CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Quasi-three-dimensional hydrodynamics of the corona region of laser irradiation of a

slab

Xiao-Mei Dong(Z 1), Ben-Jin Guan(5<74<4), and Ying-Jun Li(Z=9158)
Citation:Chin. Phys. B, 2024, 33 (8): 085203. DOI: 10.1088/1674-1056/ad4532

What follows is a list of articles you may be interested in

Power transfer efficiency in an air-breathing radio frequency ion thruster

Gao-Huang Huang (¥ =i #2), Hong Li(Z* %), Fei Gao(/5 %), and You-Nian Wang(F A& %)
Chin. Phys. B, 2024, 33 (7): 075201. DOI: 10.1088/1674-1056/ad426¢

Velocity analysis of supersonic jet flow in double-cone ignition scheme

Zhong-Yuan Zhu(4fJ), Cheng-Long Zhang(5K % ), and Ying-Jun Li(Z=554%)
Chin. Phys. B, 2024, 33 (6): 065203. DOI: 10.1088/1674-1056/acc1d4

Global dust density in two-dimensional complex plasma

Yi-Zhen Zhao(#Xi% H.), Song-Fen Liu(XI¥A35), Wei Kong(¥L1F), and Fang Yang(#7%)
Chin. Phys. B, 2024, 33 (6): 065201. DOI: 10.1088/1674-1056/ad2a76

Diagnosing ratio of electron density to collision frequency of plasma surrounding scaled

model in a shock tube using low-frequency alternating magnetic field phase shift

Ming-Xing Wu(2 B %), Kai Xie(H#), Yan Liu(XI#), Han Xu(1&:12), Bao Zhang(7K ), and De-Yang Tian(FH 53 [H)
Chin. Phys. B, 2024, 33 (5): 055204.  DOI: 10.1088/1674-1056/ad2d56

Probing the peripheral self-generated magnetic field distribution in laser-plasma

magnetic reconnection with Martin—Puplett interferometer polarimeter

Ya-Peng Zhang(7K ML), Jia-Wen Yao(%k3z ), Zheng-Dong Liu(Xl| 1EZR), Zuo-Lin Ma(Z1E%%), and Jia-Yong

Zhong(ff £ 53)
Chin. Phys. B, 2024, 33 (4): 045206.  DOI: 10.1088/1674-1056/ad24db


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad4532
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad4532
https://doi.org/10.1088/1674-1056/ad4532
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad426c
https://doi.org/10.1088/1674-1056/ad426c
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc1d4
https://doi.org/10.1088/1674-1056/acc1d4
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad2a76
https://doi.org/10.1088/1674-1056/ad2a76
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad2d56
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad2d56
https://doi.org/10.1088/1674-1056/ad2d56
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad24db
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad24db
https://doi.org/10.1088/1674-1056/ad24db

Chin. Phys. B 33, 085203 (2024)

Quasi-three-dimensional hydrodynamics of the corona region of
laser irradiation of a slab

Xiao-Mei Dong(#E HE4ff), Ben-Jin Guan(4<4:), and Ying-Jun Li(Z=3102)"
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This paper introduces and establishes a quasi-three-dimensional physical model of the interaction between a laser
and a slab target. In contrast to previous one-dimensional analytical models, this paper innovatively fits the real laser
conditions based on an isothermal, homogeneous expansion similarity solution of the ideal hydrodynamic equations. Using
this simple model, the evolution law and analytical formulae for key parameters (e.g., temperature, density and scale
length) in the corona region under certain conditions are given. The analytical solutions agree well with the relevant results
of computational hydrodynamics simulation. For constant laser irradiation, the analytical solutions provide a meaningful
power-law scaling relationship. The model provides a set of mathematical and physical tools that give theoretical support

for adjusting parameters in experiments.

