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In most collisional schemes of x-ray laser (XRL) experiments, a bow-like intensity distribution of XRL is often
observed, and it is generally ascribed to the two-dimensional hydrodynamic behaviour of expanding plasma. In order to
better understand its essence in physics, a newly developed two-dimensional non-equilibrium radiation hydrodynamic
code XRL2D is used to simulate a quasi-steady state Ni-like Ag XRL experiment on ShenGuang-II facility. The
simulation results show that the bow-like distribution of Ni-like ions caused by over-ionization in the central area of
plasma is responsible for the bow-like shape of the XRL intensity distribution observed.
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1. Introduction

In the research of x-ray laser (XRL) driven by
laser, the driving laser is usually focused into a narrow
line of about 100pm in width on a target,' =3 and be-
cause of its large aspect ratio it causes the plasma pro-
duced to have a two-dimensional expansion. The two-
dimensional hydrodynamic behaviour of the expand-
ing plasma can be displayed by the field image of XRL
observed in experiments. Figure 1 shows the intensity
distribution of the quasi-steady state (QSS) Ni-like
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Ag 13.9 nm XRL observed on ShenGuang II laser fa-
cility, where the XRL is produced by using a laser
beam (1w/100ps/100J) focused into a 100umx1.8cm
line focus to irradiate an Ag slab target, and achieves
an intensity of (4—6)x 10* W/cm?. The driving laser
beam includes two pulses, with an energy ratio of pre-
pulse to main-pulse being 3% — 5%, the main-pulse is
delayed about 3 ns. The output field images of XRL
shown in Fig.1 look like a bow, and a similar shape
has been also observed in most of XRL experiments
conducted on other facilities.[!—4
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Fig.1. The intensity distribution of Ni-like Ag 13.9nm XRL, measured from experiments on ShenGuang-II facility.
(a) Near-field image of two opposite coupling targets, in which the shadow grids are the supporting meshes on filter
and the position of the initial target surface is not known for low radiation near the target. (b) Far-field image
of single target with three fiducial wires, showing that the plasma expands rightward, with € being the refractive

angle.
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There are two possible causes for this bow-like
shape to occur. One is due to refraction; in other
words, the XRL is refracted out of the central region
because of a large electron density gradient. The other
is that the gain spatial distribution of XRL might
be of such a shape. In order to clarify these conjec-
tures and to exactly understand the physical processes
happening inside, a newly developed two-dimensional
non-equilibrium radiation hydrodynamic code XRL2D
is used to simulate the hydrodynamic behaviour of
plasma under the same conditions as those in Fig.1.
A brief introduction of the XRL2D code and the sim-

ulation results are presented in this paper.

2. Briefing of XRL2D codel®7

Inverse bremsstrahlung absorption and resonant
absorption of driving laser are considered, and ge-
ometric optic approximation is used.[®! Flux-limit
heat-conduction approximation and flux-limit multi-
group diffusion approximation (about 100 groups) are
adopted. The average atomic model only consider-
ing principal quantum numbers is used in the code.
The micro-processes considered are bremsstrahlung,
electron collisional ionization, photon ionization, elec-
tron collisional excitation, line emission, dielectronic
recombination and their inverse processes.

In the view of Lagrange frame, the radiation hy-
drodynamic equations employed in the code are as fol-

lows:
(31—1; = —%V(pe+Pi+pr+Q)a (1)
W = _%V - F —pc%(%)
+ Wie + Wi — WA, (2)
%_—%V-E—pi%(%)—mm (3)
%:—V-E-ﬁ-%%%(%)""l)v_c"f‘” (4)

Here, u is the hydrodynamic velocity, p is the matter
density, pe, p; and p, are respectively the electron pres-
sure, ion pressure and radiation pressure, g is the von
Neumann viscosity, CyeTe and Cy;7; are the electron
and ion internal energies per unit mass respectively,
fv is the photon number of unit quantum state, v is
the frequency of photon. V' is the combining energy of
ion, Wi, is the energy exchange between electron and
ion, W) is the deposited laser energy, W, is the energy
exchange between matter and radiation. D, and Ci

are the emission and absorption coeflicients of photon,
respectively. Fi, F; and F; are flux of electron, ion and
radiation respectively.

_ FDc '.chLc
¢ |FDe|+feFLe,

where f. is the electron flux-limit factor, Fp. and
F1,. are the diffusion flux and direct flux respectively,
Fpe = —KcVT., Fio = NokTo\/kT./me, and there
are similar relations between the variables for ions and
radiation correspondingly.

As the meshes can be severely distorted during
the hydrodynamic calculation for the usual Lagrange
method, the arbitrary-Lagrange-and-Euler (ALE)!]
method is adopted and it includes three steps. The
first is the Lagrange step, in which the momen-
tum equation is differentiated by using the integral
gradient-average (IGA) scheme. And in order to re-
duce the calculation capacity, splitting scheme is used,
that is, the diffusion processes of electron, ion and
radiation are separated from local processes such as
atomic processes, energy exchange between electron
and ion, temperature rise induced by the deposited
energy, and local photon-absorption and radiation,
etc. As an implicit scheme is used, the local pro-
cesses are all coupled with each other. For the dif-
fusion equations, the nine-point scheme proposed by

Kershawl!10:11]

is used. The second step is to rezone
meshes: the meshes are rezoned at each time-step in
code. And the last step is remapping: a 2-order pre-

cision remapping scheme is adopted.!*?l

3. Hydrodynamic simulation of
QSS XRL

The calculation model is based on the experiment
of Ni-like Ag XRL on ShenGuang-II in Fig.1. The
thick Ag slab target is irradiated by two 100ps Gaus-
sian pulses at 1.053 um of wavelength, producing a 1.8
cm long and 100 um wide focus line. The energies of
the two pulses are 2.55J and 82.45 J separately, and
the peak-to-peak delay time is about 3ns and the two
pulses both are of flat-top shape in space. An electron
flux-limit factor (f.) of 0.03 is applied.

