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outline mpipks

– clusters vs. atoms (in strong fields)

– theoretical description

– ionization at optical/infrared pulses

– theory vs. experiment

– time-resolved studies (maybe with attosecond pulses)

– strong X-ray pulses (@ FEL)



(atomic) clusters mpipks

clusters are agglomerates where the number

of constituents can be chosen freely

• study of properties (e. g. laser-matter interaction) as a function of size

• different types (metallic, van-der-Waals, etc.); size dependent

• easily produced (with size distribution); size-selection in collision physics

bridge between

{
atoms (finite systems)

solids (high density)
but unique

e. g. very strong
charging → explosion

properties



clusters in intense laser pulses: experiments mpipks

780 nm “everywhere”

90 nm Hamburg FEL

3.5 nm the future
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experiments @ 780 nm mpipks

Ditmire et al. 1997: Ditmire et al. 1999:

up to Xe35+ with 100 keV very efficient absorption

from Xe20.000 nuclear fusion of fragments
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energies of many keV) (ref. 8). The escape of these hot electrons
from the cluster produces a strong radial electric ®eld which
accelerates the cluster ions: the deposited energy is therefore
transferred from the light electrons to the more massive ions20.
The consequence is that the cluster can very ef®ciently absorb laser
energy (often many tens of keV per atom in the cluster) and this
energy is ultimately released in ion kinetic energy when the heated
cluster explodes isotropically.
To harness this remarkable release of kinetic energy, we con-

ducted the experiment illustrated in Fig. 1. Here large deuterium
clusters are produced in the expansion of a deuterium gas jet plume
into vacuum. A high-intensity, ultrafast laser pulse is focused into
the gas of deuterium clusters and rapidly heats them. These clusters
subsequently explode, ejecting deuterium ions with energies of
many keV. This process creates a plasma ®lament with a diameter
that is roughly that of the laser focus (,200mm) and a length
comparable to the extent of the gas-jet plume (,2mm). The fast
deuterium ions ejected from the exploding clusters can then collide
with ions ejected from other clusters in the plasma. If the ion energy
is high enough (greater than a few keV), D� D nuclear-fusion
events can occur with high probability. The well known signature of
this process arises from one branch of the fusion reaction,
D� D!He3 � n, in which a neutron is released with 2.45MeV
of energy.
We used a table-top laser based on the well known technique of

chirped pulse ampli®cation21 producing 120mJ of laser energy in
pulses with 35-fs pulse width and awavelength of 820 nm. This laser
®res at a repetition rate of 10Hz and was focused into the exit of a
deuterium gas jet. Because the van der Waals forces between
deuterium molecules are weak, the gas jet is cryogenically cooled
to -170 8C (refs 22, 23): this creates a gas expansion along an
adiabate that can produce large clustering in the D2 jet. From
Rayleigh scatter measurements19, we estimate that the average
cluster diameter within the gas jet is about 50 AÊ . The laser spot
size within the gas jet was ,200mm, a size that was found to
optimize the fusion neutron yield and which yielded an estimated
peak intensity of 23 1016 W cm2 2 ).

To ascertain the ef®ciency with which the laser energy is coupled
into the deuterium clusters, we measured the absorption ef®ciency
of the laser pulse within the deuterium cluster gas jet24. The
absorption as a function of gas-jet reservoir backing pressure is
shown in Fig. 2a, where the gas has initially been cooled to -170 8C
(the case in which we observe large D2 cluster formation): when the
deuterium gas-jet pressure rises to.30 atm, nearly 90% of the laser
energy is deposited in the plasma. This contrasts with the energy
deposition ef®ciency of the laser in pure D2 molecular gas (the case
when the gas-jet reservoir is at 20 8C): in this case, very little (,5%)
of the laser energy is deposited in the plasma, illustrating the
importance of the laser/cluster interaction in heating the D2

plasma24.
To measure the volume and density of the plasma in which this

laser energy was deposited, we conducted optical interferometry on
the plasma ®lament25. Using a 35-fs pulse as a probe, we produced
an interferometric image of the deuterium plasma within ,20 ps
after the main pulse created the ®lament, a timescale before the
plasma has undergone any signi®cant hydrodynamic motion (one
such interferogram is shown in Fig. 2b). Using an Abel inversion, we
can ®nd the electron density (and thus the D+ density) as a function
of radius at each point along the ®lament. This measurement
indicates that the average deuterium atom density was
1:53 1019 cm2 3. Combining this data with the absorption mea-
surement, we can make a conservative estimate of the average
deuterium ion energy by assuming that energy was equally dis-
tributed between ions and electrons. (In fact, we expect that more
energy is initially transferred to the ions than the electrons in the
laser-driven cluster explosion20.) These results indicate that the
average deuterium ion energy was at least 2.5 keV. Previous data
from exploding clusters indicates that a hot tail of ions exists with
energies well above the average energy10. These multi-keV ions have
suf®cient energy to drive fusion events.
We detected the production of DD fusion neutrons in our

