
/ X=rays | Mo: inner shell ionization by hot electrons, K,: Ey = 20 keV

~ :
~ ) pinholes \
/ =)

! Diagnostics possibilities:

x—y Spectrally unresolved (scanning the scattering angle)
spectrometer * ion —ion correlations

Spectrally resolved (nearly backscattering geometry)
» density

* temperature

 jonization degree

- === 1
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~ Laser beam generates dense plasma fon
ion interaction experiments {1/

3
.-i.l’ L - =

v 1 ns PHELIX beams

rd \\ >
»
X-ray heated u _

foil: 100 eV hohlraum

ion beam I
.............. ST

e Radiation transport
e Hohlraum experiments related
to Heavy lon Fusion targets
e lon stopping in hot
dense plasma

lon

beam
L
Laser
beam

&5 07/11/2003 IAEA CRP NOV 2003
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Physics with PHELIX Petawatt Pulse

Example: Laser generated ion beams .

10pm thick Al shell

Imaging optical
streak camera

22,5

480 500 520 540 560 580 600

Beam densities close to what is needed for HIF

laser generated proton beam: HIF driver beam:
n, = 1016 - 10%7 /cm3 n, = few 10*> ions /cm3 (A=200)
E,=1-50 MeV E, = 50 MeV/amu
| = few kA | = 40 kA
P =10 TW/cm? P = 400 TW/cm?

& ==
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Proposals for XRTS-3 Consider songe! i
numbers \Mrg

* We may get ~1kJ in 1o on target, thus we get ~10%°
photons in ~1ns compared to ~100ns plasma lifetime.

 Using pinhole collimation from 1cm away onto a 400um
spot gives a solid angle of 1.25x10-° Sr, resulting in ~10%1
photons on target.

e The cross-section is ~4x10-%°cm? and the target has
~3%10%! electrons/cm? and so ~107 photons/Sr are
scattered.

» 2-D focusing crystal geometry can give collection
efficiency of 10-2Sr and so ~10° photons per shot are
collected, enough to make a decent spectrum.

varies by £15% only

=== 1
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Proposals for XRTS-4 Consider s,q er*; 4
more numbers \lT TS

We can use spatial resolution on crystal set-up to image scatter from a
volume in the centre, thus avoiding problem with scatter from the resin

shell of the tamped target.
Laser

spectrometer

Ti foil
X-ray
beam

 In this case collection may only be ~10-4 Sr and so only ~104
photons are collected per spectrum. Still enough for some useful

data.
 For H at ~0.5eV and ~0.05g/cc the strong coupling factor is
I'~14Z*2 thus we are in the moderate coupling regime for which
theory has begun ( e.g. Gregori et. al. J. Phys. A 36 5971 2003)
=5 I
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Atomic Physics in Warm Dense Ma'tt'er

aluminum
104 Iy $ 3
classicd plasma =1
g 103 F
~
‘3 102 -
a-, dense plasma
4 ;
E
= 1ol -
hlghdensny
mater R. Lee: Laser and Part Beams

104 102 4 102 10
Density ( ¢/cm3)

IESI
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Atomic Physics in Warm Dense Mateer 1 ? “
ka

Mott-Effect

Ideal Plasma Nonideal Plasma

continuum
continuum

bound states

bound states

T =const =rn T =const -0

=== 1
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Atomic physics in Warm Dense Matter
; ): bacl ' and iustificati

 \WDM = strong coupling between atoms and plasmas :

— Photons are radiated in WDM by a compound system
“ATOM + PLASMA”

— The coupling parameter I" is the ratio of interparticle
potential energy to the thermal energy

'=22&/1,kT, t,=(3Z/4nN.)\/3 or N, p’

Z 1s the 1on charge , 7, in the interparticle spacing in terms of
the electron density N, pp 1s the Debye radius

=== 1
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Atomic physics in Warm Dense Matter

(WDM): background and justification

 WDM = strong coupling between atoms and plasmas :

— WDM production by means of heavy ions beams at
GSI

from SIS 18 to SIS 100 from weakly to strongly coupled plasmas

PHELIX PW
laser beam

=== 1
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Atomic collisions In dense Dlasmas

1.4 ]
e Collision time t, ~pg/V \

o Kinetic time Tk “'[I\Ivnpeffz]-1 ﬂ

v LoDipole allowed collision transition

fﬁ}//\ﬂf Saiing

Np_7>~1- ovetlapping

CO]]iQi()n

Np_7<<1- separated
collision

g @ (e £Le - J10°N,,au. >
Born: G ~—n| £2 |= " |n S
ve o o, @, dy for N_210<Y cm

V

=== 1
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Conception of Plasma Microfield F';rﬁ

* Long range dipole atom-plasma particles interaction

E@)

: o 9 EF W%\/MﬁVw

© O f
' N
©. .
da ", .~
|— =V (t)a
" (t)
=S
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Atomic Physics In dense, strong,

compressed matter % |

An Atom in Plasma Microfield

m What effects can be measured?

e strong inter- parti cle = Cut off of atomic energy levels
- - Critical field strength [k (ETN)
I nte raCtI on Hydrogen atom (N, ~ 10Y cm?): # = 425

T - T
Statistical sum cut off: |G Z g,€

o experiment + theory

e self emission
spectroscopy

o X-ray scattering

==
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