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Three sources of generation
Fast Single Ions A.V.Lankin, I.V.Morozov,
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Exploding wires G.E. Norman, V.V. Stegailov, A.A.
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similarity:
solid state density, two temperatures:
electron temperature about tens eV,
cold ions keep original crystallographic positions,
but electron band structure and phonon dispersion are changed,

transient but steady (quasi-stationary for a short time) state of
non-equilibrium, uniform plasmas (no reference to non-ideality,
both strongly and weakly coupled plasmas can be formed)

spectral line spectra are emitted by ion cores embedded in
plasma environment which influences the spectra strongly,

lifetime limiting processes:
electron-phonon exchange, recombination, collisional electron
cooling.

Diversity is considered in the conclusion
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X-raysDefect formation
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235U + n0 → 94Rb + 138Cs + 3n0

aging of fissible material



MotivationMotivation

100 nm

3 Mev/μ Au ion tracks
in Indium Phosphide

// A. Kamarou et al., PRB, 2006

Ion implantation
into semiconductors



Cancer therapy

MotivationMotivation

GSI, Darmstadt – 1000 patients / year
ITEP, Moscow – 100 patients / year
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SPACE AND TIME SCALESSPACE AND TIME SCALES



Experimentally
investigated area

Spatial scalesSpatial scales

Depth, 10x um

Bregg peak

K- shell
vacancies
production

0.
1 

nm

Initial deep excitation

0.3 nm

Final latent track
r ~ 1 - 10 nm

Perpendicular to the track axis Along the axis – stopping range

The main idea is in looking inside the heavy ion track
immediately after the ion interacts with a target
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Let’s look inside
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Timescale hierarchy, sTimescale hierarchy, s

Initial ionization/excitation

Thermalization of free electrons

Track formation
(two-temperature melting,

shock waves etc.)

10 – ??

10 - 17

10 - 15

10 - 12

10 - 14

ProcessProcess

Atomic collision theory

MD-modeling

Non-stationary kinetics

Hydrodynamics
Heat conductivity
PIC-simulation

“P
la
sm

a 
re

la
xa

ti
on

 m
od

el
”

10 - 16

ApproachApproach

MD-modeling

X-ray emission of
multicharged ions

Relaxation
of excited
ion states

Po
st

-p
la
sm

a
ef

fe
ct

s

Recombination
Electron-phonon exchange



XX--RAY SPECTROSCOPYRAY SPECTROSCOPY
EXPERIMENTAL DATAEXPERIMENTAL DATA

D.H.H. Hoffmann, O. Rosmej, A. Blazevic, S. Korostiy, A
Fertman , S.A. Pikuz Jr. ,V.P. Efremov ,

Gesellschaft fur Schwerionenforschung GSI, Darmstadt,
Germany

Technical University, Darmstadt, Germany
Institute of Experimental and Theoretical Physics, Moscow,

Russia
Joint Institute for High Temperatures RAS, Moscow, Russia



LowLow--current ions flowcurrent ions flow

Every following ion in the low-current beam interacts with the cold area of a target
(wasn’t’ excited before or already has fully relaxed) and makes a contribution

to the statistics of independent acts of single ions which propagate in solid media

Measured tracks

layer
Transparent~ 10 um
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Times of radiation transitions:

20-40 fs for ions with L-shell vacancies
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t0 t1 > t0

t2 > t1 t3 > t2



Experimental setup (GSI, Darmstadt, Germany)Experimental setup (GSI, Darmstadt, Germany)

- Spectral resolution  = 103 - 104

- Spatial resolution x = 5 - 10 m
- High luminosity and tunable

FSSR parameters

Beam parameters

Ions: Ni(58),Ca(48),Mg(26)
Current 0.1-1 uA

Energy: 4.7-11.4 MeV/u



(GSI, Darmstadt, Germany)(GSI, Darmstadt, Germany)



Influence of specific deposited energyInfluence of specific deposited energy

Increase in specific deposited energy
causes the number of L-shell vacancies
in target atoms to rise up

(GSI, Darmstadt, Germany)(GSI, Darmstadt, Germany)



Solid aluminum target excitation by Mg ionsSolid aluminum target excitation by Mg ions
with different initial energieswith different initial energies

As the projectile energy comes down and
specific energy deposition accordingly grows up

the number of L-shell vacancies in target atoms rises up

(GSI,(GSI,
Darmstadt,Darmstadt,
Germany)Germany)



PLASMA MODELPLASMA MODEL
SUGGESTEDSUGGESTED



PreassumptionsPreassumptions

Electron velocity distribution is Maxwellian,
ions keep the initial crystal lattice.

