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VUV – X-ray FEL


Light pulse parameter space 
Intensities: 1012 - 1019W/cm2 
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Fast electron & ion dynamics in extended systems 
under short intense light pulses 

Why?

§ Novel light sources (XFELs) deliver  
  unprecedented high spatial energy   
  density in short pulses – 

§ clusters are an ideal target to probe  
 this type of light-matter interaction 
 

large amount of photon energy 
transferred to the cluster in a short time

§ extreme non-equilibrium  
(dissipative and inhoherent!) dynamics  

§ classical approach possible 
  (augmented by quantum photo-  
   and Auger rates)

§ new phenomena ? 
 



(Photo- Auger, and field ionzized) electrons: 

➜  Nano plasma formation 
 
 

 

 

 

 

 

Ultrafast, intense XUV to X-ray light: 
Multi-electron multi-photon absorption 

§  large variability of systems and conditions of light  

§  does a systematics of phenomena exist ? 

n  Single photon absorption of many atoms in an extended but finite 
system: Very different from familiar  multiphoton – few-electron  
processes in the near IR. 



§  Energy absorption from light leads to loss of electrons 

➜  ionic charge builds up 

➜   bound electrons from surface atoms are field ionized; 

    electrons are trapped and form a (quasi-neutral) plasma 

➜   non-screened  surface ions explode 

 

What happens when an intense X-ray  
light pulse hits the cluster ? 



§  classical propagation of all charged particles 
    (FMM if necessary) 

§  random photo- and Auger events  
   (in accordance with quantum atomic or molecular rates) 

§  one active bound valence electron per ion,  
    soft core Coulomb potential 

 

 

How do we compute the dynamics ? 

(MD simulation, Ar147)


ω=Ee

t=10 fs t=0 t=100 fs 

Killian etal.,PRL 83, 4776 (99):  
cold plasmas are  

universal phenomenon! 

t=1ns t=0 t=1µs 



Overview 

Many photons quickly delivererd (X-ray): 
 

▶  Massively parallel ionization (electrons): 

     correlation in the continuum 
 

▶  Granularity peak in ionic Coulomb explosion (ions) 
most shock waves are not shock waves… 

 

▶  transient stabilization of molecular backbone in X-
ray induced Coulomb explosion of hydride clusters  
(H2O, NH3, CH4,…) through proton ejection 
good for single molecule X-ray imaging 



Massively parallel ionization: 
Sudden ionization of 100 electrons… 
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In Fig. 2 we compare the PES from the full molecu-
lar dynamics calculation (where electrons and ions move
classically according to all Coulomb forces) with the one
obtained using the CC with its static and smooth ionic
background. Obviously, both results agree with each
other quite well demonstrating that CCs are a realistic
approximation for the present scenario. Motivated by the
scaling property of the Coulomb complex, we rescale the
energy by the depth of the ionic background potential
V0 = 3

2N/R ⇥ � of all activated electrons potential. In
Fig. 2b the PES is plotted in terms of the scaled energy
⇥ = ��1E ⇥ E/V0.

The form of the PES exhibits some resemblance to the
mean-field result (dashed lines in Fig. 2) which can be
obtained analytically from the CC complex: Assuming as
before spherical geometry, the potential for an electron
photo activated with excess energy E⇥ at radial distance
r⇤ from the center is Vmf(r⇤) = V (r⇤) + Vee(r⇤), where V
is given in Eq. (1) and Vee(r⇤) = Nr0/r⇤ is the repulsive
potential of the charge Nr0 = N r⇤3/R3 created by all
electrons within the sphere of radius r⇤. To escape from
the CC the electron has to overcome Vmf and its final
energy is therefore E = E⇤ + Vmf(r⇤), or in scaled units

⇥(r⇤) = ⇥⇥ �
�
r⇤2/R2 � 1

⇥
. (2)

With the radial electron distribution dP/dr⇤ = 3r⇤2/R3

and Eq. (2) we get with dP/d⇥ = [dP/dr⇤] [d⇥/dr⇤]�1

dP (⇥)

d⇥
=

3

2

⌅
⇥� ⇥⇥ + 1, (3)

within the interval ⇥⇥�1 ⇤ ⇥ ⇤ ⇥⇥ which is of length unity
or V0 in unscaled energies. The width V0 of the PES gives
an account of the depth of the potential and consequently
of the charge to extension ratio of the Coulomb complex.
In particular the full width at half maximum

�EFWHM =
3

4
V0 =

9

8
N/R or �⇥ =

3

4
(4)

of the mean-field spectrum is quite similar to its coun-
terpart in the full spectrum. In the regime of massively
parallel ionization this result is very useful to estimate the
number of photons absorbed if the cluster size is known,
or vice versa, determine the size of the cluster illuminated
if one can measure how many electrons (their number Q
equals the number of photons N , Q = N) have been
ionized.

Apart form the overall agreement one observes in Fig. 2
that the accurate PES is substantially blurred at the
boundaries compared to the mean-field spectrum. The
broadening can be interpreted as the result of a convo-
lution with a spectrum governed by binary collisions in-
duced by a short-range, singular potential, i.e., the exact
opposite of mean-field dynamics, which is generated by
smooth long-range interaction,

dP (⇥)

d⇥
=

⌅
d⇥̄

dPlong(⇥)

d⇥

⇤⇤⇤
�̄

dPshort(⇥)

d⇥

⇤⇤⇤
�̄����⇤

. (5)
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FIG. 2: Color online: Photo electron spectrum for sudden
massively parallel ionization. a) Ar147 with icosahedral geom-
etry. Two thirds of the atoms loose an electron from the 3p
level with an excess energy of E? =0.4 keV. b) Coulomb com-
plex with N =100 and an excess energy �⇤ =2. The dashed
lines represent the analytical mean-field result from Eq. (3).
The full widths at half maximum of both distributions, de-
noted by �E and �� respectively, are indicated by the thick
gray arrows.

0 1 2 3 4
scaled energy ε

10
-3

10
-2

10
-1

10
0

10
1

d
P

/d
ε

long-range
interaction

short-range
   interaction

0 1 2 3
ε

10
-3

10
-2

10
-1

10
0

d
P

/d
ε

FIG. 3: Color online: (a) Final electron spectra for N = 102

electrons propagated with Yukawa (solid) and anti-Yukawa
(dashed) potential. (b) Final spectrum from propagation with
Coulomb potential (green, solid) and convolution of Yukawa
and anti-Yukawa spectra (black, dashed) according to Eq. (5).
Vertical lines indicate excess energy �⇤ = 2.

For the sake of being specific we model the short-range
interaction of two electrons with a distance r by a Yukawa
potential Wshort(r) = e�r/s/r and the mean-field inter-
action by a Coulomb potential whose singularity at the
origin is suppressed, Wlong(r) = (1 � e�r/s)/r. For the
screening parameter we choose s = 1

5RN�1/3, i. e., much
smaller than the initial nearest neighbour distance. With
this choice Wlong closely matches the Coulombic case,
while the initial interaction energy for Wshort is close to
zero. Consequently, the inter-electronic repulsion energy
resulting from Wshort cannot compensate the ionic back-
ground potential Eq. (1) anymore. For realistically mod-
eling withWshort the e⇥ect of inelastic binary interactions
on the PES, we drop the background potential but ad-
just the initial conditions such that the asymptotic single
electron energy of ⇥⇥ is preserved.
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number of photons absorbed if the cluster size is known,
or vice versa, determine the size of the cluster illuminated
if one can measure how many electrons (their number Q
equals the number of photons N , Q = N) have been
ionized.

Apart form the overall agreement one observes in Fig. 2
that the accurate PES is substantially blurred at the
boundaries compared to the mean-field spectrum. The
broadening can be interpreted as the result of a convo-
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FIG. 2: Color online: Photo electron spectrum for sudden
massively parallel ionization. a) Ar147 with icosahedral geom-
etry. Two thirds of the atoms loose an electron from the 3p
level with an excess energy of E? =0.4 keV. b) Coulomb com-
plex with N =100 and an excess energy �⇤ =2. The dashed
lines represent the analytical mean-field result from Eq. (3).
The full widths at half maximum of both distributions, de-
noted by �E and �� respectively, are indicated by the thick
gray arrows.
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FIG. 3: Color online: (a) Final electron spectra for N = 102

electrons propagated with Yukawa (solid) and anti-Yukawa
(dashed) potential. (b) Final spectrum from propagation with
Coulomb potential (green, solid) and convolution of Yukawa
and anti-Yukawa spectra (black, dashed) according to Eq. (5).
Vertical lines indicate excess energy �⇤ = 2.

