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The perturbation electron density and stopping power caused by the movement of charged particles above two-dimensional
quantum electron gases (2DQEG) have been studied in numerous works using the quantum hydrodynamic (QHD) theory. In this
paper, the QHD is modified by introducing the two-dimensional electron exchange-correlation potential at high density V., ,py
and the pump wave modulations. Based on the modified QHD, the perturbation electron density and stopping power are
calculated for pump waves with various parameters. The results show that the stopping power values are more accurate after
considering V, ,pyy. Under the modulation of pump waves with the wavelength from 0.1nm to 0.1cm, the perturbation electron
density of 2DQEG and the stopping power of charged particles show periodic changes. Under the modulation of pump waves with
A=176x10"* cm and @, = 2 x 101°e/lf, the average stopping power with respect to the time phase 6 becomes negative, which
means that the charged particles will gain energy and can be accelerated. This is a new phenomenon in the fields of 2DQEG and of
great significance in surface physics and surface modification in nanoelectronic devices with beam matter interactions.

1. Introduction

Accompanied by the two-dimensional quantum electron
gases (2DQEQG) is confirmed to exist on the surface of the
metals and semiconductor heterostructures. The interaction
between charged particles and plasma targets has attracted a
lot of attention in surface physics [1-6]. The incident par-
ticles can also be used as probes to detect the properties of
2DQEG, or as a powerful tool of surface character
modification.

In the study of the interaction between charged particles
and plasma targets, people are particularly interested in the
analytical calculation of energy loss [7] and the density
distribution of the plasma targets [8]. Stopping power is used
to describe the energy loss per unit length [6, 9-15]. As an
important physical quantity to study the interaction between
charged particles and the plasma targets, a lot of experiments
and theoretical studies have been done in the past decade
[16-28]. The stopping power of charged particles can be
modulated by the incident velocity of charged particles [5],
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the amount of charge of charged particles, the density of
plasma targets [5], varying altitude parameter between
charged particles and 2DQEG [4, 5, 29], the external
magnetic field [30, 31], the spin effects [32], and so on.

In order to understand the interaction between charged
particles and plasma targets in the presence of a laser field, a
lot of theoretical studies have been carried out [33-39].
Within the dielectric formalism, Arist et al. [33] studied the
influence of a strong laser field on the stopping power for
charged particles in low-density nondegenerate plasmas, and
the expression of stopping power is given when a laser field
exists. The results show that the laser field reduces the
stopping power of plasma and makes it anisotropic through
the polarization of the electric field wave. Within the
random-phase approximation theory, Nersisyan [34] also
investigated the stopping and acceleration effect of protons
in a plasma in the presence of an intense radiation field and
calculated the stopping power of charged particles in the
high-frequency limit. With two-dimensional electrostatic
particle-in-cell (2DPIC) simulation, Hu [35] studied energy
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loss of ion beam when plasma irradiated by a strong laser
pulse and the dynamic polarization of plasma. Pertaining
results make it clear that stopping power gets strongly

modulated by the laser field.

However, these research methods are no longer appli-
cable when studying the stopping power modulation by
pump waves of charged particles moving above the 2DQEG.
In the study of Nersisyan et al., when considering the in-
teraction between laser and three-dimensional plasma, the
expression of the vector potential A of electromagnetic
waves was used [34]. However, the vector potential ex-
pression of the electromagnetic wave A cannot be written for
the interaction of 2DQEG and laser. Another feasible
method to implement electromagnetic waves is to ignore the
effect of the magnetic field and write down the expression for
the electric field term of electromagnetic waves [40]. The
2DPIC method cannot be used either to study the inter-
action between charged particles and 2DQEG. Because the
charged particles are above the 2DQEG, a three-dimensional
electrostatic particle-in-cell (3DPIC) method is required.
However, the 3DPIC method is currently difficult to im-
plement due to a large amount of calculation [35].

In this paper, a modified linear QHD is used to study the
modulation effect of pump waves on the perturbation
electron density and stopping power caused by the move-
ment of charged particles above the 2DQEG. The outline of
this article is as follows. In Section 2, the modified QHD is
introduced to include the laser pump wave modulation and
the two-dimensional electron exchange-correlation poten-
tial of high-density V', effects. The general expressions of
perturbation electron density of 2DQEG and stopping
power of incident charged particles are derived by the
modified QHD theory. In Section 3, the numerical results of
perturbation electron density of 2DQEG and stopping
power of incident charged particles modulated by pump
waves with various physical parameters (wavelength A,
amplitude @, and time phase 0) are given. Section 4 gives a
summary. Gauss system of units is adopted in this paper.