Keywords: plasma, self-similarity method, fluid dynamics calculations

PACS: 52.38.-1, 47.85.Dh

1. Introduction

In recent years, the interaction between lasers and slab
targets has been a focal point of research, playing a crucial
role in reproducing research in cutting-edge fields such as
laboratory astrophysics!!= and inertial confinement fusion
(ICF).[10-201 A5 an indispensable research tool, the laser—target
interaction method has aided the performance of related re-
search in many fields. From both experimental and simula-
tion aspects, whether it is the law of evolution of the elec-
tromagnetic field!!! or the change of the topological struc-
ture of magnetic reconnection,?! the outflow of magnetic
reconnection, 1! the loop-top x-ray source*! and guiding field
magnetic reconnection®! realized using high-energy laser-
driven slab targets in the laboratory, are all based on three-
dimensional laser irradiation slab target experiments. In the
field of ICF, there is an urgent need for three-dimensional
analytical models for theoretical interpretation and support
in studying the acceleration of super-hot electrons!'®!!l and
high-energy protons!!? produced by the interaction of laser
pulses with slab targets. Despite extensive research there is
a scarcity of published articles addressing theoretical anal-
yses. Li and Cheng and colleagues have established one-
dimensional and two-dimensional perturbation self-similar
hydrodynamics models of slab targets under line focusing
laser conditions to solve the above issues, giving a set of
isothermal, uniformly expanding self-similar solutions.?!=23]
However, there is a lack of relevant research reports on the
physical analysis of three-dimensional point-focusing laser ir-
radiation of slab targets to get closer to real experimental con-
ditions.

This paper further improves and develops the self-similar

[21,22

model proposed by Li 1in 2001 to establish a quasi-three-

fCorresponding author. E-mail: lyj@aphy.iphy.ac.cn
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dimensional analytical model of laser—target interaction, re-
vealing key physical parameters such as electron temperature,
electron density and plasma length during this process. The
results obtained through this model are very consistent with
the trend of expensive and time-consuming numerical simu-
lation results. Compared with previous complex and time-
consuming numerical simulation methods in hydrodynamics
and atomic dynamics, this analytical method?4-26! has the ad-
vantages of a clear process and rapid calculation. More im-
portantly, it can reverse a set of required conditions back to
the experimental parameters required to produce these condi-
tions by laser—target interaction.

Based on the quasi-three-dimensional model of laser—
target interaction established in this paper, and on the basis
of matching with the numerical simulation results of previ-

(271 theoretical analysis is further given for

ous researchers,
some related experimental simulations using the analytical
model formula. In addition, the establishment of this model
is expected to provide more methods for use in related fields,
such as the evolution of magnetic fields in laser—target in-
teraction, the generation of magnetic reconnection in labora-
tory astrophysics, and to provide theoretical support for under-

(28

standing plasma transport transitions'?®! and related material

processing. [>]

This paper is structured as follows. Section 2 presents
the relevant assumptions of the model, obtains the self-similar
equation and state equation and establishes a fluid mechanics
model of plasma in the corona region. Section 3 gives the for-
mula for analytical solution and related analysis of the model
at different time stages. The final conclusions are given in

Section 4.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Self-similar physical model building and for-
mula derivation

2.1. Model building

A quasi-three-dimensional model of a point-focused laser
interacting with a slab target in cylindrical coordinates is
shown in Fig. 1. The laser is driven from the right side, and the
interaction between the laser and the target heats and vaporizes
it to produce plasma; the direction of expansion of the plasma
is away from the target surface. The incident path of the laser
forms a cylindrical path trajectory, but the actual region on the
target surface is a focused circular spot. At a certain moment
in the forward path of the laser, the angle formed with the tar-
get surface is 6.

Laser

Fig. 1. Schematic diagram of the interaction between laser and target.

When a slab target is irradiated by a laser to pro-
duce plasma, the entire region is usually divided into three
regions: 30311
and the corona region. The corona region usually appears near
the boundary of the plasma. In this region, due to the inter-

action between ions and electrons, the electric field strength

the compression region, the conduction region

changes greatly, resulting in a discontinuity of electron den-
sity. The corona region is usually considered as a non-uniform
region in the plasma, and the main source of the magnetic field
generated by the interaction between the laser and the target
is the nonlinear electron density and temperature gradient in
this region. ! Therefore, the main region of interest in this pa-
per is the corona region that leaves the target surface, and the
electron density (n.) is less than the critical density (n.). This

region is in a state of non-local thermodynamic equilibrium,
and electrons and ions have their own temperatures, respec-
tively reaching their Maxwell distribution. Considering that
the mass of ions is much greater than that of electrons, a two-
dimensional ideal fluid mechanics model is established with
ions as the background

dp _19(prv) _d(pv)  19(pve)
7t+r or * 0z Jr; 20 =9, M
p avr al”_k%% UZ% _|_@:(')7
or r 00 0z ar @
8vz 8vz Vg AV, v, ap
”( o T a0 Ve )T
0
ot p
v? v?
B _18{pvrr(£+2>] ) 8{pvz<8+2>}
T oor ar dJz
_lauWJ)_9@m)+pH. 3)
r or 0z

