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Abstract the sheath field.

In this paper, we analyze the ionization dynamics of
8Iuster targets irradiated by intense XFEL light by us-
Ing a three-dimensional particle-in-cell (PIC) code in or-

; : der to take into account the plasma dynamics as well as
plasma dynamics as well as relevant atomic processes are . L

. S tomic processes such as photo-ionization, the Auger ef-
taken into account, such as photo-ionization, the Auger ef-

. R ; ...~ “fect, and collisional ionization/relaxation[8]. It is shown
fect, collisional ionization/relaxation, and field ionization.

. : o 91
It is found that as the XFEL intensity increases to as higFlhat as the mmdgnn't XF.EL. mtgnsny |ncreases_~tolo

as~ 10! photons/pulse/m# the field ionization becomes photons/pulse/mmfield ionization plays a dominant role
the dominant ionization process over the other atomic pr in ionization processes and leads to the rapid ionization of
cesses. The target damage due to the irradiation by XF e target. Th? average qumber ofbound glectr_ons per atom
light is numerically evaluated, which gives an estimation uring XFEL irradiation is evaluated, which gives us the

. . estimation of the upper limit of XFEL intensity for sup-
of the XFEL intensity so as to suppress the target dama%?essing the target sgmage within a tolerable rénge P
within a tolerable range for imaging. '

Interactions of x-ray free electron laser (XFEL) light
with a single cluster target are numerically investigate
by using a three-dimensional Particle-in-Cell code. Th

NUMERICAL MODELING

The relevant ionization processes of a target irradiated by
FEL light are modeled as follows. At first, incident x-ray
hotons ionize the target via inner-shell ionization. This is
ue to the fact that the cross section of photo-ionization is
ominated by that of inner-shell ionization for the wave-
length of 0.1nm[9]. The photo-ionization process results in
the generation of a high energy electron 12 keV) and

INTRODUCTION

X-ray free electron lasers (XFEL), which are emergin
in a couple of years in Europe, the US and Japan([1, 2,
provide extremely high flux of coherent x-rays such a
10?° ~ 1022 photons/pulse/mi) with a photon energy d
of ~ 12 keV and pulse length of 10 fs. The XFEL
light is expected to realize diffractive imaging with high
resolution, of material and especially biological samplegm unstable hollow atom where a K-shell electron is re-
such as living cells. The high flux of x-rays enables sinq, o4 The relaxation of the unstable atom is achieved
gle shot imaging of a target without crystallization, bL.Jt fab a L-shell electron falling into the vacant orbital, and its
the same time leads to target damage due to the rapid iq \ergy is given to another electrary., the target is further

ization and .“?S“'tar?‘ ion movgment by plasma eXp.ansioﬂ)'nized, which is known as the Auger process. The target
Therefore, it is an important issue to explore the 101285 ization also proceeds by the Coulomb collisions and the

tion dynamics of the target by the irradiation of intenseelectric field induced by high energy electrons. The whole

XFEL light .The mteracuon; of mten;e x-rays with matterionization dynamics of the target is determined by the com-
have been intensively studied experimentally[4] and the

. . ; ~petition of the above ionization processes depending on the
retically. Theoretical approaches are carried out by usi ser and target parameters, which is explored in the next
various methods such as quantum-classical simulations]. ction for the parameter re,gime being relevant to XFEL
hydrodynamics simulations[6], and molecular dynamiCﬁght interacting with bio-molecules,

simulations[7]. In the above analyses, the dynamics of tar- In our PIC code, EPIC3D[10], the above processes
getions and molecules are analyzed by taking into accou }e treated in the féllowing way ’The wave propagation
atomic processes, such as photo-ionization, the Auger & x-ray is not solved in the sil;nulations The interac-

fect, and collisional ionization. However, the ionizationtion between the x-rays and the target is. treated through
by an electric field and its enhancement due to the dyna hoto-ionization events. The atoms in the target are
ics of the high energy elecirons, generated by the phot et to be ionized at the ionization rate which is calcu-
ionization process and having roughly the same energy

fied from the cross section of inner-shell ionizatiery.,

the incident photon, are neglected or partially treated. Mor((;:-mi122 — 2.1147 x 10-2¢n? for an incident photon

precisely, collisional '°”'Z"’?“°” by high energy electronsof 0.1 nm wavelength[9], where 222-122 means that the
are treated, but less attention has been paid on the plas

. . o i f the initial final 2
dynamics. The formation of strong electric field leads t@?@ctronlc state of the initial and final state aré252p*

i id ionization of the taraet. which is induced by el %And 18282p2. The information of the electronic state is
€ rapid lonization ot In€ target, which IS induce yeec'ssigned to each atom, which makes it possible to treat

trons escaped from the cluster potential and enhanced & generation of hollow atoms and the Auger effect. The
* nakamura.tatsufumi@jaea.go.jp Auger effect is treated as an ionization event of the atoms




with a certain time interval after the excitation, which is
determined by the life time of the unstable excited state,
e.g., 7 = 28.57 fs for the transition from 1s2&p to 1¢2p,