2. Quantum Hydrodynamic Model

2.1. Physic Model. The schematic diagram is given in Fig-
ure 1. 2DQEG is an idealized model, which corresponds to
the electronic components on the surface or interface of
metal or semiconductor in a very thin layer (only a few layers
of atoms’ thickness). For the convenience of studying, it is
generally considered that the thickness of such two-
dimensional electron gas is taken negligible [41]. Consider
an infinite 2DQEG composed of free electrons and mo-
tionless ions located on the plane z = 0, and use a Cartesian
coordinate system to represent its position in the region
z>0and z <0. n is the equilibrium density of electrons and
ions. At equilibrium, 2DQEG density satisfies the relation
n; =n, =n, [32]. Considering that the quantum effect is
more significant in the high-density electron gas, we take the

equilibrium  density of electrons and

1y = 5.69 x 10"°cm™2, which is the density of aluminum

surface [5].
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FIGURE 1: The schematic diagram of the interaction between pump
waves, charged particles, and 2DQEG.

Charged particles move in the x direction parallel to the
2DQEG plane, with a velocity of v = 2v; and a height of
zy = 9\, away from the 2DQEG. Here, v = €*/h is Bohr
velocity, A, =1/4/27n, = 5.29 x 10°cm is Fermi wave-
length, and e is the elementary charge. The density of
charged particles with charge Z,e can be expressed as
Post = 2,60 (r —vt)6(z — z,), where r = r(x, y).

We assume that the pump waves are collimated,
monochromatic, continuous electromagnetic waves with
wavelength A propagating in the +x direction. Along the +x
direction, the pump wave with the wavelength from 0.1nm
(y rays) to 0.1cm (microwave) irradiates the 2DQEG. The
electric field component of the pump wave acts on the
2DQEG as an external high-frequency electric field in the
plane of x0y, and the reaction of the 2DQEG on the pump
wave is without the scope of our consideration [35, 42]. The
electrons in the 2DQEG are affected by the pump wave
electric field, which changes the spatial distribution of
electrons in the 2DQEG. Then, the exciting electric field by
electrons in 2DQEG acts on the incident particle, which
affects the velocity of the incident particle, thus affecting the
stopping power of incident particles. In terms of electric
field, the pump waves can be expressed as
E = —ik,®, exp[—i (wyt — kyx)], where k,, is the wave vector
of pump waves [40]. The time variable of the pump wave is ¢.
The wavelength of the pump wave is A = 1/k;. w, is the
frequency of the pump wave, where w, = k¢, in which ¢ =
2.998 x 10! is the speed of light. The intensity of the pump
wave can be calculated by W, = c(k0®0)2/87r [34], and the
maximum intensity of the pump wave is 102*Wcem™? in this
paper. When k; is constant, the strength of the pump wave is
varying with the pump amplitude @,,.

2.2. Mathematical Model. As a powerful research method,
QHD theory is widely used in plasma research [43-45]. Li
et al. [4, 5, 46] conducted a series of studies on the stopping
power of charged particles above the 2DQEG using line-
arized QHD theory, which is consistent with dielectric re-
sponse theory and experimental results. In our research, the
equilibrium electron density of 2DQEG will be disturbed by
pump waves and injecting charged particles, generating
charged fluid velocity field u, (r,t) and electron gas density
n, (r,t). According to the linearized QHD theory, the density
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and velocity of electrons on the 2DQEG surface can be 0.985 ¢, .5 0.985x0.034 ¢
described by the continuity equation Viap =5 — (1) "+ —F— —
3 ¢ 3ag £
on, (4)
4V, - =0, 1
=Y (n,u,) (1) 18.37a, (n,)!"
173
the momentum-balance equation 1+ 18.37a, (1)
e<% +u, -V, ue> = eV @,y - Vyw, where ap = eh*/m,e? is effective Bohr atomic radius, in which
ot e =1 is the relative dielectric constant and m, is the electron