For the sake of being specific we model the short-range
interaction of two electrons with a distance r by a Yukawa
potential Wshort(r) = e�r/s/r and the mean-field inter-
action by a Coulomb potential whose singularity at the
origin is suppressed, Wlong(r) = (1 � e�r/s)/r. For the
screening parameter we choose s = 1

5RN�1/3, i. e., much
smaller than the initial nearest neighbour distance. With
this choice Wlong closely matches the Coulombic case,
while the initial interaction energy for Wshort is close to
zero. Consequently, the inter-electronic repulsion energy
resulting from Wshort cannot compensate the ionic back-
ground potential Eq. (1) anymore. For realistically mod-
eling withWshort the e⇥ect of inelastic binary interactions
on the PES, we drop the background potential but ad-
just the initial conditions such that the asymptotic single
electron energy of ⇥⇥ is preserved.

§ Mean field: 

§  FWHM:  

  

Ar147,  100 e- suddenly 
activated with 400 eV 
excess energy 

Ch. Gnodtke etal., Chem. Phys. online (2012) 



Massively parallel ionization 
correlation in the continuum 

- -- analytical,  
-    numerical 

 

N=10                              N=100                                            N=1000   	





Massively parallel ionization 
as a sum over binary collisions 

§  For each electron i we sum  
   over “virtual” binary collision  

   contributions with all partners j  
§  Can be done analytically  

   using the conserved angular  
   momentum and Runge Lenz vectors 

- -- analytical,  
-    numerical 

 

N=10                              N=100                               N=1000   	





Realize massively parallel ionization experimentally 
with an attosecond pulse ? 

 
2nm H2 cluster (~500 molecules), 2.5 x 1016Wcm-2 @ ω=75 eV, T = 0.5 fs 

§  Interacting many electron system 
 
§  Spectrum can be obtained analytically from  
   fictitious binary collisions 
 
§  generic feature under short intense X-ray pulses 
 



So far electron spectra… 
… what about the ions ? 



n  Assume that from each atom in a cluster  
one electron has been removed -  

    continuum (plasma) theory predicts:  
•  if electrons are removed slowly (“long” pulse):  

a shock wave forms 

•  if removal happens fast (“short” pulse):  
a characteristic E1/2 dependence of the  
ion spectrum results 

?  is this really true for a realistic system  
containing a finite number of ions ? 

Granularity peak  
in extreme ionic Coulomb explosion 

§  depends on sharpness of cluster edge (ion distribution) 

§  can be tuned by pulse length of light ! 



Uniform (constant) ion density 
(“short” pulse: complete ionization before CE) 

radius     r energy    E 

dP/dE ρ(
r)

 

monotonically  
increasing force 

density 

force 



Homogeneous non-uniformly decreasing ion density 
(“long” pulse: CE starts  before ionization is finished) 

shock  
wave 

radius     r energy    E 

dP/dE ρ(
r)

 

non-monotonically  
increasing force 

density 

force 
Kaplan etal 
PRL 91, 143401(03) 
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What really happens if a cluster of  
N ions suddenly explodes… 

Why?

§ Novel light sources (XFELs) deliver  
  unprecedented high spatial energy   
  density in short pulses – 

§ clusters are an ideal target to probe  
 this new light-matter interaction 
 

•  1000 atoms in an LJ cluster 
•   scales from comparable  

  continuum system CS: 
•   CS doubles size in  τ	


•   maximum ion energy E* 

with rij the distance between the particles i and j and
~gðrÞ¼ 3

16ðr=R$2Þ2ðr=Rþ4Þ the distribution of distances
r in a sphere with radius R [20]. The normalization with
~gðrÞ is necessary in order to remove the trivial dependence
on r due to the finite size of the system.

We can assess how the correlation hole affects the force
acting on an ion at position r analytically. To this end,
we determine the Coulomb repulsion of the ion from an
infinitesimally thin spherical shell of radius r0 and charge q
by integrating over all angles

fr0ðrÞ ¼
q

4!

Z 2!

0
d"

Z !

0
d# sin#

@

@r

1

jr$ r0j ; (5)

with r0 & r0ðsin# cos"; sin# sin"; cos#Þ a vector on the
shell. The radial component of this force can be determined
without loss of generality by choosing r ¼ rẑ along the z
axis. Integrating over " and using $ & cos# it reads

fr0;%$ðrÞ ¼
q

2

Z þ1$%$

$1
d$

d

dr

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ r02 $ 2rr0$

p ; (6a)

¼ q

r2

"
1

2
þ ð1$ %$Þr$ r0

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r02 þ r2 $ 2ð1$ %$Þr0r

p
#
: (6b)

Hereby, the integration was restricted to the upper limit
1$ %$< 1 in order to account for a correlation hole, cf.

the sketch in Fig. 4 and its inset, which shows %$ explicitly.
Equation (5) corresponds to %$ ¼ 0. In this case, perform-
ing the integration over $ yields—as expected—Gauss’
law, i.e., fr0;0¼0 for r<r0 and fr0;0 ¼ q=r2 for r ' r0. As
can be seen in Fig. 4(a), for finite %$ the force is fr0;%$ > 0
inside the shell with radius r0 and fr0;%$ < q=2r2 outside
this shell. Yet, this modification of the forces does not
play a role as long as the test particle’s correlation hole
is in the bulk (r < R$ %, see test particle at r1 in Fig. 4)
since reduced repulsion from inner charged shells with
r0 < r is fully compensated by a finite repulsion from outer
shells with r0 > r in accordance with Gauss’ law for
spherical charge distributions and a test particle with its
correlation sphere completely inside the charge distribu-
tion. A reduced force is expected at the surface (see test
particle at r2 in Fig. 4). Both expectations are confirmed by
the cumulative force, i.e., the integration over all charged
shells, shown in Fig. 4(b). For this integration we use %$ ¼
ð%2 $ ðr$ r0Þ2Þ=ð2rr0Þ, which guarantees that the ‘‘open’’
shells (see thick green or gray line in the sketch of Fig. 4)
form a spherical correlation hole with radius % for jr$r0j(
%. For all other shells it is %$ ¼ 0. This %$ inserted into
Eq. (6) and integrated over all shells yields an explicit expr-
ession for the force in the presence of a correlation hole
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FIG. 3 (color online). Spectra from numerical propagation of
systems with N ¼ 100, 1000, and 10 000 ions, respectively, are
shown by orange or gray-shaded areas (a)–(c). The mean-field
model as given by Eq. (3) is shownwith dashed lines. Considering
a correlation hole in the mean-field description by using Eq. (8) in
Eq. (2) yields the spectrum shown as solid line (b). Additionally
the pair-correlation function gðrÞ according to Eq. (4) is shown
for the cluster with N ¼ 1000 individual ions (d).
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FIG. 4 (color online). Sketch of the integration assuming a
correlation hole with radius % around the test particle at distance
r. We show two situations, where the correlation hole is inside
the bulk (r1) and at the surface (r2), respectively. The test
particle force is obtained by integration over all shells (indicated
by green or gray lines) with some of them being ‘‘open’’ (thick
green or gray line, see also inset) due to the correlation hole.
The force on a test particle as a function of the distance r (a) due
to an ‘‘open’’ charged spherical shell with radius r according to
Eq. (6) and (b) integrated over all shells of the charged sphere of
radius R according to Eq. (7).
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shells with r0 > r in accordance with Gauss’ law for
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correlation sphere completely inside the charge distribu-
tion. A reduced force is expected at the surface (see test
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FIG. 3 (color online). Spectra from numerical propagation of
systems with N ¼ 100, 1000, and 10 000 ions, respectively, are
shown by orange or gray-shaded areas (a)–(c). The mean-field
model as given by Eq. (3) is shownwith dashed lines. Considering
a correlation hole in the mean-field description by using Eq. (8) in
Eq. (2) yields the spectrum shown as solid line (b). Additionally
the pair-correlation function gðrÞ according to Eq. (4) is shown
for the cluster with N ¼ 1000 individual ions (d).
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FIG. 4 (color online). Sketch of the integration assuming a
correlation hole with radius % around the test particle at distance
r. We show two situations, where the correlation hole is inside
the bulk (r1) and at the surface (r2), respectively. The test
particle force is obtained by integration over all shells (indicated
by green or gray lines) with some of them being ‘‘open’’ (thick
green or gray line, see also inset) due to the correlation hole.
The force on a test particle as a function of the distance r (a) due
to an ‘‘open’’ charged spherical shell with radius r according to
Eq. (6) and (b) integrated over all shells of the charged sphere of
radius R according to Eq. (7).
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What really happens if a cluster of  
N ions suddenly explodes… 

Why?

