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ABSTRACT

In recent years, several experiments have been carried out to generate photoionized plasma in a laboratory. In this
paper, a computer program is described, which simulates the evolution in time of such laboratory photoionized
plasmas. While the experiments provide time-integrated quantities such as average temperature or emission spec-
trum, the program helps to study the time-dependent development of the underlying processes. A good agreement
is obtained between the computational and experimental results.
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1. INTRODUCTION

Astrophysical photoionizing plasmas are well-established
phenomena (Tarter et al. 1969; Osterbrock 1989; Kawashima
& Kitamoto 1996; Lledahl 1999; Takabe 2001; Ballantyne
et al. 2002; Remington et al. 2006) which are present in binary
systems, such as Cygnus X-3 (Paerels et al. 2000) and Vela X-1
(Watanabe et al. 2006), where a compact object (white dwarf,
neutron star, or black hole) emits very intense radiation that
ionizes the material accumulated in the accretion disk around
the companion star. In addition, the broad emission lines that
characterize the optical/UV spectra of quasars are thought to
originate in gas photoionized by a central continuum source
(Ulrich et al. 1997).

In recent years, several experiments have been carried out
which attempted to generate photoionizing plasmas under lab-
oratory conditions (Foord et al. 2006; Wei et al. 2008; Wang
et al. 2008; Fujioka et al. 2009). The laboratory produced pho-
toionized plasmas represent miniature models of X-ray binary,
active galactic nuclei (AGNs), and quasi-stellar object (QSO)
absorbers. The main difficulty in these experiments is the tech-
nology to generate a blackbody radiation source whose radiation
intensity is strong enough to ionize a nearby plasma. Eventually,
such high-temperature radiation source was generated experi-
mentally by either a high intensity current discharge (Foord et al.
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of the order of nanoseconds or less. Modeling of such plasmas
requires, therefore, time-dependent computer codes, which can
account for the evolution in time of the plasma temperature, as
well as the ionization and excitation states of the photoionized
ions.

In the present paper, we report the basic features of such
code that was developed to simulate the evolution of time-
dependent photoionizing plasmas for the experiments carried
out on the Gekko XII (Yamanaka et al. 1981) in the Institute of
Laser Engineering in Osaka University, Japan. In the following
sections, the ingredients of the code are described, and its results
are compared to the above experiment (Fujioka et al. 2009).

2. NUMERICAL MODELING

2.1. Basic Assumptions
n

>3 where ny is the principal quantum number. There are no
electrons in the M- or higher shells, because these are ejected
by means of the Auger effect, especially for low Z material,
whenever a K-shell electron is photoionized.

Further, it was assumed that for any given charge state the
ions are mostly in their ground states. The reason is that the
Einstein coefficients for the decay of excited states relevant to
this experiment are so high that, practically, any excited state
decays rapidly after its generation.

It is also assumed that the plasma is optically thin, which
means that only a small part of the radiation is absorbed by
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the plasma. Under the present experimental conditions, this
assumption is fully justified.

The code solves the following problem: A small spherical
blackbody (BB) radiator irradiates a plasma having planar
symmetry of area S, thickness L, and uniform constant ion
density n4. Under these rather simplified conditions, the code
simulates the evolution of a plasma irradiated by a radiation
source having BB spectral distribution.

The simulation incorporates two sets of equations: the first
is the equation of the energy balance which determines the
distribution of the absorbed radiative energy into internal,
thermal, and reradiated energy terms. The second is the set
of rate equations, which is used to solve the instantaneous
distribution of charge state inside the plasma. The mathematical
details are given in Appendices A-D.

2.2. The Energy Balance and Temperature Increase

The energy balance during a time period 6t is given by
6‘E‘abs = 6gem + 6Eint + 6‘€th: (1)

where d&,s is the energy absorbed from the radiation source,
0&m—the emitted radiative energy, 6&;,—the change in the
internal ionization energy, and &y —the change in the thermal
energy.

1. The absorbed energy, 6&,ps, is given in Equation (C10).
2. The energy loss by recombination radiation is obtained
from Equation (D2),

6(€em = ne(t)nAR(Te) <%Te +§> VOl " 6t (2)

In Equation (2),
| Z
B=— E NZBZ (3)

is the average ionization energy of the ions. This formula
implies that the average energy emitted per recombination
is 3Te/2 + B, which is the average kinetic energy of the
electrons plus the average binding energy.