We consider the coordinate system shown in
Fig.2, in which the driving beams irradiate the Ag
slab target in the negative direction of the z-axis, and
produce a plasma expanding in the opposite direction.
In calculation, at the beginning, a physical region in-
cludes 30pum thick Ag target and an area filled with
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low density Ag gas (a density of 10~ %g/cm?) outside
the target surface in the z-direction. And this physi-
cal region is divided into 150 meshes in the x-direction
and 100 meshes in the y-direction. During calcula-
tion, meshes are kept perpendicular by re-zoning as
shown in Figs.3 and 4. Owing to the symmetry of the
problem considered here, only half physical area needs
calculating.

Fig.2. The geometry of the target irradiation, in which
x and z are the directions of the driving laser and x-ray
laser respectively.
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Fig.3. The electron temperature and density distribution
before the main-pulse. Meshes are also plotted.

Figure 3 shows two-dimensional spatial distribu-
tions of the electron densities (in cm~3) and electron
temperatures (in eV) before the main-pulse, and the
original target surface is located at the zero point of
the horizontal axis with plasma expanding rightwards.
Pre-pulse is used only to prepare a pre-plasma. After
expanding for 3ns, the pre-plasma is cooled down to
an electron temperature of no more than 20eV, while
in the area near the target surface, the electron tem-
perature decreases much more. Figure 4 shows the
simulated results 20 ps after the peak time of the main
pulse, when lasing of Ni-like Ag 13.9 nm XRL occurs

(the result from 1D simulation of JB19 codel'3~19]).
It can be seen that the distribution of the abundance
of the Ni-like ion is just a bow shape with an open-
ing end facing the target surface. According to our
simulation, within about 100 ps for the main pulse to
irradiate the target, the plasma moves a little.
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Fig.4. The electron temperature (in eV) and electron
density (in cm—3) distributions and fractional abundance
of Ni-like ions 20ps after the main-pulse peak time.
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Fig.5. At the centre of the line focus, electron temper-
ature Te, radiation temperature T, electron density N,
abundance of Ni-like ion Pyj.1jke and the deposited laser
energy Wr,, as functions of distance from the initial target
surface, 20ps after main-pulse peak time.

With the arrival of the main-pulse, the plasma
where the laser energy is deposited is heated and
ionized dramatically through rapid electron colli-
sional ionization. Thus the Ni-like ions are domi-
nant at lower electron temperatures (< 300 V). How-
ever, with the electron temperature further increasing,
plasma becomes over-ionized quickly, so there is no
more gain of Ni-like Ag XRL in this area. Through

electron collision and radiation transfer, the energy
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is transported out, then the plasma at lower densi-
ties (say, electron density N, = (1 — 4)x10* ¢cm~—3)
is warmed up. In this low-density area, the process
of ionization is relatively slow, and a higher electron
temperature (T, = 400 — 650 eV) can be maintained
when Ni-like ions are dominant, which can be seen
in Fig.5. According to the experience of inversion ki-
netic calculation,'3~1%) the gain can occur in this area
about 150 pm away from the target surface.
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Figure 6 shows the time evolution of the bow-like
distribution of the Ni-like ions.
that for the causes mentioned above, as time goes on,

And it can be seen

this bow-like shape moves slowly away from the tar-
get surface, and it gradually becomes bigger, and the
two limbs become wider. Though the calculation of
inversion kinetics has not been carried out, it can be
predicted that the gain of the 13.9 nm XRL will dis-
tribute like a bow, too.
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Fig.6. The time evolution of abundance distribution of Ni-like ions with the peak time of the main pulse being

zero-valued

The gradient of electron density (|VINe|) is an-
other important factor for intensity distribution of
XRL. It can be seen from Fig.4 that the bow-
like shape of Ni-like ion abundance has two narrow
limbs, and gradient of electron density of the limbs
(|VNe| ~4.4x10%2cm~*%) is much larger than that in
the central part (|JVN,| ~6.2x10%'cm™%). According
to the refraction law of XRL, for a long target (say,
about lem long), the x-rays emitted from limbs can-
not be amplified efficiently, so there are no thin and
long limbs in near- or far-field intensity distribution
of XRL. In addition, the refraction is not very serious
for Ni-like Ag 13.9 nm XRL because of low electron
density in the gain region (< 102° cm™3) actually.

4. Conclusion

A bow-like distribution of Ni-like ion abundance
is given by our simulation. The over- ionization oc-
curs in a central area of plasma and it can induce the
bow-like distribution of Ni-like ion abundance. This
provides the evidence that the gain of QSS Ni-like Ag
XRL has a bow-like distribution, which results in bow-
like field images of XRL. The similar phenomena ob-
served in Ne-like Ge and Ni-like Pd QSS XRLs may
also be explained in the same way. As to the influ-
ence of refraction of XRL, the further calculations of
inversion kinetics and propagation and amplification
of XRL are needed.



No. 8

2D hydrodynamic simulation of a line-focused plasma in Ni-like Ag x-ray laser research

2443

The study of 2D effects of XRL is meaningful for

better optimizing experimental conditions to obtain

a high-intensity XRL, which is required to measure

electron density and electron temperature of plasma.
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