Here, Eq. (1) represents the mass conservation equation,
Eq. (2) represents the ideal fluid momentum equation with the
volume and viscous force terms neglected and Eq. (3) repre-
sents the energy equation. In these expressions, r is the spa-
tial coordinate parallel to the surface of the target plate, z is
the spatial coordinate perpendicular to the surface of the tar-
get plate, ¢ is time, p, v,, v, and p are the density, velocity in
the r direction, velocity in the z direction and pressure of the
plasma, respectively, € is the internal energy per unit mass, H
is the net heat flux per unit mass, and the pressure is deter-
mined by the state equation p = f(p,T), which relates to the

density and temperature. 3%

2.2. Formulation of the self-similarity equation

In order to facilitate use of the results of analysis of the
self-similar equation, we adopted convenient units shown in
Table 1; the variables that have been normalized are specially
marked with underscores in the formulae.

Table 1. Normalized values for scaled variables.

Time ¢ (s) Laser intensity / (10 W-cm~2)

Wavelength A (pm)

Ionic charge Z Atomic mass A Coulomb logarithm A

1072 1 1.06

65 240 5

The incident laser in this model is uniformly driven along
the z direction (with a flat-top intensity distribution in the r di-
rection) and has a flat-top intensity distribution in time. The
energy deposition of this process is considered to be scalar de-
position caused by inverse bremsstrahlung absorption, which
is uniform and isotropic in all directions. Considering that the
plasma expansion in the direction of laser incidence is uni-
form, it satisfies the form of a rarefaction wave solution that
varies with time in this direction. Expansion in the r direc-

tion is symmetric, and the expansion velocities in these two
directions are given by

v = <dL’/ dt)r— (o) 0
L,
m:q+; (5)

Equation (4) indicates that the velocity is a linear function of
each instantaneous position in time. L, represent the plasma
length in the r direction. Cy = \/TZ/M; = T1/221/2/Mil/2
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is the transient isothermal sound speed and M; is the ion
mass, 3334 and the ionization degree formula of the corona
region Z = %[A(T/keV)]l/ 3 is used, where A is the atomic
number of the considered element.

Combining the ideal gas law (pressure is proportional to
the density of an ideal gas), we substitute the velocity expres-
sions (4) and (5) into the momentum equation (Eq. (2)) and
separate the variables in space and time, obtaining the follow-
ing equations:

r2
R ©

p(z) = crexp <—LZ> ; (7

Z

where L, represents the plasma length in the z direction. In
order to derive the coefficient part of the above equations, the
point of laser incidence on the target surface is defined in this
paper as the origin of the coordinate system. m is the ablation
mass per unit area of the target surface caused by the driving
laser,*>! and the total ablation mass of the plasma generated
in space is

o rl, 27
/0/0 A p(r)p(z)rdrdzd@ = mzLj, 8)

where Ly represents the radius of the focal spot of the incident
laser.
Therefore, the density description of the corona region
has been obtained as
mL(z) r z
= —— . 9
P=or12 ‘“"‘p< 207 Lz> ®

Considering the premise of isothermal expansion and com-

bining the mass conservation equation (1), momentum equa-
tion (2) and energy equation (3), the self-similar equations of
two-dimensional fluid mechanics of a laser-irradiated slab tar-
get are derived as

2dinT 1 p
L |-—+-|== 10
CSZL dt+t} o’ (10)
d’L. p
ey (11)
AT _ P 2AD) (12)
dt P t

Here, C, (= de/dT) represents the specific heat per unit mass.

2.3. Equation of the ideal gas law

Upon the irradiation of a slab target by a flat-top laser
of intensity / resulting in ablation, the relationship between
plasma mass and time changes*® is expressed as

d
9 17x10713

2/3 7/6 7/6
oy (27) (z51) 0
dzr (tlogA)'/3 \2°/7 Z+1

Combining the ionization formula of the corona region Z =
4 x 240'3[A(T/keV)]'/3/39, and based on the convenient
units in this paper and the integration of the mass ablation rate,
the formula for the ablation mass that changes with time can
be obtained as

m  28.833 12342323

= = . 14
BTU0 T 423k AlBTI2 14
The heating term of the laser is
I
H=2(1—e™). (15)
m

Here 1 is the total laser flux acting on the target and T, is the
inverse bremsstrahlung absorption optical thickness of the thin

foil
Tib :/Kibdz.