§ Novel light sources (XFELs) deliver  
  unprecedented high spatial energy   
  density in short pulses – 

§ clusters are an ideal target to probe  
 this new light-matter interaction 
 

•  1000 atoms in an LJ cluster 
•   scales from comparable  

  continuum system CS: 
•   CS doubles size in  τ	


•   maximum ion energy E* 

looks like a shock wave, 
but should not:  
 
homogeneously charged sphere  
just replaced by (true) discrete 
ions of the same density 
 

with rij the distance between the particles i and j and
~gðrÞ¼ 3

16ðr=R$2Þ2ðr=Rþ4Þ the distribution of distances
r in a sphere with radius R [20]. The normalization with
~gðrÞ is necessary in order to remove the trivial dependence
on r due to the finite size of the system.

We can assess how the correlation hole affects the force
acting on an ion at position r analytically. To this end,
we determine the Coulomb repulsion of the ion from an
infinitesimally thin spherical shell of radius r0 and charge q
by integrating over all angles

fr0ðrÞ ¼
q

4!

Z 2!

0
d"

Z !

0
d# sin#

@

@r

1

jr$ r0j ; (5)

with r0 & r0ðsin# cos"; sin# sin"; cos#Þ a vector on the
shell. The radial component of this force can be determined
without loss of generality by choosing r ¼ rẑ along the z
axis. Integrating over " and using $ & cos# it reads

fr0;%$ðrÞ ¼
q

2

Z þ1$%$

$1
d$

d

dr

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ r02 $ 2rr0$

p ; (6a)

¼ q

r2

"
1

2
þ ð1$ %$Þr$ r0

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r02 þ r2 $ 2ð1$ %$Þr0r

p
#
: (6b)

Hereby, the integration was restricted to the upper limit
1$ %$< 1 in order to account for a correlation hole, cf.

the sketch in Fig. 4 and its inset, which shows %$ explicitly.
Equation (5) corresponds to %$ ¼ 0. In this case, perform-
ing the integration over $ yields—as expected—Gauss’
law, i.e., fr0;0¼0 for r<r0 and fr0;0 ¼ q=r2 for r ' r0. As
can be seen in Fig. 4(a), for finite %$ the force is fr0;%$ > 0
inside the shell with radius r0 and fr0;%$ < q=2r2 outside
this shell. Yet, this modification of the forces does not
play a role as long as the test particle’s correlation hole
is in the bulk (r < R$ %, see test particle at r1 in Fig. 4)
since reduced repulsion from inner charged shells with
r0 < r is fully compensated by a finite repulsion from outer
shells with r0 > r in accordance with Gauss’ law for
spherical charge distributions and a test particle with its
correlation sphere completely inside the charge distribu-
tion. A reduced force is expected at the surface (see test
particle at r2 in Fig. 4). Both expectations are confirmed by
the cumulative force, i.e., the integration over all charged
shells, shown in Fig. 4(b). For this integration we use %$ ¼
ð%2 $ ðr$ r0Þ2Þ=ð2rr0Þ, which guarantees that the ‘‘open’’
shells (see thick green or gray line in the sketch of Fig. 4)
form a spherical correlation hole with radius % for jr$r0j(
%. For all other shells it is %$ ¼ 0. This %$ inserted into
Eq. (6) and integrated over all shells yields an explicit expr-
ession for the force in the presence of a correlation hole
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FIG. 3 (color online). Spectra from numerical propagation of
systems with N ¼ 100, 1000, and 10 000 ions, respectively, are
shown by orange or gray-shaded areas (a)–(c). The mean-field
model as given by Eq. (3) is shownwith dashed lines. Considering
a correlation hole in the mean-field description by using Eq. (8) in
Eq. (2) yields the spectrum shown as solid line (b). Additionally
the pair-correlation function gðrÞ according to Eq. (4) is shown
for the cluster with N ¼ 1000 individual ions (d).
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FIG. 4 (color online). Sketch of the integration assuming a
correlation hole with radius % around the test particle at distance
r. We show two situations, where the correlation hole is inside
the bulk (r1) and at the surface (r2), respectively. The test
particle force is obtained by integration over all shells (indicated
by green or gray lines) with some of them being ‘‘open’’ (thick
green or gray line, see also inset) due to the correlation hole.
The force on a test particle as a function of the distance r (a) due
to an ‘‘open’’ charged spherical shell with radius r according to
Eq. (6) and (b) integrated over all shells of the charged sphere of
radius R according to Eq. (7).

PRL 110, 133401 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

29 MARCH 2013

133401-3

-  - -  mean field 

______ mean field with correlation hole


dP
/d
E	





21 

True energy spectra of exploding ion nano plasmas 
as a function of activation time (pulse length T) 

Why?

§ Novel light sources (XFELs) deliver  
  unprecedented high spatial energy   
  density in short pulses – 

§ clusters are an ideal target to probe  
 this new light-matter interaction 
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•  1000 atoms in an LJ cluster 
•   scales from comparable  

  continuum system CS: 
•   CS doubles size in  τ	


•   maximum ion energy E* 

shock wave 

granularity peak 



Force from a spherical shell of  
charged particles (at r =1) 

outside:              reduced w.r.t. 
                          continuous distribution 

inside:                finite force, 
                          i.e.,  increased w.r.t. 
                           cont. distribution 
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Time dependence distinguishes shock wave  
from granularity peak 

short pulse long pulse 

time evolution 

shock 
wave 
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granularity 
peak 

granularity peak right  
from the beginning 

shock wave  
develops later 



Crossover from granularity to shock wave  
dominated dynamics  
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decided by a/δ	


	


ratio of softness of cluster edge a (modeled by Fermi distribution) 
versus correlation hole size δ	



FR;!ðrÞ ¼ Qr=R3 for r < R$ ! (7a)

¼ AR;!ðrÞQr=R3 for R$ !< r < R; (7b)

with the dimensionless attenuation factor

AR;!ðrÞ%
ðrþR$!Þ2ð2ðrþRÞ!þ!2$3ðr$RÞ2Þ

16!r3
: (7c)

Indeed, the force from Eq. (7) increases linearly, character-
istic for a homogeneously charged sphere and without any
effect of the correlation hole until the latter touches the
surface from the inside [for the case shown in Fig. 4(b) at
r ¼ 2R=3]. When this happens the force grows more
slowly than in the homogeneous case and even decreases
still within the charged sphere reaching a maximal value at
rmax ¼ R$ !=3 (for ! ' R).

With the initial forces sculpturing the properties of the
final ion-energy spectrum, we may even attempt to calcu-
late this spectrum according to Eq. (2). We assume a self-
similar expansion, i.e., scaling of all lengths in the system
with the common factor ". Consequently, the force (7)
inherits the property F"R;"!ð"rÞ ¼ "$2FR;!ðrÞ from the
Coulomb force. Thus, the final kinetic energy depends on
the initial position similarly as in the case of a homogenous
charge density through an integral along the similarity path
with increment dr0 ¼ rd"

EðrÞ ¼ r
Z 1

1
d"F"R;"!ð"rÞ ¼ rFR;!ðrÞ: (8)

In all (numerical and analytical) spectra presented we take
into account a finite energy resolution !E ¼ E?=50. For
Eq. (2) this means to replace !ðxÞ with K!EðxÞ ¼
expð$ ðx=!EÞ2Þ= ffiffiffiffi

#
p

!E. In Fig. 3(b) one sees the spectrum
for clusters with 1000 atoms in comparison to the one obta-
ined with the mean-field approach including the correlation
hole as just described. The deviations of both the numerical
result (orange or gray-shaded area) and the correlation-
hole result (solid line) with respect to the simple mean-field
result (dashed line) from Eq. (3) at energies E & E? clearly
reveals the importance of the correlation hole.