3. The change in the internal ionization energy, 0, is
calculated by subtracting the internal energies at times ¢
and t + 0t,

z 4
8Em = [ZNZ(t+6t)B< S ZNZ(t)BZ} - Vol

(=0 (=0

Z
= {Z[Nz(t+6t) SN®] Bz} Vol.  (4)

=0

4. The change in the thermal energy, d&y, is the factor that
includes the temperature increase in the plasma, which is
related to the change in the kinetic energy of the plasma
particles,

d0&m = %{[nA +Ne(t +0t) ] Te(t +8t) S [Na + Ne(t)] Te(t)}- Vol
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where 8T = Te(t + 8t) S Te(t) is the change in the
temperature and 3N, = Ne(t + 8t) S ne(t) is the change
in the electron density during 6t (the total ion density is
constant throughout the simulation).
Inserting Equations (2)—(5) into Equation (1), one obtains the
temperature increase as a function of time,

6Te _ 2 BK'Z
5o m{a(t)lonA[GK,szK (T_r)

B
o ()]

Z ~
3 3.\ . Np(t+3t) S Nyt
SR(T6)<§T9+B)SZ 4 61 Z()BZ
(=0

. 30N,
S EWTe(t)}' (6)

2.3. Charge State and Excited State Distributions

There are only two processes which contribute significantly
to the charge state distribution. These are:
1. Photoionization by the photons from the external source
and
2. Radiative recombination of the thermal electrons.
The corresponding time-dependent rate-equations are

5N 3
6—5 = orXO(t)Nzgl/ozgl(w)ﬁx(w)dw S aXo(t)Ng

x /oz(oo)ﬁx(w)dw+neNz+l Resr 7(Te)
SneN¢ Ry ¢51(Te), (=0,...,2Z, 7)

where the two integrals are evaluated with the aid of
Equation (C5).

Solution of Equation (7) for all the charge states provides
their distribution, N¢, the electron density, n,, and Z.
Equation (7) has to be solved with the complementary

conditions,
z z n
D INg=na ne= > INg; Z=—=. (8
Na
(=0 =0

The other processes, that are usually included in a Colli-
sional Radiative Model (CRM), are neglected in this exper-
iment for the following reasons:

3. Electron impact ionization. The binding energies of the
various charge states of silicon are in the range of 200—
500 eV for L-shell electrons and 1800-2650 eV for K-
shell electrons. The measured plasma temperature in this
experiment is only 30 eV, the number of impact ionizations
is, therefore, negligibly small.

4. Three-body recombination. These are negligible, because
the plasma density is too low for a significant rate for this
process.

5. Electron impact excitation. This process is neglected for the
same reason as the electron impact ionization.

6. Electron impact de-excitations. There is no mechanism
to generate highly excited states in the plasma (radiative
recombination goes preferentially into the lowest possible
states). Low lying states, however, are decaying through
spontaneous decay, rather than de-excitations. Therefore,
this process is neglected too.
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Figure 1. Schematic view of the photoionized plasma experiment.

(A color version of this figure is available in the online journal.)

7. Dielectronic recombination. In principle, this process is
neglected in view of the same reason as impact ionization
or excitation. The average energy of the free electrons is
about 30 eV, whereas the ionization limit of the ions is
about 2450 eV above He-like ions ground state. The energy
of the lowest doubly excited state is approximately 3700 eV
above the ions’ ground state. The energy of the thermal
electrons is not high enough to excite doubly excited states
of the ions.

8. Ionization, excitation, and dielectronic recombinations by
the photoelectrons. High-energy photoelectrons, during
their deceleration, can contribute to the above processes.
Their contribution, however, was estimated to be of the
order of 0.1% or less.

2.4. Determination of the Requested Timestep

The simulation time step is determined by the rate of the
photoionizations (Equation (B3)). The basic requirement is that
within a time period of 0t only a small part of the atoms
is photoionized. Thus, Xgps na - Vol, where ny is the
atomic density inside the slab, which is assumed to be constant
throughout the experiment. Using Equation (C9), one obtains

a(t)Xona0F - Vol -8t na - Vol, )
which reduces to )
_. (10)
a(t)XeoF

In Equations (9) and (10),

Y70 & Ng [0k gy (352 + 0L g Fy, (52)]
ZZZ:OE N¢

is the cross section averaged over all charge states. If T, =
10° eV, and one estimates X, and @ by Equations (A8) and
(C1), the result is

oF =

an

5t 10510s (12)

independent of the plasma conditions (but depends on the source
temperature). A time step of &t 10135 yields sufficiently
correct results.

3. RESULTS
3.1. The Experiment

In the Osaka experiment (Figure 1), the radiation source
generation and the cold silicon plasma production were done
by separate sources, which were adjusted to resemble the
astrophysical environment.