The expression for the inverse bremsstrahlung absorption co-

(16)

efficient is

<2)‘/24l ZeO(log A)A2n?
Kib=| = =5
A3

.an
) 3 32(1 - 1/2]
meT) (1 nc)

Combining the definition of electronic density with the density
Eq. (9) of the corona region, we obtain

2
NoZp(r,z —-IS—F
ne = MZPURZ) _ (18)
A
NoZmL} . .
Here ng = ﬁ represents the maximum electron density
L

and Ny = 6.02 x 10?3 is the Avogadro constant.

In the model establishment stage above we analyzed that
for the corona region, the plasma can be approximated as an
ideal gas, and the state equations are given as

_ZTp
=

_3Z
_ZMi.

G 19)

Combining these with the ionization formula, the state equa-
tions under the self-similar model are obtained as

20 A1/3T4/3p

= 2
1/371/3
c — 10 AT 2
[keV]!/3 M

3. Analysis and validation of the model

The process of interaction between the laser and the tar-
get is divided into two stages: the moment when the laser stops
entering is the boundary point and the first stage is the interac-
tion stage between the laser and the target, that is, 0 <7 <1
(1 represents the time when the laser stops heating), which is
the stage we focus on. The second stage is after the laser stops
entering, namely, the stop heating stage #;, < ¢.

085203-3
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3.1. The stage of interaction between the laser and the tar-

get

The process of evolution of the plasma in the corona re-
gion outside the critical density surface is of particular con-
cern: the plasma that expands to this region has a density
lower than the critical surface density. At this time, the in-
verse bremsstrahlung optical thickness 7y, decreases with time,
and the heating rate also decreases with 7j,. From Eq. (15),
it can be obtained that at this time H = Tjplp/m. Combining
the density Eq. (18) and the inverse bremsstrahlung absorption
coefficient Eq. (17) into the optical thickness Eq. (16), and in-
tegrating the entire plasma profile, the expression for optical
thickness after integration can be obtained as

2

Ty = 0.017m2Z A’ AA 2T 321 e 17 (22)

Combining Eqgs. (20) and (21) with the ablation mass Eq. (14),
and solving the similarity Eq. (12), the basic equation for tem-
perature in this stage is obtained as

2
T =3.812keV I/9A2/9) 2P AY9¢2/9 ¢ 317 | (23)

By substituting Eq. (20) of the state into the self-similar equa-
tion in the r direction, and then combining it with Eq. (23), the
basic equation for the length of the plasma in the r direction
can obtained as

d2L _4
T _ 9.842 x 1074120/27&8/948/27£8/274710/27e e

L, .

(24)

Further simplification yields the form of the solution for the
length of the plasma in the r direction

2
L = 0.076110/27&4/944/2741_5/27 e—ﬁggmm' (25)

Similarly, the basic equation for the length of the plasma in the
z direction can be obtained as

2

The equation for electronic density in space can also be ob-
tained as

22 z
Ne = 1.146 x 1021 [11/54 44/27 ) =5/9 A —14/27,-14/27 .~ 57 "Iz

27

3.2. The laser stop heating stage

For this stage, when the laser pulse stops, there is no fur-
ther injection of laser energy and the mass of ablation will no
longer change with time and become a constant. However,
the ionization problem still exists, and the plasma continues

to expand adiabatically in this stage. The result for the previ-
ous stage will serve as the initial condition for this stage, and
the formula for analytical solution for this stage will be given
based on this.

Commencing from the temperature equation and taking
into account the initial conditions

T = TL£28/17£718/17. (28)

Here T;, refers to the electron temperature at the end of laser
irradiation.

The basic equations for the plasma length in the two di-
rections of this stage are respectively

Ly =Ly, (29)
Lo=Ly " 5, (30)

Through the definition of 7., the following equation can also
be obtained:

ne = nyty/ M2, 3D

Here, L,;, L;; and ny, are, respectively, the plasma length and
electronic density at the end of the previous stage when laser
irradiation ceased.