However, given the analytically calculated force of
Eq. (7b) we also know that in order for the correlation
hole to have an effect, the ion density must have a sharp
edge, essentially falling to zero within the radius ! of the
correlation hole. Otherwise, the forces of each shell in the
presence of the correlation hole will compensate each
other; see Fig. 4(a). On the other hand, a soft edge gives
rise to the mean-field peak through catching up of faster
inner ions with the slower outer ones, as described in the
introduction. We may quantitatively describe the edge by a
Fermi distribution %a;RðrÞ ¼ 2~%a;R=½1þ expððr$ RÞ=aÞ)
with the softness parameter a and ~%a;R the ion density
at r ¼ R which is determined through the integral
4#

R
drr2%a;RðrÞ ¼ N. In Fig. 5 the energy spectrum of

ions initially distributed according to a Fermi distribution
%a;RðrÞ is shown for various values of a measured in terms

of the correlation hole radius !. One can see the crossover
from the granularity to the mean-field peak near a ¼ !.
We have seen that these two features are of very differ-

ent origins, although both of them are surface effects and
occur, therefore, on the rim of maximal energy in the
spectra of Fig. 5. It should be possible in an experiment
to reveal both phenomena and their crossover by simply
varying the pulse length of the ionizing light pulse as
demonstrated in Fig. 1. A time-delayed probe pulse could
reveal, in addition, the different temporal behavior of both
peaks illustrated in Fig. 2.
In the examples discussed here, the granularity of the

system was quantified by the correlation hole which is the
most common case for ground state matter. However, a
little thought reveals that ions (or electrons) randomly
distributed over a finite volume give rise to a granularity
peak as well. It is much weaker and broader [21] but still
has the same reason: Forces on an ion from other ions
inside and outside a virtual shell do not compensate each
other near the edge of the sample where the radius of the
shell is defined by the distance of the ion to the charge
center of the sample.
We gratefully acknowledge support from CORINF,

a Marie Curie ITN of the European Union, Grant
Agreement No. 264951.
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Ion bunching through granularity 

§  dynamics of exploding ionic   
  nanoplasmas quite rich due to  
  the combination of finiteness  
  with granularity 
 

§  difficult to disentangle with  
   “final” energy spectra: 

➜   probe short time dynamics of expanding ionic plasmas 

 

U Saalmann, A Mikaberidze and JM Rost, PRL 110, 133401 (2013)  





Overview 

Many photons quickly delivererd (X-ray): 
 

▶  Massively parallel ionization (electrons): 

     correlation in the continuum 
 

▶  Granularity peak in ionic Coulomb explosion (ions) 
most shock waves are not shock waves… 

 

▶  transient stabilization of molecular backbone in X-
ray induced Coulomb explosion of hydride clusters  
(H2O, NH3, CH4,…) through proton ejection 
good for single molecule X-ray imaging 



LCLS


Methane clusters (N~1000)   
under 1keV, 10fs X-ray pulses 

In region C, the initial charge Q further increases which
weakens the screening effect through field ionized elec-
trons for two reasons. First, the fraction of screening
electrons available versus initial charge Q decreases.
Second, the temperature of the screening electrons is
higher than in B due to the deepening of the trapping
potential with increasing Q. Hence, the surface layer no
longer forms efficiently and a Coulomb explosion, as in
region A, although more violently, results. We may con-
clude that heavy-light segregation is not a local effect of
heavy-light molecules. Rather, it happens in a surface layer
of the heterogeneous cluster triggered by field ionization.
In contrast, ‘‘dynamical acceleration’’ in such clusters
[7,8] does not require electron screening and relies exclu-
sively on ion-ion repulsion throughout the cluster.

Having established the phenomenon of proton segrega-
tion in hydride clusters, its origin, and its universal fea-
tures, theoretically, the question remains which kind of
observable consequences the segregation has. We do

expect a much lower charging of heavy ions as compared
to the pristine cluster of the heavy-atom species (C, N, or
O). This is indeed the case as can be seen in Fig. 5. For low
intensities most carbon atoms remain neutral in the pristine
as well as in the hydride cluster. This changes drastically
for intermediate intensities of about 1018 W=cm2, where
the fraction of neutral carbon atoms surviving the light
pulse illumination is small in the pristine cluster. In the
hydride cluster, on the other hand, about 80% neutral heavy
atoms result from recombination with the cold electrons
after proton segregation in the surface layer, which has
been fully charged due to efficient field ionization. For
higher intensities, we expect the proton segregation to
cease (see Fig. 2) and, as a consequence, similar charge
spectra for the pristine and the hydride cluster. This is
indeed true with respect to a vanishing yield of neutral
atoms. The form of the charge distribution is still some-
what different.
What clearly emerges from Figs. 2 and 3 is the sensi-

tivity of the proton ejection and, consequently, the charge
distribution of the heavy ions on the intensity. Figure 5
demonstrates that significantly lower charging of the car-
bon ions remains a signature for the dynamically induced
segregation.
We gratefully acknowledge support from Ch. Gnodtke

during the early stage of this project.
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FIG. 4 (color online). Ion kinetic energies of a heterogeneous
cluster model with N ¼ 104 particles in a sphere of radius R as a
function of the total chargeQ=N of the system, with scenarios A,
B, and C as discussed in the text. (a) Ratio of average energies of
heavy and light ions, cf. Eq. (3) and Fig. 3. Energies resolved for
the initial position of the light (b) and heavy (c) ions, where
ðr=RÞ3 measures the distance from the cluster center. Energies
are given in terms of E? ¼ Q=R for the light and E? ¼ Q=4R
for the heavy component, respectively. The solids lines indicate
the part which is expected to explode if the charge would be
concentrated in a shell at the surface.8
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indicated in the respective panel.

P HY S I CA L R EV I EW LE T T E R S

4 4



Electron and ion dynamics in time 

where It ¼ I exp½#4 ln2ðt=TÞ2&3 is the laser intensity at
time t and !j photoionization cross section for the neutral
species with ne active electrons listed in Table I. If the jth

shell has nv vacancies, P photo
j is reduced by a factor " ¼

ðne # nvÞ=ne. Photons of a few keV energy ionize mainly
the K shell (1s orbitals) for the elements of the first row
under consideration. In our test simulations for CH4, less
than 3% of the photoelectrons come from the valence shell
at peak intensities I ' 1019 W=cm2. Hence, for the sake of
simplicity, all results presented have been obtained with
photoionizing exclusively K-shell electrons.4

K-shell photoionization produces core-hole states which
decay via Auger processes [20] with rates which may be
amended by a charged environment [21]. For an ion i, the
transition probability from the state a to the state b via an
Auger decay between time t and tþ!t is computed from
the transition rate between the two configurations "ab

i =@
according to Fermi’s golden rule weighted with the appro-
priate number of available transition partners,

P Auger
ab ¼ "ab@ neðne # 1Þ

nðn# 1Þ !t; (2)

where ne is the total number of electrons able to take part in
the transition, and n is the number of electrons occupying
valence shells in the equivalent neutral species. A similar
approach for the calculation of Auger transition rates has
been independently developed [22] to describe water and
methane molecules in intense x-ray lasers.

Figure 1 illustrates the time evolution of characteristic
parameters for an atomic cluster C297 and a molecular
cluster ðCH4Þ297 under the influence of the laser pulse
(yellow shaded area). One sees immediately, that the dy-
namics of the pristine carbon cluster (dashed line) and the
methane cluster (solid line) is completely different, where
the difference in the observables is marked by gray arrows
(at t ' 65 fs). The carbon atoms get successively charged
through photoionization leading to more than 90% carbon
ions with the laser pulse of peak intensity I ¼ 1018 W=cm2

[Fig. 1(a)]. The cluster ions create a deep binding potential
from which most Auger electrons cannot escape but form a
nanoplasma. The maximum kinetic energy of the trapped
electrons is limited by the depth of the cluster potential and
the average kinetic energy [Fig. 1(c), dashed line] is in-
dicative of the nanoplasma temperature. This is the normal
behavior as is well known from rare-gas clusters exposed
to x-ray pulses [23,24].