mass [40]. We adapt the dimension of the three-dimensional

2
h v 1 V2 electron exchange-correlation potential to the dimension of the
o Vil —=Vivie | - ymeu, L : .
2m, "\ /7, two-dimensional electron exchange-correlation potential based
on [40].
Vn,,
—eE-V opp—— 0985 1 0.985 % 0.034  18.37/r, (2m)"
"le xc3D = nt 172
) 3 r.(2m) 3 1+ 18.37/r,(2m)
. . (5)
and Poisson’s equation
) The two-dimensional electron exchange-correlation
VO = 47e[n,0(2) - nyd(2) = Z,8(r = v1)d(z - 2)]. potential of low density is then expressed as follows [40]:
(3) 1.3311

V .oopr = 0.5058

1
(V1 +1.5026r, —1)—7 , (6)
N

Here, V| = d/dxe, +0/0 ve,, whereas in equation (3), the
differentiation V = d/0xe, + 0/0ye,, + 0/0ze, is unrestricted.
® denotes total electrostatic potential built on wake potential ~ and the two-dimensional electron exchange-correlation
@, 4 caused by the collective excitation of electron gas and ~ potential of high density is expressed as follows [40]:

2
Ts

the charged particle’s external potential. On the right-hand ~0.6002

side of equation (2), the first term is the force of electrons on V vopn = — (7)
the 2DQEG surface due to the tangential electric field, and :

the second term is the force caused by the quantum sta- where 7, = (27m0a§)_1/2 is the Wigner-Seitz radius asso-
tistical effect. Here, w, = nh’n,/m, refers to the quantum  ciated with the 2DQEG density [48].

statistical pressure term acting on electrons in 2DQEG, the The V5p (solid line), the V5, (dashed line), and the
third term is the force due to the quantum diffraction effects, V opu (dotted line) are shown in Figure 2. Here, the value of
the fourth term is the frictional force caused by the inter- V. is positive, and the values of V,p; and V, ,py are

action between electrons and positive charge background  negative. It is reasonable to assume that two-dimensional
where y is the friction coefficient, the fifth term is the force  electron exchange-correlation potential has completely

on electrons owing to the electric field of pump wave, and  different properties from its three-dimensional electron

the last term is the force on electrons due to electron ex- homologue. The Wigner-Seitz radius of 2DQEG that we
change-correlation potential V', ,py. The validity of QHD  are considering is r, = 1, the corresponding density is
equations (1) and (2) implies that the off-diagonal com- #y = 5.69 x 10'°cm™2, and the corresponding exchange-
ponents of the pressure tensor and viscosity remain  correlation potentials are V, 5 p=0.1362, V,,p =
negligible. -0.114, and V,,py = —0.6002 (these are dimensionless

values). In previous studies of the interaction between

charged particles and 2DQEG, the exchange-correlation
2.3. Exchange-Correlation Potential. Exchange—correlation potentia] was ignored due to its small value. Here, the
potential is an important quantum effect term. Mir et al. absolute value of V, ,py; is the largest compared with
considered the exchange-correlation potential when V.sp and V,,p; and the absolute value of V,py is
studying degenerate plasmas [40]. Haas derived a quantum almost six times as much as the absolute value of V4
fluid equation containing exchange correlation, which is and V,,p;. It is necessary to consider V, ,py in the re-
described by an effective potential [47]. Pollack nd Perdew  search of interaction between incident charged particles
have made an in-depth study on the exchange-correlation and 2DQEG by using the QHD theory due to the high
potential of two-dimensional electron gas [48]. However,  density in the quantum electron gas. This indicates that
the exchange-correlation potential is not considered in the increasing density could enhance the exchange-correlation
study of the interaction between incident particles and effect, as a function of the density. The exchange-corre-

2DQEG using the quantum hydrodynamic method so far.  lation effect has been considered in quantum wells, GaAs/
The three-dimensional electron exchange-correlation  GaAlAs heterostructures, and silicon inversion layers, with
potential is expressed as follows: the local density approximation method [49, 50].
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Figure 2: The change of electron exchange-correlation potential
with Wigner-Seitz radius of 2DQEG.