Direct laser-driven implosion was used to create a minia-
ture of the compact object—a very hot and dense plasma.
Figure 1 shows the experimental setup. A spherical hollow
plastic shell, whose typical diameter and thickness were, re-
spectively, 505+ 5 um and 6.4 = 0.1 pm, was imploded by 12
beams of Gekko-XII laser facility (Yamanaka et al. 1981) car-
rying 4 + 0.2 kJ of total energy by 1.2 £ 0.1 ns green (A =
0.53 pm) laser pulses (Fujioka et al. 2009). The measured X-ray
spectrum from the imploded core plasma was compared with
Planckian spectra (accounting for the spectral response of the
spectrometer, the transmission grating, the CCD camera, and
the X-ray filters). BB Planckian spectrum of 500 eV shows the
best agreement with the measured one. A different measurement
consistently indicates a radiation temperature of 480 + 20 eV.
The duration of the radiation pulse was measured with an X-ray
streak camera to be 160 £ 20 ps; this is long enough to study
the atomic processes of our interest.

The silicon foil was heated by a different relatively weak
infrared (AL = 1.064 pm) laser pulse, whose intensity and du-
ration were, respectively, 5 x 10'© W cm®? and 10 ns, produc-
ing a slowly expanding low density silicon plasma (Figure 1).
Hydrodynamic computations show that the expansion velocity
in front of the slit was 3.2 X 10° cm sS!. Within the irradiation
time of 300 ps the ions moved only 10 pim, or about 10% of the
slit size. One can therefore, safely assume that the X-ray irradi-
ated plasma is stationary. The electron temperature and density
of the silicon plasma, as measured by a UV spectrometer and
analyzed by the flychk code (Chung et al. 2005), were in the
range of 26-29 eV and (0.5-1.0) x 10%° cm®3, respectively.
These quantities are, of course, the average values prevailing at
the plume central portion and are presumably close to their max-
imum value. The outer low density parts of the plume have only
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Figure 2. Time dependence of the laser pulse, the electron temperature, and the average charge state.

(A color version of this figure is available in the online journal.)

minor influence on the experimental results. A tantalum plate
with a 100 pum % 400 pm slit was inserted between the silicon
plasma and the X-ray source to prevent direct illumination of
X-rays from the imploded core onto the silicon surface. The
slit plate was covered on both sides by 1 Jum thick plastic foils
to avoid laser light directly hitting the tantalum plate. Thus, the
radiation coming from the imploded core irradiates a slice of the
silicon plasma, which is a plausible mimic of the ambient gas.
The silicon plasma was located 1.2 mm from the imploded core
and the dilution factor of the Planckian radiation is of the order
of (3-10) x 10%* at the silicon foil, which is evaluated from
measured X-ray intensity and the radius of the plasma core.

To confirm the generation of a photoionized plasma, two
auxiliary experiments were carried out: (1) only the Planckian
source was generated, without the silicon plasma; and (2) only
a silicon plasma was generated, without the Planckian source.
In both cases no silicon line emission was measured in the
1.8-1.9 keV spectral region. Line emission from highly ion-
ized silicon ions was detected only when both sources were
applied simultaneously. It was found that the emission intensi-
ties were quite sensitive to the time delay between the Planckian
X-ray pulse radiation and the generation of the silicon plasma.
Maximum emission was obtained when the timing of the silicon
plasma generation is simultaneous to the Planckian pulse. These
results also give a strong support that the X-ray lines originate
from the photoionized species. The spectral resolution in the ex-
periment was hv = 7 eV, mainly due to the spatial dimensions
of the photoionized plasma (500 x 500 pm?). This resolution
is almost equal to that of the astrophysical observation.

3.2. Computational Results

The time evolution of the silicon plasma temperature and
the average charge state of the silicon ions are shown in
Figure 2, together with the X-ray pulse shape, as function of
time. The figure shows that the plasma temperature increases
during the increase of the X-ray pulse intensity and reaches a

maximum of 36 eV about 40 ps after the irradiation intensity
gets its maximum. The value of the maximum temperature is
only slightly higher than the measured one (see the previous
subsection), but the quantity measured in the experiment is the
average temperature which is lower than the maximum, so that
it seems that the code accurately describes the experimental
temperatures.

A “shoulder” shows up in the temperature evolution at the
time when hydrogen-like silicon species are generated. This
shoulder develops due to the fact that He-like species have
relatively stable configuration, with large binding energies and,
therefore, greater part of the radiative energy goes into the
ionization of these species. At later times, the plasma slowly
cools down.

Similar behavior is exhibited by the average charge state,
Z, which increases to slightly above 12 shortly after the laser
pulse maximum and decreases gradually at later times. Figure 3
shows the evolution of the various charge states as function of
time, and Figure 4 shows the charge state distributions at three
different instants. Both figures emphasize the increase of the
plasma ionization during the X-ray irradiation, and the slow
recombination rate at later times.