The molecular cluster, however, does not follow this
scheme: While initially similarly charged as in the pristine
cluster, electrons recombine with the carbon ions in the
methane cluster and carbon is in the end almost neutral on
average [Fig. 1(a), solid line]. At the same time, the kinetic
energy of the trapped electrons and, hence, the temperature
of the nanoplasma remains comparatively low [Fig. 1(c),
solid line]. Both phenomena originate in the ejection of fast
protons from the molecular cluster [see upper (red) line in
Fig. 1(b)].
Although the carbon K shells are initially photoionized,

the charge distribution of the doubly charged methane after
Auger decay is such that the carbon ion is screened and the
positive charge is dominantly localized on two hydrogen
atoms which are likely to be ejected from the entire cluster
as protons. These protons take away the excess positive
charge created by photoionization which is, of course, not
possible in the pristine carbon cluster. The remaining
positive charge in the cluster is small giving rise to a
weak potential which can only trap low-energy electrons.
Therefore, the temperature of the nanoplasma is by a factor
of 4 smaller than for the pure carbon cluster after t ' 65 fs
(gray arrow); this holds true also for the Coulomb explo-
sion of the carbon ions [Fig. 1(b)] with the charging of the
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FIG. 1 (color online). Time evolution 7for a molecular (solid
lines) and an atomic (dashed lines) cluster. The light-gray
(yellow) shaded region marks the x-ray pulse (I ¼
1018 W=cm2) with a duration of 10 fs (FWHM) centered at t ¼
0. (a) Charge inside the sphere defined by the outermost carbon
ion. (b) Radii in units of the initial radii, with the proton part
shown separately [upper (red) solid line]. (c) Average kinetic
energy of trapped electrons (temperature of the trapped plasma).
The reduction of carbon charging, carbon Coulomb explosion
and energy of trapped electrons due to proton ejection is marked
by gray arrows.

TABLE I. K-shell parameters for the respective heavy atom
used in the calculations. All values refer to neutral systems.

Ne H2O NH3 CH4

Binding energy " (eV) Ref. [17] 870.2 543.1 409.9 284.2
Photoionization (1keV)

6 cross section ! (kb)
Ref. [18] 248.2 121.9 76.99 44.07

Auger lifetime # (fs) Ref. [19] 2.9 4.46 5.36 7.76
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carbon ions even more dramatically reduced, almost by an
order of magnitude [Fig. 1(a)].

One may expect that the absolute difference in velocity
of heavy and light ions gets larger with increasing intensity
and, therefore, higher charging of the cluster. Figure 2,
however, reveals that the ratio of the kinetic energy for the
fastest heavy ion Emax, relative to the energy of all ions
Etot, exhibits a nonmonotonic behavior as a function of
photons absorbed n! with a dip at a critical number n!!.
The latter depends moderately on the species considered,
as can be seen in Fig. 2, but is otherwise a universal feature
of hydride clusters in obvious contrast to the isoelectronic
neon cluster.

The dip in the curves of Fig. 2 for the hydride clusters
indicates a dynamical segregation of protons and heavy
ions as can be seen in Fig. 3, where a more global quantity,
namely, the ratio of the average energy of all protons versus
that of all heavy ions (X ¼ O, N, C)

K # hEkiniH=hEkiniX; (3)

is shown as a function of peak laser intensity I. Again, one
sees a qualitatively identical behavior of all three hydrides
with a maximal segregation at a well-defined intensity
although the three hydrides differ in their respective ion-
ization energy for the 1s electrons, Auger rates, and photo-
ionization cross sections listed in Table I. Hereby, the shift
of the peak positions is to a large extent due to the different
photoionization cross sections.

While the total charge yields and particle-averaged
kinetic energies have revealed the proton segregation,
more differential analysis is needed to clarify whether
this segregation is a local effect due to the heavy-light
character of the hydride molecules or whether the segre-
gation is a consequence of the cluster nature of the
entire system. To this end, we have set up a simple model
where N ¼ 104 singly charged ions are distributed

homogeneously in a sphere neither supporting any molecu-
lar substructure nor allowing any intra-atomic or intra-
molecular 5electronic processes. Three fourths of the ions
have the mass of the proton, while 1=4 has a 20 times
higher mass. N $Q electrons are placed at randomly
selected ions. With this initial configuration, ions and
electrons—interacting via smoothed Coulomb forces—
are propagated for 1 ps. Because of the positive excess
charge, the system fragments. The ratio of the average final
energies of light and heavy ions, cf. Eq. (3), exhibits one
central maximum [region B in Fig. 4(a)] similarly, as for
the fully microscopic calculations for hydride clusters in
Fig. 3.
It is the dependence of the final energy of an ion on its

initial (radial) position r in the cluster [shown in Fig. 4(b)
and 4(c)] which reveals the mechanism behind the heavy-
light ion segregation. In region A, as well as in region C,
protons and heavy ions originate from all initial positions
in the cluster with an increasing energy towards the sur-
face. The mean kinetic energy is larger in C than in A due
to the stronger charging, but heavy-light segregation does
not take place in either of the two regions. In region B,
however, the charging Q is sufficiently strong to trigger
field ionization of surface ions, as it has been discovered
for homogeneous clusters [12]. As a consequence, one
expects the cluster core to be screened by the field ionized
electrons up to the radius indicated by a black line in
Figs. 4(b) and 4(c). However, the protons in the hydride
cluster core are light enough (or more precise: have a
sufficiently large charge-to-mass ratio) to have started
moving before the repelling forces are compensated by
the screening electrons. Hence, protons leave the cluster
core and, as a result, the surplus of screening electrons
prevents heavy ions in the surface layer even beyond the
screening radius of a homogeneous cluster from exploding.
In contrast, protons escape with high final energy from the
surface layer.
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FIG. 2 (color online). Kinetic energy of the fastest ion Emax,
0.5 ps after the peak of the pulse (T ¼ 10 fs), versus the average
number of photons absorbed per atom/molecule n! ¼ N!=N.
Cluster size is N ¼ 689. The kinetic energies are normalized
with the total energy Etot ¼ N!@! absorbed by the cluster.
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carbon ions even more dramatically reduced, almost by an
order of magnitude [Fig. 1(a)].

One may expect that the absolute difference in velocity
of heavy and light ions gets larger with increasing intensity
and, therefore, higher charging of the cluster. Figure 2,
however, reveals that the ratio of the kinetic energy for the
fastest heavy ion Emax, relative to the energy of all ions
Etot, exhibits a nonmonotonic behavior as a function of
photons absorbed n! with a dip at a critical number n!!.
The latter depends moderately on the species considered,
as can be seen in Fig. 2, but is otherwise a universal feature
of hydride clusters in obvious contrast to the isoelectronic
neon cluster.

The dip in the curves of Fig. 2 for the hydride clusters
indicates a dynamical segregation of protons and heavy
ions as can be seen in Fig. 3, where a more global quantity,
namely, the ratio of the average energy of all protons versus
that of all heavy ions (X ¼ O, N, C)

K # hEkiniH=hEkiniX; (3)

is shown as a function of peak laser intensity I. Again, one
sees a qualitatively identical behavior of all three hydrides
with a maximal segregation at a well-defined intensity
although the three hydrides differ in their respective ion-
ization energy for the 1s electrons, Auger rates, and photo-
ionization cross sections listed in Table I. Hereby, the shift
of the peak positions is to a large extent due to the different
photoionization cross sections.