2.4. Linearized QHD Model. Let n,(r,t) = ny+ n, (xr,1),
u,(r,t) =u, (r,1), and © (R, t) = O, (R, t), where n,, <n.
u,, (r,t), n, (r,t), and ®, (R, ) are the first-order perturbed
quantities of velocity, density, and potential, respectively.
We linearize the above equation to obtain the perturbation
electron density n,, and the induced potential @, 4 [5]. Here
are the linearized continuity equation

% +1myVj -, =0, (8)
the momentum-balance equation
u,; 2 2 ,
My, = eV\|®1|z=oEVu”e1 + 4men0v”(vu Moy )
Vn,, ®

- ymeu, —eE - chZDH—n >
0

and Poisson’s equation

VO, = 4re[n, 8(2) — 2,0 (r—vt)d(z - z)],  (10)

where @, = O, + D, 4. D is the external potential of the
incident particle. @, 4 is the induced potential by the per-
turbation electron density. Take the Fourier transform of the
above linearized equations in space-time, and obtain the
perturbation electron density n,; and the induced potential
(Dind:

1’10 —00 —
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2 o0
z,e ko ke ike(-vo)
n, (r,t) =n, e e dk
e (1) 027m, jfoo D (k, w)
ekgcl)ono

—-——————{Re (D, (ky, wy))cos (kyx — w,
melDo(ko,wo)lz{ (D (o> wg))cos ( )

+1Im (D (kg wy))sin (kgx — wyt)},
(11)

—kzy— kzeik- (r—vt) dk

3 +oo
ze 1
q)A s = _—
ind (R t) L) m kaooD(k, (4))

2me’ nyk, D,
+————5 {Re(Dy (ko wp)) (12)
melDO (kO’ ‘Uo) |2

- cos (kgx — wyt) + Im (D (ky» wy))
- sin (kyx — wot)},

where

\%
D(k,w) = wd — w;aBk - %Dsz

(1+K/(2kz))

- (kVF)2 2

>

(13)

_ ~ 2 VxCZDH 2
D, (ko’ ‘Uo) = Wowy — W ko

paBkO -

e

2/(72

- (kOVF)2(1 + kO;(sz)))
with @ = w + iy. Bohr radius ap = h*/m,e?, Fermi velocity
vp = hkp/m,, Fermi wave-number kj = W, and electron
plasma frequency w, = (mnyeim,ag)"*. k = {kx,ky} is a
two-dimensional wave vector. Consider that w =k -v and
the projectile velocity v and the x axis are going in the same
direction, hence w = k,v.

For convenience, we introduce the dimensionless vari-
ables:  w/w, — w0,  ww, — w,,  k,/kp —k,,
kikp — k,  kolkpr — ko,  vivg— v, clvg — ¢,
(x=v)Ay — x, yIAy — y, 2IAp — 2, zo/A; — 2,
ylw, — y,and Oy/ (e/A;) —> @,. Thus, equation (11) can
be reduced to

(1) =A, J dk, J dwB,, cos (yky) x{Re (D)cos (xw/v) + Im (D)sin (xw/v)}

(14)

+C, [Re (56 (ko> wo))cos (xko + 6) + Im (FD; (ko> wo))sin (xky + 6)],
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where A, = (-Z,)/ (2nr,v), B, = (ke~*20)/ (|D|?), C, = (D,

ko) (1D, [,

-, k K 1+K .
D=w r (21’?) 5 V eopnk’,

— k 1+k
Dy = wg—=2 _(k(z)/24r§)( +2 O) =V veapukps

Ts

Here, t denotes time variable, w, is constant when the
wavelength A is fixed, and 0 = —w,t is used to modulate the
phase, and it highlights the sine function factor oscillation of
pump waves. Note that the introduced V .,y affects the
electron density distribution by modifying the value of D,
determined through the Wigner-Seitz radius r, thus by the
equilibrium density n,. The second term of the reduced
perturbation electron density is induced by the electric field
of the pump wave in equation (14). Because the pump wave
satisfies the relation k, = 1/A, the second term of the reduced
perturbation electron density is modulated by the wave-
length A, the amplitude ®,, and the time phase 6. Fur-
thermore, the stopping power S(v) determined by wake
force can be given by the value of the gradient of the induced

potential @, 4 [32]:

a(Dind e
U ox

S(v) =eZ

z=z,

2.4 ctc0 )
— nozle J lkx —kzo—kzezk-(r—vt)dk

m, J-coD(k,w)

e

3. 220 -k
21z,€ ngky@ge *

me|DO (ko’ w0)|2

{Im (D (ko> wy))cos (kgx — wyt)

—Re(Dy (k> wy))sin (kyx — wyt)}.