experiment with neutron-sensitive scintillators coupled to photo-
multiplier tubes. These detectors were located outside the vacuum
interaction chamber and were shielded with 6mm of lead. We
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Figure 2 Measured laser absorption and plasma density pro®le. a, Measured

absorption fraction of a laser pulse with 120mJ of energy in the deuterium cluster

gas jet as a function of gas-jet reservoir backing pressure. This absorption was

found by measuring transmitted and backscattered laser light. (Other scattered

light was negligible.) b, Interferometric image of the deuterium plasma ®lament

within,20ps after the main pulse created the ®lament. The image was recorded

by illuminating the plasma with a second probe pulse at a right angle to the

propagation of the main pulse. This probe pulse was imaged and sent through a

Michelson-type interferometer.
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experiments @ 780 nm mpipks

platinum: Meiwes-Broer et al. 1999

variable pulse length (fixed fluence)

xenon: Ditmire et al. 1999

pump-probe measurement
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with, e.g., 2 3 1015 Wycm2, only low-z ions, z # 5,
are present. Taking longer pulses with the same pulse
energy of 5 mJ, an increase of the intensity of the
multiply charged ions is observed with a maximum at
about t  600 fs. Figure 3 shows the highest detected
charge state zp in dependence of the pulse width and
laser pulse energy. Clearly for all pulse energies the
maximum charge states depend on t, but the shapes of the
zp distributions as function of the pulse width are similar.
For example, for 1 psy25 mJ pulses zp reaches a value
of zp

 16, whereas for 140 fsy25 mJ the highest charge
state is only zp

 13. Because of the fixed pulse energy
chosen here the corresponding intensity of the long pulse
(1 ps) is a factor of about 7 smaller than that of the short
pulse (140 fs). Thus zp increases in spite of the inten-
sity drop.

In order to explain the underlying physics we consider
the cluster as being a jellium sphere which expands after
having lost a given number of electrons at the beginning
of the ionizing pulse. During the expansion the electron
density decreases which, on the other hand, will influence
the further coupling of the radiation into the cluster. Thus,
the ionization efficiency should depend on the length
of the exciting light pulse as we have seen in the
experiment. For a quantitative analysis first the time
development of the electron density has to be calculated,
which in a second step will serve as input for the
calculation of the response of the particle on the radiation.
In the model calculation used here each second valence
electron is assumed to be emitted by tunneling ionization
during the rising edge of the laser pulse. Because of this
initial charging the cluster undergoes a rapid expansion
which is mainly due to the Coulomb forces. As an
example we calculate this “Coulomb explosion” for a
ninefold charged platinum cluster with 18 atoms, i.e.,
Pt 91

18 , in a classical electrodynamic simulation solving
all trajectories. The ions are taken as point charges with

FIG. 3. Highest detected charge state zp of the emitted Pt ions
as function of the pulse width t and laser pulse energy. For all
investigated energies an increased pulse width yields a higher
zp and thus an enhancement of the ionization.

the mass of the platinum atom, neglecting all further
effects. From the average position of the ions as function
of time during the explosion we get a time-dependent
charge density distribution. As expected it turns out
that the charge density decreases with the time but it
remains nearly homogeneously spread over the cluster
radius. Next, the optical response of the cluster is
treated within the random-phase approximation (RPA)
formalism where the momentary electron density serves
as input. We apply the program of Bertsch [19] which
is restricted to spherically shaped (closed-shell) clusters.
With the density which corresponds to each time step
the LDA ground state and the resulting collective dipole
resonance energies are calculated; see Fig. 4. Obviously
the decreasing electron density induces a dramatic change
in the plasmon energy of the cluster towards lower values
as can be seen in the figure. Therefore an enhancement
in the ionization probability should be observed when
the laser frequency matches the cluster dipole resonance
which is the case at about 350 fs. The RPA calculations,
however, show only a weak shift of the dipole resonance
towards higher energies with increasing cluster charge
state. When an up-charging of the cluster during its
expansion is anticipated, the blueshift of the plasmon
energy would move the matching condition to a slightly
later time. Note that the theoretical result is obtained
under the assumption of an initial ionization which is
kept fixed during the expansion. Therefore the theoretical
value of 350 fs is in fairly good agreement with the
measured 600 fs pulse width when we anticipate that the,
say, first 30% of the pulse is needed to induce the initial
charging. In a more sophisticated model the charge flow
of the electrons off the cluster and possible excitations of

