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Abstract

The effects of target density and laser intensity on ionization speed are studied in this paper by 1D3V particle-in-cell
simulations, where the field ionization of single atom is involved basing Ammosov-Delone-Krainov model in the form
of Penetrante and Bardsley. To consider the ionization speed, the evolution of plasma density for the helium target,
particularly, the ion density change rate near the target front surface, are discussed. The results show that not only the
laser intensity, but also the target density will affect field ionization and further affect the plasma formation. This work
will be helpful for further understanding of plasma formation in intense laser pulse. Also, it may be benefit for the
setup of initial parameters before the simulation of laser—plasma interaction.
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1. INTRODUCTION

The rapid development of ultrahigh-intensity (/ > 10'® W/cm?)
short-pulse laser, whose intensity greatly exceeding the
strength required to induce atomic-scale relativistic behavior,
has greatly motivated the discovery of laser—plasma interac-
tion. Many researches, including fast electron production and
transport during the interaction (Cohen et al., 2010; Sakaga-
mi et al., 2012; Fox et al., 2013), ion acceleration driven by
intense laser pulse (Lefebvre ef al., 2010; d’Humieres et al.,
2013; Macchi et al., 2013), have been extensively studied as
the potential applications in fast ignition of inertial confine-
ment fusion (JinQing et al., 2012; Robinson et al., 2014)
and other related fields (Daido, 2012; Jinqing et al., 2012).
In laser—plasma interaction, ionization plays a critical role
on plasma formation. And the formed plasma will further
affect the laser—plasma interaction (Lichtenberg, 2005).
Hence, understanding the whole interaction process includ-
ing ionization is critical for the researches on laser—plasma
interaction and particle acceleration.

In modeling the laser—plasma interaction with particle-in-
cell (PIC) code, the target is usually assumed to be pre-
ionized plasma. This is because the ionization process
generally has finished before the main laser pulse reaching
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the target (Esarey et al., 2009). However, ionization will
affect the propagation of the main laser pulse in the plasma
and the subsequent processes, including electron impact ion-
ization, Coulomb collision, hot electron production, scatter-
ing, and so on. Thus, assuming pre-ionized plasma will
ignore many interesting physics phenomena. It is necessary
to study the ionization process in laser—plasma interaction.
Effects of field ionization on the acceleration process (Mc-
Guffey et al., 2010; Psikal et al., 2011, 2012) and effects
of laser pulse on field ionization process (Petrov et al.,
2009) have been considered in the past. However, to the
best of our knowledge, the effect of target density, which
is also important to understand the whole interaction process,
has not been analyzed before.

In this paper, we studied the effects of target density and
laser pulse intensity on field ionization with PIC/Monte
Carlo collisional (MCC) simulations using a relativistic and
fully electromagnetic 1D3V PIC/MCC code Bumblebee
(Xiaolin et al., 2015). The Ammosov-Delone-Krainov
(ADK) rate formula (Ammosov & Krainov, 1986) is applied
to model the field ionization process. The helium (He) mate-
rial is used in the simulation to discuss the physical issues.
The field ionization model is illustrated in Section 2. To illus-
trate the effect of target density, we will present the ion den-
sity and its change rate for different target densities at a given
laser intensity in Section 3. The results of different laser in-
tensities are compared in Section 4.
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2. DYNAMICS MODEL OF FIELD IONIZATION

The field ionization model has been implemented in Bumble-
bee. Ionization rate is given by the ADK formula (Kemp
et al., 2004)

2nes—1.5
Zz? VAR >
W = 6.6x 100 < | 10.87 5"
nef‘f neff E(t)
(1)
27 E,
XeXp —gT —
Megr E(t)

where E}, = m§e5h ~=5.14x10° V/em is the atomic field

strength, e and m, are the charge and mass of electron, re-
spectively, % is Planck constant, neg = Z/+/Wi/I is the ef-
fective main quantum number of the new produced electron
by ionization (called “ionized electron” below), Z is the ion
charge after ionization, W; is the ionization energy for a
given process, Iy is the ionization potential of hydrogen and

E (1) is the instantaneous electric field at the position of the
traced particle (ion or atom).