Electron temperature&density are constant,
smearing and recombination are frozen

Kinetics of
excited state populations

and K-vacancy depopulation



AutoionizationAutoionization andand RadiativeRadiative decaydecay



Autoionization
Radiative decay

1s22l

1s2s22p,
1s2s2p2,
1s2p3

1s22s2,
1s22s2p,
1s22p2[Li-] [Be-]

BeBe--like ion relaxationlike ion relaxation

“atomic” model:



[Be-]

“plasma” model:



[Be-]

[B-][Li-]

“atomic” model

Dielectronic capture
3-body recombination
Collisional ionization

1s2l4

1s2l2

[B-]
1s22l3

“plasma” model



Autoionization

Radiative decay

Dielectronic capture 3-body recombination

Collisional ionization

Kinetic equation for autoionizing state of ion ZKinetic equation for autoionizing state of ion Z

1s22ln-2

1s2ln

1s2ln+1

1s2ln-1

1s22ln-1

Z-1 Z

N(1s2ln) =

- N(1s2ln) {Ar(1s2ln - 1s22ln-1)
+ a(1s2ln - 1s22ln-2)
+ NeCion(1s2ln - 1s2ln-1)
+ Ne

2Crec(1s2ln - 1s2ln+1)}
+ N(1s2ln+1)NeCion(1s2ln+1 - 1s2ln)
+ N(1s2ln-1)Ne

2Crec(1s2ln-1 - 1s2ln)
+ N(1s22ln-2)NeQd(1s22ln-2 - 1s2ln)

d

dt

Z+1



Integral intensity
of dielectronic satellites group
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Adjustment of the modelAdjustment of the model
to the experimental datato the experimental data
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Comparison with experiments
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Comparison with experiments
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Plasma parameters measuredPlasma parameters measured

Mean energy of free electrons

~ 10 - 50 eV

Free electron density

~ 4*1023 cm-3

400,2853Mg+7 – Al
250,23511Mg+7 – Al
250,343Ni+14 – SiO2

150,3356Ni+14 – SiO2

140,3311Ni+14 – SiO2

Te (eV)pL(0)

Measured valuesIon Energy
MeV/u

Ion - Target

The values considered as initials for MD relaxation modeling:



Molecular dynamicsMolecular dynamics
modeling&simulationmodeling&simulation

are usedare used
to check theto check the preassumptionspreassumptions

SELF CONSISTENCY OFSELF CONSISTENCY OF
THE PLASMA MODEL DEVELOPEDTHE PLASMA MODEL DEVELOPED



PreassumptionsPreassumptions

Electron velocity distribution is Maxwellian,
ions keep the initial crystal lattice.

Electron temperature&density are constant,
smearing, cooling and recombination

are frozen for the period of X-ray emission



Initial conditions:

Te(0) = 55 eV

ions are static

ne = 2·1023cm-3

e = 0.25

Z = 2

Electron velocity distributionElectron velocity distribution
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Plasma model is developed for the initial stage of
solid media excitation by a single swift heavy ion:

- free electrons with Maxwell velocity distribution
- constant electron temperature of ten’s eV

- constant electron density ~ 1023 см-3

- solid-state ionic lattice is stable, Z = 2 – 7
The values of two plasma parameters are adjusted
to eight line results obtained by the X-ray spectroscopy

Molecular dynamics modeling&simulation
are used to validate the self consistency
of the plasma parameters adjusted and

preassumptions of the plasma model developed
over the range of projectile ion energy range available

ConclusionsConclusions



Similarity of novel forms of WDM generated
by fast single ions, XUV laser, exploding wires

solid state density, electrons are heated up to tens eV,
cold ions keep original crystallographic positions,
but electron band structure and phonon dispersion are changed
(examples are given in tomorrow’s Stegailov’s talk),

transient but steady (quasi-stationary for a short time) state of
non-equilibrium, uniform plasmas (no reference to non-ideality,
both strongly and weakly coupled plasmas can be formed)

spectral line spectra are emitted by ion cores embedded in
plasma environment which influences the spectra strongly
(another example was given in today's Lankin&Norman’s talk),

lifetime limiting processes:
electron-phonon exchange, collisional electron cooling,
recombination (remember suppression in Lankin&Norman’s talk).



The main difference between WDM created by
X-ray lasers and single fast heavy ion

X-ray laser: two steps heating

K2L8Mn + X-ray photon      K2L7Mn + e  (photoionization)

K2L7Mn K2L8Mn-1+ e  (Auger recombination)

Fast heavy ion: also two steps

K2L8Mn + A+q KL8-k + A+q + (k+1+n)e (impact ionization)

KL8-k K2L8-k-1 + e (Auger recombination)

(k+1+n) >> 1 second step is not important in this case



Diversity

surface melting

collisional recombination and coolinginertial dispersion

electron-phonon exchange and spinodal decaylimiting processes

nanosecond?picosecondsfrom fs’s up to ns’slifetime

microcilindernanochannelcylindrical flat layerspace configuration

energy depositionX-ray emissionVUV and UV
emission

diagnostics

not importantsmall contributionvery importantAuger decay
heating

anymediumsmalldegree of L-shell
ionization

smallsmall but important
for diagnostics

nonedegree of K-shell
ionization

exploding wiresfast single ionsXUV laserproperties
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