FIG. 4. Time dependence of the plasmon energies calculated
with the RPA formalism for a ninefold charged metal cluster
with 18 atoms and an initial Wigner-Seitz radius rs  2.85 a.u.
About 350 fs after the beginning of the expansion the plasmon
energy matches the photon energy of the exciting laser light.

3785
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taken to be the difference between the input and output en-
ergies. The absorption measurements were averaged over 50
shots. We also utilized a variable line-spaced, grazing inci-
dence soft-x-ray spectrometer @20# to look at plasma emis-
sion with wavelengths between 170 Å and 300 Å.

In the pump-probe experiments a small ~10%! pump pulse
was sent into the target to expand the clusters before the
probe pulse arrived. This allowed us to probe the disassem-
bly of the clusters as they expanded into a bulk plasma. Both
pulses were about 50 fs in length. The probe pulse energy
was 5.4 mJ and had a peak intensity in vacuum of 1.6
31017 W/cm2. Figure 1 shows absorption as a function of
probe delay for different backing pressures of xenon. The
absorption peak in Fig. 1 indicates the presence of resonant
heating as the clusters expand. At very small delays, absorp-
tion is low; the cluster has little time to expand and the
second pulse arrives long before the electron density reaches
the resonance condition (ne /ncrit53). However, as we in-
crease the delay, absorption increases. The longer delay al-
lows the electron density to be near the resonance condition
when the pulse arrives, greatly enhancing the absorption of
laser light. For longer delays, the cluster has continued to
expand and the probe pulse is poorly absorbed by the, now
underdense, plasma. Eventually, we reach a condition in
which the local atomic density within a cluster equals the
average atomic density in the jet. At this point the clusters
are fully disassembled; the discrete spheres have combined
to form an underdense bulk plasma. Hence, there is no en-
hancement from the presence of clusters; the absorption ap-
proaches a constant depending only on the average gas den-
sity.

The lines in Fig. 1 show calculations based on a computer
model similar to the one first described in Ref. @3#. In con-
trast to Ref. @3#, however, we calculate the cluster absorption
with a Mie scattering code @21#, using the previously de-

scribed Drude model for the cluster index of refraction. For
the purposes of laser absorption due to inverse bremsstrah-
lung heating, Ditmire et al. @3# assumed the cluster to be
much smaller than the wavelength of light. This is acceptable
for a short pulse, since the duration of the pulse is small
compared to the expansion time of the cluster. In this work,
we are examining that expansion; and after some delay time,
this assumption will no longer be reasonable. The Mie code
gives us an accurate absorption cross section for any cluster
size. The dielectric constant from the Drude model can be
used with the Mie code for computing absorption since ion-
ization takes place before the bulk of the laser pulse arrives.
In our experiments the Rayleigh range was smaller than the
jet length; hence the beam waist is changing through the
target. We accounted for this by adjusting the beam waist
through the jet in our code, based on a Gaussian beam propa-
gating through focus. The overall model considers a uniform
density cluster plasma, taking into account tunnel and colli-
sional ionization, ATI and inverse bremsstrahlung heating,
along with the hydrodynamic and Coulomb explosion as-
pects of the expansion. To account for the distribution of
cluster sizes in the jet we ran our code for several cluster
sizes and then took a weighted average. While we do not
know the exact distribution, previous work in hydrogen @22#
shows an asymmetric distribution biased toward larger clus-
ters. Similar to this work we used a superposition of a Gauss-
ian distribution with a full width at half maximum equal to
the average cluster size and an exponential distribution pro-
ducing a tail of large clusters. These results, plotted in Fig. 1,
show the trend of larger clusters requiring longer periods of
time to expand to resonance. The effect of adding the distri-
bution widened the peaks slightly, but produced little overall
effect. The model peaks are somewhat narrower than experi-
ment. This discrepancy may be due to our incomplete knowl-
edge of the exact cluster distribution in the jet. However, the
main problem is most likely the limitations of the code itself.
The uniform cluster density model does not fully describe
the hydrodynamics involved in the expansion process. As
gradients develop, the resonance will spread out and not be
so clearly peaked. Additional heating mechanisms, not ac-
counted for in the code, might also be adding to the discrep-
ancy. The fluid model does not account for energy deposited
when electrons leave the cluster and later reenter the cluster
surface. This effect, which is similar to Brunel absorption
@23#, should be maximum for short pulse lengths ~high inten-
sities! and sharply bounded overdense plasmas.