T = 14.14 fs for 1s2§—1<, and so on[11]. lonizations by
electric field is modeled by Monte Carlo method, where an
atom is ionized when — exp(vAt) > «. Here,At, o and

v are time step in the simulation, uniform random number
in [0,1] and the ionization rate, respectively. The ionization
rate is calculated by using the ADK formula[12], which
depends on the local electric field, binding energy of the
electron, and a set of quantum numbers,, the effective
principal n, orbital quantum numbef, and its projection

m. Relaxation processes by electron-electron, electron-ion,
and ion-ion collisions are also taken into account, where
binary collisions are calculated by making particle pairs
following the method of Takizuka and Abe[13]. The ion-
ization by electron collision is also calculated in the same
manner as field ionization with ionization rate calculated
by using the BEB formula[14]. The radiative and three-
body recombination processes are not taken into account, x [nm]
which are less effective in time scale of XFEL irradiation

which is tens of femto-second. 5 200 10 o
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We consider the ionization dynamics of a carbon clus- © 0 10 2)?[111310 4050

ter target to model a protein molecule which is irradiated

by intense XFEL light. The simulation condition is as fol-Figure 1: Two-dimensional distribution of the electron den-
lows. The target is a spherical carbon cluster with atomisity in units of1022/cm?. The plane is chosen at z=0¢.
density ofng = 3.0 x 10°?/cm® and a diameter of 20 nm, the cluster center corresponds to the origin of the y
which are comparable to a standard bio-molecule samplglane. (b) Two-dimensional distribution of the electric field
The simulation box size is 128nri28nmx128nm with  jn units of TV/m. (c) Line distribution along x-coordinate
mesh size of 1 nm3.7 x 10° particles are used for carbon ,, > 0. (d) Temporal evolution of maximum intensity of
atom, which is half of the real number of atoms. Absorbglectric field.
ing boundary conditions are adopted for both the particles
and fields. The XFEL intensity is0?2 photons/pulse/mt _ _
with a wavelength of 0.1 nm. The pulse length is 10 fs with Wheree, o, R, N* are electron charge, dielectric con-
a Gaussian distribution. A simulation with larger systen$tant, cluster radius and number of electrons escaped from
size with 192nnx192nmx 192nm, and a simulation with the cluster, respectively. For the cluster with radius of
twice the finer mesh size are performed and we confirmePnM, €q. (1) leads t&V* ~ 8 x 10%. By solving the
that the system size and mesh size do not affect the resuff3{® equation, it is calculated that the number of photo-
The two-dimensional distribution of the electrostatidonized electrons becomes*® at¢ = 6.1 fs. WhenN*®
field and electron density at= 6 fs are shown in Fig.1(a) electrons have escaped, the electro-static potential begms
and 1(b), respectively, and their radial distribution is pIotI_O trap the electrons arOL;nd the cIuste_r a_nd the electr_o-statlc
ted in Fig.1(c). The electric field intensity is highest afi€!d of £ = eN*/4meoR® ~ 1.2TV/m is induced, which
the surface which is of the order of TV/m, and one ordefS achieved at = 7 fs. After the cluster is charged-up,
smaller~ 0.1 TV/m on the inner side of the target. Thefoughly 1.7 x 10° K-shell electrons are n_ot _yet ionized.
electric field is not stationary but evolves in time as a resufi/nen these K-shell electrons are photo-ionized, they are
of electrons and ions motion. At first, the electric field iconfined around the cluster with slight expansion and re-
induced by electrons which escaped from the cluster unfilitant charge separation induces the electric field at the
the potential reaches to 12 keV of photo-electron energ§luSter surface, which is known as a sheath field, which
This electric field is estimated by equating photo-electrofther ionizes the target.

energy with electro-static potential, From the perspective of bio-molecule imaging using
XFEL light, target ionization is desired to be suppressed

eN* as much as possible since it is the bound electrons that gen-
ep = dmeoR ~ 12keV (1) erate diffraction patterns of the target structure. Consid-



ionization by the Auger effect. In addition to this condi-

g 6f ' ' o . tion, itis found that it is desirable for the XFEL intensity to
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> o A ¢=30nm ization via field ionization. Alternatively, the XFEL light

S 4F ] source should be further shortened such as towards the at-

E 3l ] tosecond regime in order to finish the interaction before the

E y field ionization takes place.
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< , , \ In conclusion, we have performed numerical analyses on

1 10 100 the interaction of XFEL light with a cluster target by the de-

XFEL intensity [units of 10*°photon/pulse/mm?] veloped PIC code. It is shown that field ionization plays a

dominant role in the ionization dynamics as the XFEL in-
}gensity increases up t?! photons/pulse/mi The field
Ionization leads to the rapid and spatially non-uniform ion-
ization of the target, which leads to the fact that highly
charged ions are generated in the cluster from the outer
ering that the sheath field intensity is proportionalta,,  shell. To prevent the serious target damage, the XFEL light
the crucial ionization process is suppressed by lowering tig@urce should be made to suppress the field ionization as
XFEL intensity. In order to derive a criteria of tolerable tar-well as the Auger ionization. From the numerical evalua-
get damage, we performed simulations for different XFEItion, it is indicated that it is desirable for the XFEL laser
intensities. The target damage was numerically evaluat@diise with intensity less thatD?® photons/pulse/mor

by introducing the average number of bound electrons peruch shorter pulse duration of attosecond regime.
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