3.3. Verification and discussion of the analytical solution

Based on the derivation process above, the length of
the plasma after irradiation by a flat-top laser of intensity
I=1x10" W-cm~2 and A = 1.06 pum varies with time and
space. The analytical solution for the plasma length is simpli-
fied using convenient units

22
L, =0.076e 97 31/77, (32)

To verify the correctness and reliability of the solution for the
plasma length in the r direction, the results of Eq. (32) are
compared with the solution of the basic equation (Eq. (24)) by
plotting and analyzing (as shown in Fig. 2); by selecting dif-
ferent values of radial spatial position, the evolution of plasma
length in the r direction with time is obtained. Firstly, it is
found that when the radial position in space is constant, the
density increases with time. Secondly, the solid line in the fig-
ure represents the result of the basic Eq. (24), and the dotted
line represents the result of the solution Eq. (32). After com-
parison, it can be found that the trends of the solid line and the
dotted line are in good agreement, and the error is extremely
small, which proves that the solutions obtained with this model
are accurate and reliable.

Figure 3 shows the variation of the plasma length in the
r direction at four different moments (+ = 0.5 ns, t = 1.0 ns,
t = 1.5 ns and r = 2.0 ns). It is found that under the condition
of fixed time, the length of the plasma in the r direction will
decrease as r increases.
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Fig. 2. Evolution of plasma length in the r direction with time.
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Fig. 3. The variation of plasma length in the r direction at four different
moments (f =0.5ns,7 =1.0ns,¢ = 1.5ns and r = 2.0 ns).

In order to further verify the accuracy of the analyti-
cal results, the density analytical formula obtained in this
paper was compared with the XRL2D program simulation

[27) under the same conditions (main laser intensity J =

image
4.7 x 10'* W.cm™2, pre-pulse accounts for 3%, and a flat-top
laser with a wavelength of 1.053 um interacts with the Ag
target). Figure 4(a) shows the XRL2D simulation image of
Zheng and Zhang?’! and Fig. 4(b) shows an analytical im-
age of the self-similar model. The comparison of the two im-
ages shows that the trends of simulation results and the analyt-
ical results are qualitatively consistent. Next, a more detailed
quantitative comparative analysis is given. Figure 5 shows a
comparison of axial density distribution between simulation
and analysis, the blue dotted line is the XRL2D simulation
result and the red dotted line is the analysis result. Figure 5
presents the density obtained from XRL2D simulations at an

3 and

axial distance of 75 um with a density of 2x10'® cm™
displays an analytically derived axial distance of 73 pm with
a density of 2x 10" cm™3. For the XRL2D simulation with a
density of 1x10'” cm™3, the axial distance is 110 um while
the corresponding analytical distance is 121 um. Similarly, in
the case of a simulation with a density of 2x 10'® cm 3, the ax-
ial distance is 270 pm, and the analytical distance is 258 pm,
with an error fluctuation of less than 10%, further proving that

the analytical model obtained in this paper is reliable.

150

100

50

0 100 200 300

100 200 300
z (pm)

Fig. 4. Images of the plasma density distribution: (a) the XRL2D pro-
gram simulation results!?”] and (b) the self-similar model results.

400 T T T T

—— XRL2D simulation

300 L —o— Analytical model

—

o

o
T

Axial direction (pm)
*
S
S

0 0.5 1.0 1.5 2.0

Density (10! cm™3)
Fig. 5. Comparison of the distribution of density in the axial direction
under simulation and analysis. The blue line is the simulation result,
and the red line is the analytical result.

Figure 6 compares the temperature results of the XRL2D
program simulation in Ref. [27] and the self-similar analytical
results in this paper. As shown, the temperatures are symmetri-
cally distributed when » = 0 um, and the temperature reaches
its maximum value when » = 0 um. The trends of the re-
sults obtained with the self-similar model are roughly consis-
tent with the results of XRL2D program simulation, showing
a good match. Next, a more detailed quantitative comparative
analysis is given. Figure 7 shows a comparison of the distri-
bution of temperature in the axial direction under simulation
and analysis, the blue line is the results of XRL2D simulation
and the red line is the analytical result. From the comparison
in Fig. 7, it can be seen that the analytical results are gener-
ally consistent in trend with the simulation results. It should
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be noted that since the region near the slab target is a region of
electron heat conduction with equal pressure and unequal tem-
perature, the curves near the slab target in the program simu-
lation result are concave. The model in this paper is based
on isothermal conditions, so the analytical results are different
from the results of XRL2D program simulation in the region
near the target; the region where the temperature curve near
the target concaves inward in the simulation results is not con-
sidered in our model.

300
200 —
g
=
8
. ‘100
L ey |
. 0
~150 —100 —50 0 50 100 150
y (pm)
350
300
250
Z 200
=

100

9150

—100 =50 O 50 100 150

7 (pm)
Fig. 6. Two-dimensional spatial distribution of temperature: (a) XRL2D
program simulation results and (b) self-similar model results.