In order to fulfill energy conservation, energy loss of field
ionization AWy, is assumed to be equal to the electromag-
netic field energy change AWjeq in each cell and each
time step, that is, AWgeig = AWio,. An artificial ionization
current density J ;. , which is directed along the electric field
E (1), is introduced to calculate the field energy change
during ionizations (Kemp et al., 2004). The ionization cur-
rent density is determined by

j dt j AVI ion(®) - E(t) = AW, )

where the integrals are taken over one time step and one cell,
respectively. The energy loss of field ionization is given by

AWin= Y wi(Wi; + ). )

J

Here ) _; is the sum over all ionization processes in one cell
and one time step, w; and W;; are the weight of the ionized
macro-particle (called “particle” below) and the ionization
energy for the jth ionization event, respectively, ¢; is the
initial kinetic energy of the ionized electron. We assume
that the velocity direction of the ionized electron is parallel
to that of ion and the velocity magnitude is equal to that of
ion. Then the value of ¢ can be obtained. According to
energy conservation, the relation between ionization current
density and electric field should satisfy

Tion(0) - EQMAY = > wi(Wiy + )., @)
J
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where At and AV are the time step and the cell size in PIC
simulation, respectively. Equation (4) can be deduced to

2 wilWij + &) -

— ®)
AtAV‘E(t)‘

J‘ion(z) =

By adding the ionization current density to the deposited par-
ticle current density, the physical current in each cell and
each time step can be obtained.

3. EFFECT OF TARGET DENSITY

3.1. Simulation model

A laser pulse of 207 is used in the simulations, where T is the
laser period. Figure 1 gives the configurations of the laser and
target. The laser wavelength is A = 0.8 um. The laser pulse
envelope rises to peak in the first 57 and maintains in the
next 107, then drops to zero in the last 57. The peak laser
pulse intensity is given by I\* = a*1.37 x 10" W pmz/ cm?,
here a is the dimensionless maximum field amplitude. The
laser is normally incident on a 30\ thick neutral target, cor-
responding to the blue region in Figure 1. The neutral atom
density n is normalized by the critical density n., which is de-
fined as n. = egm.w’/ e, g is the permittivity of free space,
and w is the laser frequency.

The ionization electric field for He** and He™ are 2.57 x
10" and 1.05%x 10" V/m, respectively, which can be esti-
mated using the formula E; = (W;/ 21,)°Ey/4i (Petrov et al.,
2009). And i represents the ion charge after ionization. The
incident laser electric field amplitude (E} = amewc/e =
2.2%10" V/m) is almost 22 and 8.6 times the ionization
electric field for He' and He®", respectively. Therefore,
the helium atom can be fully ionized if the laser interacts
with the neutral target completely.

3.2. Results and discussion

The ionization rate is independent on the target density as
seen in Eq. (1). However, target density affects the transport
of laser pulse and further affects the field ionization process.
Based on this consideration, we investigated the influences of
different initial target densities on field ionization. We firstly
analyzed the evolution of ion density to understand the ion-
ization process. After that, to illustrate the ionization speed,
the space-averaged ion density and the ion density change
rate of He gas target, particularly near the target front surface

* -
......... : " g€ ?'f
g g
..... > 3 a
Sh Sh

Fig. 1. Laser and target configuration.
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Fig. 2. The spatio-temporal evolutions of He* for (a) n = 0.1; (b) n = 1; (c) n = 10. The spatio-temporal evolutions of He?*
10. The color bar represents the particle number density.
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(represented by a 1\ region, see the shadowed region of
Fig. 1), were discussed.

We considered different He gas target densities (n = 0.1,
n=1 and n = 10) with a constant laser intensity a = 0.5.
The neutral atom density » is normalized by the critical den-
sity 7. The spatio-temporal evolutions of He* and He?* den-
sity are shown in Figure 2. Two factors affect the ionizations
of He atoms, one is the laser field, and the other is the electro-
static field caused by the transport of energetic electrons.