Finally, the experimentally obtained spectrum is compared
with the computational one in Figure 5. There is close resem-
blance between the two spectra, although the computational one
cannot reproduce the experimental peak around 1855 eV. At
present, the reason for this spectral feature is still not clear and
we are looking for various directions to understand its origin.

4. SUMMARY

In this paper, a computer code is described, which was used to
simulate the time evolution of laboratory photoionized plasma
in an experiment carried out on the GEKKO XII system in
Osaka University, Japan. At its present stage, the code already
reproduces the essential parameters of the experiment with
reasonable accuracy.
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Figure 3. Evolution in time of the charge state densities.
(A color version of this figure is available in the online journal.)
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Figure 4. Charge state distributions att = 120, 200, and 800 ps.
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In view of its success, we intend to enter more physical
processes into the code. In particular, we hope to enter those
processes that were neglected in the present version, thereby
adding predictive power also to regions where photoionizing
and collisional processes have similar rates.
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APPENDIX A
RADIATION SOURCE

We denote the photons energy by w = hv, and temperatures
are given in energy units (T = “KT 7). Let |, denote the radiative
energy crossing unit area per second on the front surface of
the plasma target in the spectral range [W, ® +d®] [unit of
I, = eV/(cm? s eV)]. The spectral dependence of this intensity
is
_oag) w?

4m3c2h’ exp(w/T)S 1°

In Equation (A1), T, is the radiation temperature and the
coefficient a(t) is the “dilution factor,” namely the fraction of
the BB radiation hitting the plasma front surface. The radiation
intensity is time dependent, and has a Gaussian shape based on
experimental measurements,

S 2
ac) exp[é 1 (ts t") } (A2)
2 o

(AD)

(]

Define by X,dw = wS'l,dw the number of photons in
the same spectral range, crossing unit area per second (units:
photons/(cm? s eV)). Factoring out the normalized photon
spectral profile function Lx(w)dw, ( [ Lx(w)dw = 1), from
these quantities,

Xodw = XoLx(w)dw (A3)
one obtains,

w?dw

E d = . — T =
x(@)de = norm. exp(w/T;) S 1

(A4)
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where v g
1 y=Ydy
Fy(x) = e C6
0= 73X ) @i (C6)
and, in a similar manner,
B Yk
/Kwﬁl((o)dco: nAf Ok g (ﬂ)
w:BK,Z w
1 W dw
@) LT exp{w/T,}S 1
B
= NaOk,¢ Gy, (%) (C7)
r
with 8y g
15 y>Y dy
Gyx)= x| et C8
y (X) X A (C8)

Both Fy(x) and Gy(x) are dimensionless functions, whose
values are computed numerically. Similar equations are obtained
for L-shell electrons.

In view of Equations (C5) and (C7), Equations (B3) and (B4)
are rewritten in the form,

B B
Kabs = A(t)Xona [UK,ZFVK(TL'Z> +0Lz FyL(TL’Z>} -Vol -8t
r r

B B
Eaps = AM)lona [OK,Z Gy« (TLZ> +0L:Gy, (TLZ>:| -Vol -8t
r r
(C10)
which better emphasize the main parameters of these quantities.

APPENDIX D

THE RADIATIVE RECOMBINATION RATE
COEFFICIENT

Kramer’s formula for the rate coefficient of radiative recom-
bination is

s, cm’
Res1 ¢ = 1.3% 105‘4T(Z+1)y3’2eyE1<y>, (D1)

where E;(y) is the exponential integral, and y = B¢/ Te, T,
is the plasma temperature. The corresponding energy emission
rate is

energy emission 3
——————— = neNgRz 81| Beg1+=Te ), D2
om? - S eNz Rz zs1< 81+ 5 e) (D2)

because the average kinetic energy of the recombining electron
is 3Te/2.
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A self-consistent treatment of the radiative recombination
goes through the Milne relation,

Orr - g7,k (hw)z
Gphi Oz+1 2mc2 E’

(D3)

where E is the free electron energy, and Oppi, Ofr are the
cross sections for photoionization and radiative recombination,
respectively. Using Equation (C1) for Ophi and using the relation

hw = E + Bz one obtains for the rate coefficient of the radiative
recombination the following equations:

Rz+1 ¢ = oV = Coef x Jy(b), (D4)

where b = Bz /T,

2 B 3/2
Coef. = /= ( Kj) WK con, (D5)
T \ mc Oz+1
and, &
& e>Y dy
Jy(b) = bV53/2/ —. D6
v® o (y+b)yY>? (b
As b , Ja(b) b'/2, and Equation (D4) becomes
Kramer’s formula.
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