350 T T T T T
—2— XRL2D simulation

g 300F o Analytical model 4
=
5 250} .
el
3]
9]
—
5 200+ E
=
2 1500 1

100 1 1 1 1 1

6 8 10 12 14 16 18

Temperature (eV)

Fig. 7. Comparison of the distribution of temperature in the axial direc-
tion under simulation and analysis, the blue line is the simulation result
and the red line is the analytical result.

Combining the convenient units for the laser conditions
in Table 1 (/ =1 x 10" W-cm™2, A = 1.06 pum) and the an-
alytical formula for electron density, Fig. 8 shows the spatial

distribution of plasma electron density at different times. The
evolution of electron density in both directions shows that at
the beginning of the interaction between the laser pulse and
the target, the plasma begins to generate and expands outward
with time. With increasing time, the plasma expands outward
in a nearly regular circular shape and this radial expansion
is accompanied by axial expansion in the reverse light path.
As the laser continuously interacts with the target plasma, the
plasma temperature continues to rise, the movement speed ac-
celerates and the plasma expansion becomes more and more
intense; moreover, the distribution of plasma density in the en-
tire region is uneven. The greater the distance from the target
surface, the lower the density of the plasma. This is because
the laser cannot enter the region inside the critical density sur-
face, the density of the plasma that expands outside gradually
decreases and the electron density will become increasingly
sparse.

(a)

t=1.0 ns

t=2.0 ns
1.6

e (1021 cm™ )

Fig. 8. Spatial distribution diagram of plasma electron density: (a) t =
1.0 ns, (b) t = 2.0 ns.

For the fixed time t = 1.0 ns, Fig. 9(a) shows the evolution
of electron density with radial spatial position (r direction).
It can be observed that the electron density is symmetrically
distributed with the target point as the center, and the elec-
tron density is maximum at »r = 0 pm. With increase in the
spatial position, the electron density gradually decreases. Fig-
ure 9(b) shows that the electron density along the axial direc-
tion (z direction) is approximately exponentially distributed,
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and the density decreases with increase in the spatial position;
the decay rate gradually decreases.

1.2t (a) 1.2t (b)
& 1.0 & 10
08 g o8
3 06 L 0.6
E S
=04 : 0.4
0.2 0.2
0 0
—4000 —2000 0 2000 4000 o 1000 2000 3000
 (pm) z (um

Fig. 9. The relationship between plasma electron density and spatial
position (a) for the radial direction (» direction) and (b) for the axial
direction (z direction).

Figure 10 shows the spatial distribution of plasma elec-
tron temperature at two different times. For a fixed time, the
electron temperature generated at the target point is the high-
est, and the temperature decreases exponentially with increase
in the spatial position with the target point as the center. By
comparing the electron temperature at different times, it can be
found that with continuous incidence of the laser the electron
temperature also increases significantly.

T (keV)

” 761
Ry 1521

Fig. 10. The relationship between plasma electron temperature and spa-
tial position: (a) t = 1.0 ns, (b) r = 2.0 ns.

For laser interaction experiments, it is desirable to max-
imize the absorption and utilization of laser energy by the
plasma, providing the initial energy for subsequent experimen-
tal stages. In the three regions produced by laser irradiation of

the solid target, since the laser cannot penetrate beyond the
critical density surface, energy absorption mainly occurs in
the corona region outside the critical density surface. Energy
is then transferred to the conduction region through electron
thermal conduction, leading to heating in that region. The
more laser energy that is absorbed in the corona region, the
more energy the electrons generated by laser irradiation on the
solid target will acquire, resulting in higher electron tempera-
tures.

Figure 11 shows the relationship between temperature,
pulse duration and spatial position for four different laser in-
tensities. As the laser intensity increases, the temperature

For instance,
2

distribution in space significantly increases.
when the laser intensity increases from 0.5x10'* W-.cm™
(Fig. 9(a)) to 5.0x 10" W.cm~2 (Fig. 11(d)), the maximum
temperature in space rises from 3.3 keV to 11.9 keV and the
temperature increases by about 2.6 times. Initially, the temper-
ature rises rapidly with time upon laser irradiation; however,
during the later stages of laser—plasma interaction, the rate of
growth of electron temperature slows, suggesting that in order
to achieve the same temperature shorter pulse durations are
required for higher laser intensities. For example, at the same
spatial position (considering the highest temperature point in
space), achieving a temperature of 3 keV requires a pulse du-
ration of 1.93 ns for a laser intensity of 0.5x10'* W.cm~2,
0.34 ns for 1.0x 10" W-cm~2, 0.17 ns for 2.0x10'* W-cm 2
and only 0.068 ns for 5.0x10'* W-cm~2, compared with the
1.93 ns required for 0.5x10' W-cm~2; the pulse duration is
nearly 28 times shorter for 5.0x10'* W.cm 2.