Firstly, we will discuss the effect of laser field. He™ ap-
pearance and disappearance processes are clearly shown in
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Fig. 3. The temporal evolutions of He* and He** numbers.
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Density profile of He®  n=10
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(bottom) for

Figure 2a. At the beginning, no ionization happens, as the
laser field is not strong enough to ionize the target. Shortly
after the laser intensity reaches the field-ionization intensity
threshold (Posthumus et al., 1995) (¢t ~ 5.2T, see the inset
of the figure), He™ ions begin to appear. It should be noted
that the laser intensity does not reach the threshold when
the laser just arrives at the target (r = 5T'), because there is
vacuum region of 5\ on the left of the simulation region
and the laser pulse envelope is not a flat-top at the first 5T
(see Fig. 1). He™ is ionized to He*" as the laser transmitting
into the target after 5.27. As a result, He™* ions decrease with
time, as seen in Figure 2a. And He?™" ions are observed at x ~
5.2\ with the density continuously increasing from 5.6 to
5.7T, then the density of He?* maintains at 0.1z, throughout
the simulation, see Figure 2d. When atom density is approx-
imately equal to n. (n = 1), He™ almost cannot be ionized to
He?" behind x = 5.7\ (Fig. 2e), so most He™ ions remain un-
changed (Fig. 2b) as only a small part of laser energy could
transport into the target. For the case of n = 10, the laser
could only propagate into the target for a short distance
(nearly the plasma skin length). As a result, the laser pulse
is stopped at such high density. Thus, only a very thin
target layer can be ionized at n =10 (right column of
Fig. 2). In conclusion, the thickness of the ionized region
is determined by laser parameters and target density.

After the laser irradiation is over, the ions are affected by
the electrostatic field caused by the transport of energetic
electrons. As can be seen in the right two plots of Figure 2,
He™ ions increase with time till the atoms being fully ionized
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Fig. 4. The temporal evolutions of He* average density for (a) n =
density (bottom) for (d) n = 0.1; (e) n = 1; (f) n = 10.

to He™ at density ~10, even no incident laser after r = 25T,
which is different from the case of He”". Ionized electrons
are accelerated forward by laser pulse after the generation
of He*, resulting in the formation of space-charge field
inside the target. The space-charge field further ionizes He
atoms to He™ after the laser irradiation is over, while the
field amplitude has not reached the requirement for second
ionization. Thus, the region of He™ is much larger than
that of He*". Moreover, we can find a small region with
high density of He*" (n ~ 28) in Figure 2f. To find out the
reason of such high density, we plot the temporal evolutions
of the total particle numbers in the simulation region in
Figure 3. We can clearly see that the total number of He**

0.1; (b) n = 1; (c) n = 10. The temporal evolutions of He*" average

nearly sustains constant for n = 10. Therefore, the high den-
sity of He?" is resulted from ions bunching, which is caused
by electrostatic field push.

We note that the target front surface (see the shadowed
region of Fig. 1) is the initial location of the ionization
process and the most intense part of the laser—plasma interac-
tion. Additionally, the tendency of ion density versus time
shares similar characteristic at different positions for low
target density (see Fig. 2a, 2d). Hence, the space-averaged
ion densities at four typical positions near the target front sur-
face, which are calculated over an interval of 0.25\ and
presented in Figure 4, have been obtained to analyze the ion-
ization process. For clarity, the averaged ion density is
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Fig. 5. The temporal evolutions of (a) the laser pulse amplitude and (b) the field amplitude with the density n = 10.
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Fig. 6. The ion density change rates of (a) He™ and (b) He?" for different initial target densities as x < 0.1A.
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Fig. 7. The spatio-temporal evolutions of He* for (a) a = 2; (b) a = 10. The spatio-temporal evolutions of He*™ (bottom) for (c) a = 2;
(d) a = 10. The color bar represents the number particle density.
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Fig. 8. The temporal evolutions of He" average density for (a) a = 2; (b) @ = 10. The temporal evolutions of He** average density

(bottom) for (c) a = 2; (d) a = 10.

plotted only before 107 for n = 0.1 because of its unchanged
tendency after 107.