The optimal delay clearly increases with increasing back-
ing pressure. It is well known that the average number of
atoms in a cluster N scales as the square of the backing
pressure @24#. This leads to the cluster radius r scaling as r
;p2/3. Looking at the expansion of a uniform density sphere
with the surface moving at a constant velocity, the time for
the cluster to expand to the resonance condition tR is simply

tR5

r0

v

F S n0

3nc
D

1/3

21G , ~1!

where r0 is the initial radius, n0 the initial density, nc the
critical density, and v is the expansion velocity. From this
we would expect tR to scale with p2/3. Due to the effects of
the second pulse the actual scaling should be slightly differ-

FIG. 1. Absorption measurements for pump-probe experiments.
The target is xenon at 50, 100, and 150 psi. The pump pulse was
10% of the 5.4-mJ probe pulse. The peak intensity in vacuum for
the pump is 1.631016 W/cm2 and for the probe it is 1.6
31017 W/cm2. The pulse length was 50 fs. Average cluster radii
are given in the legend. The lines show the results of computer
modeling for 50 ~solid!, 100 ~dashed!, and 150 ~dotted! psi.
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dependence on pulse length / pump-probe delay at a femtosecond time scale



atoms in strong fields mpipks
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Keldysh parameter

γ '
√

Ebind

2Epond

= ttunnel · ωlaser

γ < 1 field ionization

(over-the-barrier or tunnel)



clusters vs. atoms in strong fields mpipks
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PSfrag replacements

1 ps

2 keV

50 Å
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treatment of laser-cluster interaction mpipks

time scales: bound electrons 10. . . 100 as 10−18 s

laser period (780 nm) ∼ 2 fs 10−15 s

ionic dynamics 0.1. . . 1 ps 10−12 s

laser pulse length 0.1. . . 1 ps 10−12 s

two-step approach

• atomic (inner) ionization:

bound electrons → “quasi-free” electrons

• cluster (outer) ionization:

“quasi-free” electrons → free electrons

Rose-Petruck et al. 1995



treatment of laser-cluster interaction mpipks

• atomic (inner) ionization = creation of electrons

– statistical description by means

of quantum-mechanical transition rates

(ADK = field ionization, Lotz = impact ionization)

– classically in an “onion-like” model:

new electron if no classically bound electron

• cluster (outer) ionization = propagation of electrons (and ions)

– classical equations of motion

– by means of a Tree Code for large particle numbers n

because of scaling ∼ n log n (instead of ∼ n2)



cluster-size and pulse-length dependence @ 780 nm mpipks
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pulse-length dependence for different wavelengths mpipks

[US & Rost, PRL 91 (2003) 223401]

fixed fluence per laser pulse (I · T = const)
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pulse-length dependence in experiment mpipks

platinum clusters [Köller et al, PRL 82 (1999) 3786]
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driven damped classical harmonic oscillator mpipks

Ẍ(t) + 2ΓtẊ(t) + Ωt
2X(t) = F (t)

eigen-
frequency

Ωt =
√
Qion/R3

damping

{
inner ionization
outer ionization

periodic
driving

F (t) = F0 cos(ωt)

↓
X(t) = At cos(ωt− φt)
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cluster dynamics (Xe923 @ 9×1014 W/cm2) mpipks
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simple model vs. many-particle dynamics mpipks

Ωt
2 = ω2 + (F0/At) cosφt

Γt =
(
F0/(2Atω)

)
sinφt

Ωt =
√
Qion(t)/R(t)3
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nano-plasma vs. harmonic oscillator model mpipks

[Ditmire et al. 1995]

dielectric sphere E =
3

2 + ε(ω)
E0 with ε(ω) = 1− 4πρ
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nano-plasma vs. harmonic oscillator model mpipks

electric field nano-plasma harmonic oscillator

below
resonance

Ω < ω
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ionization in a rigid cloud model mpipks

Gaussian ion and electron clouds → interaction potential
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ionization in a rigid cloud model mpipks
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ionization in a many-electron model mpipks
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cluster-size and pulse-length dependence @ 780 nm mpipks
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ionization in ultra-short pulses mpipks

cluster-size dependence for T = 25 fs

at I =
16
3.2
× 1015 W/cm2 field ionization model

q ∝
√
I/R E ∝ I
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kinetic energy distribution of ions mpipks