In summary, both increasing the laser intensity and ex-
tending the pulse duration can achieve temperature enhance-
ment. However, prolonging the pulse duration is relatively
easier in laser experiments.

From the earlier discussion in this paper, we know that
both temperature gradients and density gradients vary with
changes in pulse duration; in the field of high-energy-density
physics, these gradients have a significant impact on phenom-
ena such as magnetic field generation and x-ray production.
The Biermann effect tells us that the strength of self-generated
magnetic fields primarily depends on the gradients of density
and temperature, with larger gradients leading to stronger self-
generated magnetic fields.) Additionally, experimental theo-
ries related to x-ray generation indicate that smoother density
gradients favor x-ray propagation.??!

Figure 12(a) shows the evolution of temperature with spa-
tial position and pulse duration. From the evolutionary re-
lationship with spatial position, it is found that closer to the
laser focal point the temperature gradient is smaller, as the spa-
tial position increases the temperature gradient first increases,
then decreases and finally gradually flattens out. Taking the
example of a laser intensity of 1.0x10'* W-cm~? and a pulse
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duration of 1 ns, we calculated the temperature gradients at
various spatial positions: 76-304 pm, 608-836 pum, 1140-
1368 um and 1748-1976 pm. The results show that the tem-
perature gradient is smallest (0.62) near the target point at 76—
304 pwm, while it reaches its maximum value (1.80) at 608—
836 um. With the increase in spatial position to the range of
1140-1368 um, the gradient decreases to 1.67 and continues
to decrease. These findings align perfectly with previous ex-
perimental and simulation studies, which found that annular
magnetic fields are mainly generated at the edge of plasma
bubbles. !

Figure 12(b) shows that at the same spatial position, the
temperature gradient varies with different pulse durations. As
the pulse duration increases from 0.5 ns to 3 ns, the maxi-
mum temperature gradient also increases from 1.52 to 2.27,
indicating that when the other conditions remain consistent,
regulating the duration of the laser is a very effective means to

COooEE PN wWW
WNOWNO wWNOWw

COHNNWROOIRN
Nbh~oowoNRL

Fig. 11. The evolution of temperature with spatial position and pulse duration under different laser intensities: (a) / = 0.5 x 1014 W-cm™~,

changing the temperature gradient.

To explore the impact of changes in laser intensity on
the temperature gradient, the relationship between tempera-
ture and spatial position and the evolution of the laser inten-
sity is given in Fig. 13. Here the laser pulse duration is fixed
at 3 ns. From Fig. 13(a), it is found that increasing the laser
intensity effectively raises the temperature; this enhancement
occurs because the increase in laser intensity leads to a corre-
sponding increase in the energy incident in the target, and the
energy obtained by the plasma and electrons is also increased.
Observing Fig. 13(b), at the selected spatial position of 2148—
2685 pum, under different laser intensities, the temperature gra-
dient varies significantly, as the laser intensity increases from
0.5x10" W-cm~2 t0 5.0x 10'* W-cm 2, the temperature gra-
dient increases from 1.54 to 5.55; this highlights the substan-
tial impact of regulating laser intensity on the temperature gra-
dient while keeping other conditions constant.
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) I=1.0x10"* W-cm 2, (c) I =2.0x 10'* W-cm~2 and (d) I = 5.0 x 10'* W.cm 2.
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Fig. 12. (a) The evolution of temperature with spatial position and pulse duration. (b) The relationship of temperature with spatial position for

different pulse durations.

085203-8



Chin. Phys. B 33, 085203 (2024)

14 T T T T T
— I=5.0X10"" W /cm? b
— [=2.0X10" W/cm? (b)
12 F— 1=1.0x10" W/cm?

— I=0.5x10" W/cm?

T (keV)

r/L,

Fig. 13. (a) The evolution of temperature with spatial position and pulse
duration. (b) The relationship between temperature and spatial position

under different laser intensities.