While the total charge yields and particle-averaged
kinetic energies have revealed the proton segregation,
more differential analysis is needed to clarify whether
this segregation is a local effect due to the heavy-light
character of the hydride molecules or whether the segre-
gation is a consequence of the cluster nature of the
entire system. To this end, we have set up a simple model
where N ¼ 104 singly charged ions are distributed

homogeneously in a sphere neither supporting any molecu-
lar substructure nor allowing any intra-atomic or intra-
molecular 5electronic processes. Three fourths of the ions
have the mass of the proton, while 1=4 has a 20 times
higher mass. N $Q electrons are placed at randomly
selected ions. With this initial configuration, ions and
electrons—interacting via smoothed Coulomb forces—
are propagated for 1 ps. Because of the positive excess
charge, the system fragments. The ratio of the average final
energies of light and heavy ions, cf. Eq. (3), exhibits one
central maximum [region B in Fig. 4(a)] similarly, as for
the fully microscopic calculations for hydride clusters in
Fig. 3.
It is the dependence of the final energy of an ion on its

initial (radial) position r in the cluster [shown in Fig. 4(b)
and 4(c)] which reveals the mechanism behind the heavy-
light ion segregation. In region A, as well as in region C,
protons and heavy ions originate from all initial positions
in the cluster with an increasing energy towards the sur-
face. The mean kinetic energy is larger in C than in A due
to the stronger charging, but heavy-light segregation does
not take place in either of the two regions. In region B,
however, the charging Q is sufficiently strong to trigger
field ionization of surface ions, as it has been discovered
for homogeneous clusters [12]. As a consequence, one
expects the cluster core to be screened by the field ionized
electrons up to the radius indicated by a black line in
Figs. 4(b) and 4(c). However, the protons in the hydride
cluster core are light enough (or more precise: have a
sufficiently large charge-to-mass ratio) to have started
moving before the repelling forces are compensated by
the screening electrons. Hence, protons leave the cluster
core and, as a result, the surplus of screening electrons
prevents heavy ions in the surface layer even beyond the
screening radius of a homogeneous cluster from exploding.
In contrast, protons escape with high final energy from the
surface layer.
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0.5 ps after the peak of the pulse (T ¼ 10 fs), versus the average
number of photons absorbed per atom/molecule n! ¼ N!=N.
Cluster size is N ¼ 689. The kinetic energies are normalized
with the total energy Etot ¼ N!@! absorbed by the cluster.
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In region C, the initial charge Q further increases which
weakens the screening effect through field ionized elec-
trons for two reasons. First, the fraction of screening
electrons available versus initial charge Q decreases.
Second, the temperature of the screening electrons is
higher than in B due to the deepening of the trapping
potential with increasing Q. Hence, the surface layer no
longer forms efficiently and a Coulomb explosion, as in
region A, although more violently, results. We may con-
clude that heavy-light segregation is not a local effect of
heavy-light molecules. Rather, it happens in a surface layer
of the heterogeneous cluster triggered by field ionization.
In contrast, ‘‘dynamical acceleration’’ in such clusters
[7,8] does not require electron screening and relies exclu-
sively on ion-ion repulsion throughout the cluster.

Having established the phenomenon of proton segrega-
tion in hydride clusters, its origin, and its universal fea-
tures, theoretically, the question remains which kind of
observable consequences the segregation has. We do

expect a much lower charging of heavy ions as compared
to the pristine cluster of the heavy-atom species (C, N, or
O). This is indeed the case as can be seen in Fig. 5. For low
intensities most carbon atoms remain neutral in the pristine
as well as in the hydride cluster. This changes drastically
for intermediate intensities of about 1018 W=cm2, where
the fraction of neutral carbon atoms surviving the light
pulse illumination is small in the pristine cluster. In the
hydride cluster, on the other hand, about 80% neutral heavy
atoms result from recombination with the cold electrons
after proton segregation in the surface layer, which has
been fully charged due to efficient field ionization. For
higher intensities, we expect the proton segregation to
cease (see Fig. 2) and, as a consequence, similar charge
spectra for the pristine and the hydride cluster. This is
indeed true with respect to a vanishing yield of neutral
atoms. The form of the charge distribution is still some-
what different.
What clearly emerges from Figs. 2 and 3 is the sensi-

tivity of the proton ejection and, consequently, the charge
distribution of the heavy ions on the intensity. Figure 5
demonstrates that significantly lower charging of the car-
bon ions remains a signature for the dynamically induced
segregation.
We gratefully acknowledge support from Ch. Gnodtke

during the early stage of this project.
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033201 (2011).

[3] A. Sugishima et al., Phys. Rev. A 86, 033203 (2012).
[4] A. Mikaberidze, U. Saalmann, and J.M. Rost, Phys. Rev.

Lett. 102, 128102 (2009).
[5] S. R. Krishnan et al., Phys. Rev. Lett. 107, 173402 (2011).
[6] J. Jha and M. Krishnamurthy, J. Phys. B 41, 041002

(2008).
[7] I. Last and J. Jortner, Phys. Rev. Lett. 87, 033401 (2001).
[8] M. Hohenberger, D. Symes, K. Madison, A. Sumeruk, G.

Dyer, A. Edens, W. Grigsby, G. Hays, M. Teichmann, and
T. Ditmire, Phys. Rev. Lett. 95, 195003 (2005).

0

0.2

0.4

0.6

0.8

1

In
iti

al
 lo

ca
tio

n 
(r

/R
)3

(b) light ions

0.05 0.1 0.2 0.3 0.4 0.5
Total charge Q/N

0

0.2

0.4

0.6

0.8

1

In
iti

al
 lo

ca
tio

n 
(r

/R
)3

(c) heavy ions

0
10
20
30
40
50

R
at

io
 K

A B C

(a)

0
0.2
0.4
0.6
0.8
1

En
er

gy
 E

/E
*

FIG. 4 (color online). Ion kinetic energies of a heterogeneous
cluster model with N ¼ 104 particles in a sphere of radius R as a
function of the total chargeQ=N of the system, with scenarios A,
B, and C as discussed in the text. (a) Ratio of average energies of
heavy and light ions, cf. Eq. (3) and Fig. 3. Energies resolved for
the initial position of the light (b) and heavy (c) ions, where
ðr=RÞ3 measures the distance from the cluster center. Energies
are given in terms of E? ¼ Q=R for the light and E? ¼ Q=4R
for the heavy component, respectively. The solids lines indicate
the part which is expected to explode if the charge would be
concentrated in a shell at the surface.8
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In region C, the initial charge Q further increases which
weakens the screening effect through field ionized elec-
trons for two reasons. First, the fraction of screening
electrons available versus initial charge Q decreases.
Second, the temperature of the screening electrons is
higher than in B due to the deepening of the trapping
potential with increasing Q. Hence, the surface layer no
longer forms efficiently and a Coulomb explosion, as in
region A, although more violently, results. We may con-
clude that heavy-light segregation is not a local effect of
heavy-light molecules. Rather, it happens in a surface layer
of the heterogeneous cluster triggered by field ionization.
In contrast, ‘‘dynamical acceleration’’ in such clusters
[7,8] does not require electron screening and relies exclu-
sively on ion-ion repulsion throughout the cluster.

Having established the phenomenon of proton segrega-
tion in hydride clusters, its origin, and its universal fea-
tures, theoretically, the question remains which kind of
observable consequences the segregation has. We do

expect a much lower charging of heavy ions as compared
to the pristine cluster of the heavy-atom species (C, N, or
O). This is indeed the case as can be seen in Fig. 5. For low
intensities most carbon atoms remain neutral in the pristine
as well as in the hydride cluster. This changes drastically
for intermediate intensities of about 1018 W=cm2, where
the fraction of neutral carbon atoms surviving the light
pulse illumination is small in the pristine cluster. In the
hydride cluster, on the other hand, about 80% neutral heavy
atoms result from recombination with the cold electrons
after proton segregation in the surface layer, which has
been fully charged due to efficient field ionization. For
higher intensities, we expect the proton segregation to
cease (see Fig. 2) and, as a consequence, similar charge
spectra for the pristine and the hydride cluster. This is
indeed true with respect to a vanishing yield of neutral
atoms. The form of the charge distribution is still some-
what different.
What clearly emerges from Figs. 2 and 3 is the sensi-

tivity of the proton ejection and, consequently, the charge
distribution of the heavy ions on the intensity. Figure 5
demonstrates that significantly lower charging of the car-
bon ions remains a signature for the dynamically induced
segregation.
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FIG. 4 (color online). Ion kinetic energies of a heterogeneous
cluster model with N ¼ 104 particles in a sphere of radius R as a
function of the total chargeQ=N of the system, with scenarios A,
B, and C as discussed in the text. (a) Ratio of average energies of
heavy and light ions, cf. Eq. (3) and Fig. 3. Energies resolved for
the initial position of the light (b) and heavy (c) ions, where
ðr=RÞ3 measures the distance from the cluster center. Energies
are given in terms of E? ¼ Q=R for the light and E? ¼ Q=4R
for the heavy component, respectively. The solids lines indicate
the part which is expected to explode if the charge would be
concentrated in a shell at the surface.8
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Electron and ion dynamics in time 

Molecular cluster: 

§  ions don’t move 

§  trapped electrons stay cool 

➜  protons must carry away 

the energy !? 

carbon ions even more dramatically reduced, almost by an
order of magnitude [Fig. 1(a)].