“standard” experimental observable

data from different groups studying different targets
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kinetic energy distribution of ions mpipks

microscopic single-cluster calculations for Xe9093
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kinetic energy distribution of ions mpipks

microscopic single-cluster calculations for Xe9093
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kinetic energy distribution of ions mpipks

simple model of a expanding charged sphere

shell at radial distance r: energy E∝ r4 → field F ∝ r3 → acceleration a∝ r
→ cluster keeps its shape
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kinetic energy distribution of ions mpipks

single cluster in a homogeneous field
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kinetic energy distribution of ions mpipks

clusters from Gaussian laser focus
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kinetic energy distribution of ions mpipks

cluster size distribution in a fixed field
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kinetic energy distribution of ions mpipks

cluster size distribution from Gaussian laser
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kinetic energy distribution of ions mpipks

saturation effect: simple relation q(r) ∼ E(r) may break down
for large E , i. e. small r

because of finite number of electrons available
(e. g. hydrogen: 1, N2: 5 per atom)

PSfrag replacements

1 ps

field E

charge q

η = 0 . . . 1

dPsat(η)

dε
=
dPboth

dε
− ln η

dPsize

dε



kinetic energy distribution of ions mpipks

model vs. experimental data for (N2)N clusters of different sizes N
[Krishnamurthy et al. Phys. Rev. A 69 (2004) 033202]
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kinetic energy distribution of ions mpipks

model vs. experimental data for (N2)N clusters of different sizes N
[Krishnamurthy et al. Phys. Rev. A 69 (2004) 033202]
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kinetic energy distribution of ions mpipks

experimental data from different groups studying different targets
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ionization at shorter wavelengths / higher frequencies mpipks

[Topical Review: US, Ch Siedschlag & JM Rost, J. Phys. B 39 (2006) R 39]

780 nm, 1.5 eV 90 nm, 13 eV 3 nm, 350 eV

Keldysh
parameter

γ � 1 γ ∼ 1 γ � 1

quiver
amplitude

∼ cluster size ∼ atom size ∼ 0
PSfrag replacements

1 ps

PSfrag replacements

1 ps

PSfrag replacements

1 ps

inner
ionization

barrier suppression single-photon
absorption (into cluster)

single-photon
absorption or

auto-ionization
outer

ionization
collective heating inverse bremsstrahlung (into continuum)



treatment of laser-cluster interaction mpipks

time scales: bound electrons 10. . . 100 as 10−18 s

laser period (3 nm) ∼ 10 as 10−18 s

ionization rates 0.1. . . 10 fs 10−15 s

ionic dynamics 0.1. . . 1 ps 10−12 s

laser pulse length 0.1. . . 1 ps 10−12 s

mixed quantenmechanical–classical approach

• atomic ionization and intra-atomic decays

– statistical description by means of quantenmechanical transition

rates (photo-ionization, auto-ionization)

• dynamics of free electrons and ions

– propagation of classical equations of motion



X-FEL: ionization of atoms “inside–out” mpipks

(1) inner-shell photo-ionisation

Γ = I[au] · 0.1 fs−1

(2) decay cascades:

— Auger decays ΓArgon = 0.2 . . . 5 fs−1

— radiative transitions

— “shake-off” processes

expectation: multiple photo-ionization
}

during pulse
fast decay cascades

→ enormous energy absorption



argon cluster @ X-FEL pulse (350 eV, 80 fs) mpipks
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argon cluster @ X-FEL pulse (350 eV, 80 fs) mpipks
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delocalization of valence states mpipks
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atomic photo-ionization

JMR, J. Phys. B 28 (1995) L 601

Γ ∝ |Ψ(rω)|2 with rω =
1√
ω

= 0.25 a0

values close to nucleus reduced

auto-ionization

Fermi’s Golden Rule

Γ ∝
∣∣∣
〈

Φ12(~x~y)
∣∣∣ 1
|~x−~y|

∣∣∣Φ0E(~x~y)
〉∣∣∣

2

overlap of excited electrons and hole reduced



pulse (350 eV, 1 au): ionized electrons mpipks

photo-ionization tunneling photo- and auto-ionization
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pulse (350 eV, 1 au): ionized electrons without tunneling mpipks

photo-ionization tunneling photo- and auto-ionization
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clusters in X-ray laser pulses mpipks

space-charge effect vs. delocalization effect [US & Rost, PRL 89 (2002) 143401]
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The End ! mpipks
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