(a)

1.0x1022
9.1x10%!
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Fig. 14. (a) The evolution of density with spatial position and pulse
duration. (b) The relationship between density and spatial position for
different pulse durations.

Figure 14(a) depicts the evolution of density with spatial
position and pulse duration. From the relationship between
spatial position and density we can see that as spatial position

increases the density gradient gradually decreases. Let us con-
sider a laser intensity of 1.0x10'* W-cm~2 and a pulse dura-
tion of 1 ns. We calculated the density gradient at various spa-
tial positions: 76-304 um, 608-836 um, 1140-1368 um and
1748-1976 pm. The statistical results reveal that the density
gradient is highest near the target point at 76-304 um, reach-
ing 8.95x 1020 at 608-836 pum. The density gradient decreases
by half to 4.44x10%° as the spatial position increases to the
range of 1748-1976 um, then the gradient further reduces to
0.99x10%°, Clearly, spatial position has a significant influence
on the density gradient. Observing Fig. 14(b), the density gra-
dient decreases with increasing laser pulse duration. Focusing
on the spatial position near the target point, statistical calcu-
lations show that as the pulse duration increases from 0.1 ns
to 3 ns, the density gradient decreases from 2.95x10?! to
0.51 x 102!, This indicates that while other conditions are kept
constant, adjusting the laser’s duration is an effective means to
alter the density gradient.

1.8x10%!
1.7x102!
1.5x102!
1.3%x10%!
1.1x10%!
9.4 X102
7.5%1020
5.8X1020
4.0X10%0
2.1x10%°
3.5x10%
(b) ‘
1.5 — I=5.0x10"* W/cm? A
= — I=2.0X10" W/cm?
1.2 — 1=1.0x10" W/cm?
g — I=0.5X10"* W/cm?
~ 0.9
=)
Z
o 0.6
IS
0.3
0 1 1 1 1 1 J
0 05 1.0 15 20 25 3.0

z/L,
Fig. 15. (a) The evolution of density with spatial position and laser in-
tensity. (b) The relationship between density with spatial position for
different laser intensities.

To investigate the impact of variations in laser intensity
on the density gradient, Fig. 15 shows the evolution of den-
sity with spatial position and with laser intensity, Here, the
laser pulse duration is fixed at 1 ns. From Fig. 15(a), it is
found that increasing laser intensity effectively enhances the
density within the spatial domain. Observing Fig. 15(b) and
selecting the spatial position range of 608—-836 pm, for differ-
ent incident laser intensities the density gradient is also differ-

ent. As the laser intensity increases from 0.5x10'* W.cm™2
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to 5.0x10'% W.cm™2, the density gradient increases from
3.86x10% t0 6.17x 10%.

Regarding the impact on density gradient, adjusting the
laser intensity and the pulse duration are both effective strate-
gies. However, when comparing the trends in Figs. 14(b) and
15(b), it becomes evident that altering the pulse duration is
more efficient for modifying the density gradient.

In summary, it has been observed that changes in tem-
perature gradient and density gradient are influenced differ-
ently by laser intensity and pulse duration. The temperature
gradient increases with longer pulse duration and higher laser
intensity; as the spatial position increases, the farther away
from the target point the temperature gradient first increases
and then decreases. On the other hand, the behavior of the
density gradient differs from that of the temperature gradient:
as the direction from the target point increases, the density
gradient gradually decreases as the spatial position increases.
Moreover, as the pulse duration increases, the density gradi-
ent decreases, but gradually increases as the laser intensity in-
creases.

4. Conclusion

This paper aims to study the specific evolution of phys-
ical quantities such as the electron density, electron tempera-
ture and plasma length in the corona region during the inter-
action between laser and target in a quasi-three-dimensional
model that is more closely related to real experiments. The
purpose of this study was to obtain the relevant analytical for-
mulae for these key physical parameters and to obtain the
analytical formulae (23)—-(31). The results obtained by com-
paring the analytical results with the results of expensive and
time-consuming numerical simulations show a very consistent
trend. On this basis, three-dimensional spatial distribution di-
agrams of electron density and electron temperature are pro-
vided using the analytical formulae of the model (see Figs. 8
and 10). It is worth noting that the quasi-three-dimensional an-
alytical model of the interaction between a point-focused laser
and a slab target has rarely been mentioned in previous work.
The self-similar model established in this paper has irreplace-
able advantages, such as a clear process description, an in-
tuitive scaling relationship and efficient calculation compared
with the complicated and time-consuming numerical simula-
tion.
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