One may expect that the absolute difference in velocity
of heavy and light ions gets larger with increasing intensity
and, therefore, higher charging of the cluster. Figure 2,
however, reveals that the ratio of the kinetic energy for the
fastest heavy ion Emax, relative to the energy of all ions
Etot, exhibits a nonmonotonic behavior as a function of
photons absorbed n! with a dip at a critical number n!!.
The latter depends moderately on the species considered,
as can be seen in Fig. 2, but is otherwise a universal feature
of hydride clusters in obvious contrast to the isoelectronic
neon cluster.

The dip in the curves of Fig. 2 for the hydride clusters
indicates a dynamical segregation of protons and heavy
ions as can be seen in Fig. 3, where a more global quantity,
namely, the ratio of the average energy of all protons versus
that of all heavy ions (X ¼ O, N, C)

K # hEkiniH=hEkiniX; (3)

is shown as a function of peak laser intensity I. Again, one
sees a qualitatively identical behavior of all three hydrides
with a maximal segregation at a well-defined intensity
although the three hydrides differ in their respective ion-
ization energy for the 1s electrons, Auger rates, and photo-
ionization cross sections listed in Table I. Hereby, the shift
of the peak positions is to a large extent due to the different
photoionization cross sections.

While the total charge yields and particle-averaged
kinetic energies have revealed the proton segregation,
more differential analysis is needed to clarify whether
this segregation is a local effect due to the heavy-light
character of the hydride molecules or whether the segre-
gation is a consequence of the cluster nature of the
entire system. To this end, we have set up a simple model
where N ¼ 104 singly charged ions are distributed

homogeneously in a sphere neither supporting any molecu-
lar substructure nor allowing any intra-atomic or intra-
molecular 5electronic processes. Three fourths of the ions
have the mass of the proton, while 1=4 has a 20 times
higher mass. N $Q electrons are placed at randomly
selected ions. With this initial configuration, ions and
electrons—interacting via smoothed Coulomb forces—
are propagated for 1 ps. Because of the positive excess
charge, the system fragments. The ratio of the average final
energies of light and heavy ions, cf. Eq. (3), exhibits one
central maximum [region B in Fig. 4(a)] similarly, as for
the fully microscopic calculations for hydride clusters in
Fig. 3.
It is the dependence of the final energy of an ion on its

initial (radial) position r in the cluster [shown in Fig. 4(b)
and 4(c)] which reveals the mechanism behind the heavy-
light ion segregation. In region A, as well as in region C,
protons and heavy ions originate from all initial positions
in the cluster with an increasing energy towards the sur-
face. The mean kinetic energy is larger in C than in A due
to the stronger charging, but heavy-light segregation does
not take place in either of the two regions. In region B,
however, the charging Q is sufficiently strong to trigger
field ionization of surface ions, as it has been discovered
for homogeneous clusters [12]. As a consequence, one
expects the cluster core to be screened by the field ionized
electrons up to the radius indicated by a black line in
Figs. 4(b) and 4(c). However, the protons in the hydride
cluster core are light enough (or more precise: have a
sufficiently large charge-to-mass ratio) to have started
moving before the repelling forces are compensated by
the screening electrons. Hence, protons leave the cluster
core and, as a result, the surplus of screening electrons
prevents heavy ions in the surface layer even beyond the
screening radius of a homogeneous cluster from exploding.
In contrast, protons escape with high final energy from the
surface layer.
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FIG. 2 (color online). Kinetic energy of the fastest ion Emax,
0.5 ps after the peak of the pulse (T ¼ 10 fs), versus the average
number of photons absorbed per atom/molecule n! ¼ N!=N.
Cluster size is N ¼ 689. The kinetic energies are normalized
with the total energy Etot ¼ N!@! absorbed by the cluster.
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FIG. 3 (color online). Ratio K of the average kinetic energy of
protons and heavy atoms according to Eq. (3) for X ¼ O;N;C as
a function of the x-ray intensity I. Same parameters as in Fig. 2.
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carbon ions even more dramatically reduced, almost by an
order of magnitude [Fig. 1(a)].

One may expect that the absolute difference in velocity
of heavy and light ions gets larger with increasing intensity
and, therefore, higher charging of the cluster. Figure 2,
however, reveals that the ratio of the kinetic energy for the
fastest heavy ion Emax, relative to the energy of all ions
Etot, exhibits a nonmonotonic behavior as a function of
photons absorbed n! with a dip at a critical number n!!.
The latter depends moderately on the species considered,
as can be seen in Fig. 2, but is otherwise a universal feature
of hydride clusters in obvious contrast to the isoelectronic
neon cluster.

The dip in the curves of Fig. 2 for the hydride clusters
indicates a dynamical segregation of protons and heavy
ions as can be seen in Fig. 3, where a more global quantity,
namely, the ratio of the average energy of all protons versus
that of all heavy ions (X ¼ O, N, C)

K # hEkiniH=hEkiniX; (3)

is shown as a function of peak laser intensity I. Again, one
sees a qualitatively identical behavior of all three hydrides
with a maximal segregation at a well-defined intensity
although the three hydrides differ in their respective ion-
ization energy for the 1s electrons, Auger rates, and photo-
ionization cross sections listed in Table I. Hereby, the shift
of the peak positions is to a large extent due to the different
photoionization cross sections.

While the total charge yields and particle-averaged
kinetic energies have revealed the proton segregation,
more differential analysis is needed to clarify whether
this segregation is a local effect due to the heavy-light
character of the hydride molecules or whether the segre-
gation is a consequence of the cluster nature of the
entire system. To this end, we have set up a simple model
where N ¼ 104 singly charged ions are distributed

homogeneously in a sphere neither supporting any molecu-
lar substructure nor allowing any intra-atomic or intra-
molecular 5electronic processes. Three fourths of the ions
have the mass of the proton, while 1=4 has a 20 times
higher mass. N $Q electrons are placed at randomly
selected ions. With this initial configuration, ions and
electrons—interacting via smoothed Coulomb forces—
are propagated for 1 ps. Because of the positive excess
charge, the system fragments. The ratio of the average final
energies of light and heavy ions, cf. Eq. (3), exhibits one
central maximum [region B in Fig. 4(a)] similarly, as for
the fully microscopic calculations for hydride clusters in
Fig. 3.
It is the dependence of the final energy of an ion on its

initial (radial) position r in the cluster [shown in Fig. 4(b)
and 4(c)] which reveals the mechanism behind the heavy-
light ion segregation. In region A, as well as in region C,
protons and heavy ions originate from all initial positions
in the cluster with an increasing energy towards the sur-
face. The mean kinetic energy is larger in C than in A due
to the stronger charging, but heavy-light segregation does
not take place in either of the two regions. In region B,
however, the charging Q is sufficiently strong to trigger
field ionization of surface ions, as it has been discovered
for homogeneous clusters [12]. As a consequence, one
expects the cluster core to be screened by the field ionized
electrons up to the radius indicated by a black line in
Figs. 4(b) and 4(c). However, the protons in the hydride
cluster core are light enough (or more precise: have a
sufficiently large charge-to-mass ratio) to have started
moving before the repelling forces are compensated by
the screening electrons. Hence, protons leave the cluster
core and, as a result, the surplus of screening electrons
prevents heavy ions in the surface layer even beyond the
screening radius of a homogeneous cluster from exploding.
In contrast, protons escape with high final energy from the
surface layer.
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FIG. 2 (color online). Kinetic energy of the fastest ion Emax,
0.5 ps after the peak of the pulse (T ¼ 10 fs), versus the average
number of photons absorbed per atom/molecule n! ¼ N!=N.
Cluster size is N ¼ 689. The kinetic energies are normalized
with the total energy Etot ¼ N!@! absorbed by the cluster.
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protons and heavy atoms according to Eq. (3) for X ¼ O;N;C as
a function of the x-ray intensity I. Same parameters as in Fig. 2.
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§  why is proton ejection so  

   sensitive to intensity ? 