As we can see, the averaged ion densities for various target
densities in Figure 4 are significantly different. For He™
(Fig. 4a—c), the averaged density becomes difficult to de-
crease with increasing initial target density after it reaches
the peak value, and even increase with time for n = 10.
The reason is the same as the explanation of Figure 2, that
is, the higher the target density is, the less the laser energy
could transport into the target. Hence, He™ is difficult to
be ionized to He®". For He?* in Figure 4f), due to the
effect of skin depth, He" ions can be still ionized to He?*
ions within the skin length for n = 10. Therefore, we can ob-
viously observe a black line whose peak value is higher than
other lines in Figure 4f. In summary, the results in Figure 4
are generally consistent with the analysis of Figure 2.

In addition, one can see from Figure 4f that the black line in-
creases as a stair-step shape, and the oscillation frequency is
twice of the laser frequency. This is probably caused by the in-
jected laser with a sin-shaped ramp amplitude at the laser pulse
front. The incident laser amplitude profile with time is shown as
Figure 5a, and the space-averaged total field energy (E> + B, E
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and B are the total electric field and magnetic field, and normal-
ized by mewc/e and m.w/e, respectively) versus time in the
plasma region is shown in Figure 5b. The black lines (x =
5.125\) in Figures 5b and 4f display the same stair-step
shape, which means the laser field stimulates He*" density dis-
tribution of x = 5.125\ in Figure 4f. Compared with the result
of x =5.125\, the space-averaged field energy for the other
three curves in Figure 5b is almost equal to zero. For the
cases of n =1 and n = 10 (corresponding target density n >
n.), atoms at the target front are ionized quickly. The ion den-
sity consequently increases with time and becomes higher than
critical density n,., as a result, the laser can hardly propagate
into the target. As the laser field has been stopped by high-
density plasma, no effective ionization events take place
inside the target except the target front surface.

Figure 6 shows the temporal evolution of the ion density
change rate for He™ and He?* with lower initial target den-
sity n < n. near the target front surface (x < 0.1X). The ion
density change rate is calculated by (n — ny_;)/At, where
ny is the averaged density for the kth time step. In summary,
the ion density change rate changes much faster with increas-
ing target density for n < n..
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4. EFFECT OF LASER PULSE INTENSITY

To observe the effect of laser pulse intensity on ionization,
the target density is fixed to n = 10 with laser intensity vary-
ing from a = 2 to a = 10 in this section. Figure 7 shows the
spatio-temporal density evolutions of He' and He*" at dif-
ferent laser intensities. In laser—plasma interaction, the elec-
tron ponderomotive temperature 7, is proportional to the
square root of the laser intensity /. Therefore, higher laser in-
tensity results in higher temperature of forward electron and
consequently larger space-charge field, which ionizes He™ to
He?™. Hence, larger ionized region is formed, which can be
found from He* and He®" density distributions for different
laser intensities in Figures 2c, 2f and 7. Also, we can find that
high-density region of He** for @ =2 and a = 10 (Fig. 7c,
7d) is larger than the case of a = 0.5 (Fig. 2f). The formation
of such high density has been discussed above.

The space-averaged ion density averaged over an interval
of 0.25\ at different positions is shown in Figure 8. The re-
sults in Figure 8 are consistent with the analysis of Figure 7.
Furthermore, the comparison of averaged density of He™ in
Figures 4c, 8a, and 8b indicates that ionization process is
much faster for higher laser intensity.

5. CONCLUSIONS

Plasma formation due to field ionization has been studied
with 1D3V PIC/MCC code Bumblebee in this paper. The ef-
fects of target density and laser intensity on ionization have
been discussed in detail. The simulation results indicate
that the laser intensity will affect field ionization as expected.
Besides, the target density will also affect field ionization.
For the case of n > n., an ionization region is formed near
the target front surface. While for the case of n < n,, the ion-
ization speed increases with the initial target density. In addi-
tion, the greater the laser intensity is, the faster the ionization
speed and the larger the ionization region will be. This work
may be benefit for the understanding of plasma formation
with intense laser pulse and the setup of initial plasma distri-
bution before numerical modeling of the laser—plasma
interaction.
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