 



Charging/Intensity dependence: 
Minimal Coulomb explosion dynamics 

In region C, the initial charge Q further increases which
weakens the screening effect through field ionized elec-
trons for two reasons. First, the fraction of screening
electrons available versus initial charge Q decreases.
Second, the temperature of the screening electrons is
higher than in B due to the deepening of the trapping
potential with increasing Q. Hence, the surface layer no
longer forms efficiently and a Coulomb explosion, as in
region A, although more violently, results. We may con-
clude that heavy-light segregation is not a local effect of
heavy-light molecules. Rather, it happens in a surface layer
of the heterogeneous cluster triggered by field ionization.
In contrast, ‘‘dynamical acceleration’’ in such clusters
[7,8] does not require electron screening and relies exclu-
sively on ion-ion repulsion throughout the cluster.

Having established the phenomenon of proton segrega-
tion in hydride clusters, its origin, and its universal fea-
tures, theoretically, the question remains which kind of
observable consequences the segregation has. We do

expect a much lower charging of heavy ions as compared
to the pristine cluster of the heavy-atom species (C, N, or
O). This is indeed the case as can be seen in Fig. 5. For low
intensities most carbon atoms remain neutral in the pristine
as well as in the hydride cluster. This changes drastically
for intermediate intensities of about 1018 W=cm2, where
the fraction of neutral carbon atoms surviving the light
pulse illumination is small in the pristine cluster. In the
hydride cluster, on the other hand, about 80% neutral heavy
atoms result from recombination with the cold electrons
after proton segregation in the surface layer, which has
been fully charged due to efficient field ionization. For
higher intensities, we expect the proton segregation to
cease (see Fig. 2) and, as a consequence, similar charge
spectra for the pristine and the hydride cluster. This is
indeed true with respect to a vanishing yield of neutral
atoms. The form of the charge distribution is still some-
what different.
What clearly emerges from Figs. 2 and 3 is the sensi-

tivity of the proton ejection and, consequently, the charge
distribution of the heavy ions on the intensity. Figure 5
demonstrates that significantly lower charging of the car-
bon ions remains a signature for the dynamically induced
segregation.
We gratefully acknowledge support from Ch. Gnodtke

during the early stage of this project.
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FIG. 4 (color online). Ion kinetic energies of a heterogeneous
cluster model with N ¼ 104 particles in a sphere of radius R as a
function of the total chargeQ=N of the system, with scenarios A,
B, and C as discussed in the text. (a) Ratio of average energies of
heavy and light ions, cf. Eq. (3) and Fig. 3. Energies resolved for
the initial position of the light (b) and heavy (c) ions, where
ðr=RÞ3 measures the distance from the cluster center. Energies
are given in terms of E? ¼ Q=R for the light and E? ¼ Q=4R
for the heavy component, respectively. The solids lines indicate
the part which is expected to explode if the charge would be
concentrated in a shell at the surface.8
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FIG. 5 (color online). Charge-state distribution for carbon ions
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indicated in the respective panel.
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carbon ions even more dramatically reduced, almost by an
order of magnitude [Fig. 1(a)].

One may expect that the absolute difference in velocity
of heavy and light ions gets larger with increasing intensity
and, therefore, higher charging of the cluster. Figure 2,
however, reveals that the ratio of the kinetic energy for the
fastest heavy ion Emax, relative to the energy of all ions
Etot, exhibits a nonmonotonic behavior as a function of
photons absorbed n! with a dip at a critical number n!!.
The latter depends moderately on the species considered,
as can be seen in Fig. 2, but is otherwise a universal feature
of hydride clusters in obvious contrast to the isoelectronic
neon cluster.

The dip in the curves of Fig. 2 for the hydride clusters
indicates a dynamical segregation of protons and heavy
ions as can be seen in Fig. 3, where a more global quantity,
namely, the ratio of the average energy of all protons versus
that of all heavy ions (X ¼ O, N, C)

K # hEkiniH=hEkiniX; (3)

is shown as a function of peak laser intensity I. Again, one
sees a qualitatively identical behavior of all three hydrides
with a maximal segregation at a well-defined intensity
although the three hydrides differ in their respective ion-
ization energy for the 1s electrons, Auger rates, and photo-
ionization cross sections listed in Table I. Hereby, the shift
of the peak positions is to a large extent due to the different
photoionization cross sections.

While the total charge yields and particle-averaged
kinetic energies have revealed the proton segregation,
more differential analysis is needed to clarify whether
this segregation is a local effect due to the heavy-light
character of the hydride molecules or whether the segre-
gation is a consequence of the cluster nature of the
entire system. To this end, we have set up a simple model
where N ¼ 104 singly charged ions are distributed

homogeneously in a sphere neither supporting any molecu-
lar substructure nor allowing any intra-atomic or intra-
molecular 5electronic processes. Three fourths of the ions
have the mass of the proton, while 1=4 has a 20 times
higher mass. N $Q electrons are placed at randomly
selected ions. With this initial configuration, ions and
electrons—interacting via smoothed Coulomb forces—
are propagated for 1 ps. Because of the positive excess
charge, the system fragments. The ratio of the average final
energies of light and heavy ions, cf. Eq. (3), exhibits one
central maximum [region B in Fig. 4(a)] similarly, as for
the fully microscopic calculations for hydride clusters in
Fig. 3.
It is the dependence of the final energy of an ion on its

initial (radial) position r in the cluster [shown in Fig. 4(b)
and 4(c)] which reveals the mechanism behind the heavy-
light ion segregation. In region A, as well as in region C,
protons and heavy ions originate from all initial positions
in the cluster with an increasing energy towards the sur-
face. The mean kinetic energy is larger in C than in A due
to the stronger charging, but heavy-light segregation does
not take place in either of the two regions. In region B,
however, the charging Q is sufficiently strong to trigger
field ionization of surface ions, as it has been discovered
for homogeneous clusters [12]. As a consequence, one
expects the cluster core to be screened by the field ionized
electrons up to the radius indicated by a black line in
Figs. 4(b) and 4(c). However, the protons in the hydride
cluster core are light enough (or more precise: have a
sufficiently large charge-to-mass ratio) to have started
moving before the repelling forces are compensated by
the screening electrons. Hence, protons leave the cluster
core and, as a result, the surplus of screening electrons
prevents heavy ions in the surface layer even beyond the
screening radius of a homogeneous cluster from exploding.
In contrast, protons escape with high final energy from the
surface layer.
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FIG. 2 (color online). Kinetic energy of the fastest ion Emax,
0.5 ps after the peak of the pulse (T ¼ 10 fs), versus the average
number of photons absorbed per atom/molecule n! ¼ N!=N.
Cluster size is N ¼ 689. The kinetic energies are normalized
with the total energy Etot ¼ N!@! absorbed by the cluster.
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FIG. 3 (color online). Ratio K of the average kinetic energy of
protons and heavy atoms according to Eq. (3) for X ¼ O;N;C as
a function of the x-ray intensity I. Same parameters as in Fig. 2.
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§  104 ions homogeneously distributed over 

sphere of radius R, propagated for 1 ps 

§ ¾: proton mass mp,      ¼: m = 20 x mp 

§  N-Q electrons placed at random ions 

§  rS : screening radius 

 

§ A & C: exploding ions (heavy & light) from 
all radii in the cluster 
 

§  B: only protons explode: 
 

➜ before field ionized electrons move 
inwards, protons (also from the interior) 
leave the cluster  
 

➜ surplus of screening electrons inhibits 
motion of heavy ions beyond rS  



Proton segregation in X-ray illuminated 
protonated clusters 

 

§ dynamical effect through intricate interplay of electron 

screening by field ionization and early proton escape 

§ signature:  hardly any charged heavy ions 

§ requires the right amount of charging (laser intensity) 

 

§  leads to efficient energy transport by protons 

(reduced radiation damage): 

➜  heavy ion molecular backbone stays intact 

➜ nanoplasma is cold 

 

➜  good conditions for CDI coherent diffraction imaging… 

PF Di Cintio,  U Saalmann & JM Rost, PRL 111, 123401 (2013) 
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