In the calculation above, the residue theorem is used.
Using dimensionless variables, equation (16) can be reduced

to
S(V) +00 +00 — 1
S—O = As J_Oo dky J_Oo deSIm[D ]
+ CS{Im (5; (ko> a)o))cos[k0 (v—c)+6]
-Re (13;, (ko> o.)o))sin[k0 (v—c)+ 6]},
where
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(18)
B = —we_Zan,

The stopping power is related to the velocity v of the
incident particle. When the velocity variable v is extracted
from the sine and cosine functions, the time variable ¢ is also
exposed. Similarly, to study the influence of the time variable
t on the sine and cosine functions, we introduce the time
phase 6, which means that the time variable ¢ is changing the
sine and cosine functions with —y,t in equation (16) while
the time phase 0 is changing the sine and cosine functions
through 0 in equation (17). Note that the second term of the
stopping power is induced by the excited electric field of the
pump wave in equation (16). The pump wave satisfies the
relation w, = k,c and 3k, = 1/A, and hence, the second term
of the stopping power is modulated by the wavelength A, the
amplitude @, and the time phase 6.

In the next section, we will give the result of the effect of
V .copu on the stopping power of the incident particle. To
investigate the effect of pump wave on the perturbation
electron density of 2DQEG and the stopping power of the
incident particle, we calculate the perturbation electron
density and the stopping power under different wavelength
A, amplitude @, and time phase 6. In what follows, we take
1, = 1, the collision frequency y = 0.02wp, incident particle
as a proton Z; = 1, and the distance between the incident
particle and 2DQEG z, = 91, while the wavelength A, the
amplitude @, and the time phase 6 of the pump wave are
varied.

3. Result and Discussion

3.1. Two-Dimensional Electron Exchange-Correlation Poten-
tial of High Density. In the past, Li et al. and Zhang et al. have
done a lot of theoretical research studies on the stopping
power of incident particles in the study of the charged
particles moving above two-dimensional electron gases
[4, 5, 32, 38, 43]. On the basis of the work of Li et al. and
Zhang et al., we investigate the effect of exchange-correlation
potential on the stopping power of incident particles. In this
paper, the stopping power of incident particles calculated
without considering the exchange-correlation potential is
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consistent with the research results of Li et al. and Zhang
et al.

As it can be assumed, V, ,py modified the stopping
power of the incident particle because V, ,py has been
considered in the momentum-balance equation, thereby
changing the value of D and D, in equation (16) and
modifying the stopping power of the incident particle. In
order to verify the necessity of introducing V,,py to
modifying QHD, Figure 3 presents the stopping power of the
incident particle versus particle velocity under different
conditions.

Comparing the curve of stopping power without ex-
change-correlation potential (solid line), the curve of
stopping power with V, ., = 0.1362 (dashed line), the curve
of stopping power with V, ,, = —0.114 (dotted line), and
the curve of stopping power with V, ,ny = —0.6002 (dash-
dotted line) are shown in Figure 3. Considering the peak of
the stopping power of the incident particle near V = 3.5V
in Figure 3, the value of stopping power without exchange-
correlation potential exhibits an obvious difference with
respect to stopping power featured by V5 p, V,opr, and
V .copu- The value of stopping power without exchange-
correlation potential is 0.01517S,. The values of stopping
power with V. p, V. oo, and V, ,py, respectively, are
0.01506S,, 0.01525S,, and 0.01559S,,, which, respectively, are
changed by 0.725%, 0.527%, and 2.77% relative to stopping
power without V. (these are dimensionless values). The
results show that the two-dimensional exchange-correlation
potential, especially V, ,py, influences the stopping power
of incident particles. V., pyy is adapted throughout the paper
within subsequent results.

3.2. Amplitude of Pump Wave. In order to study the mod-
ulation of pump wave amplitude @, on the perturbation
electron density and the stopping power, Figures 4 and 5
show the spatial distribution of the perturbation electron
density as a function of x and the stopping power of the
incident particle versus particle velocity under three dif-
ferent intensity conditions of the pump wave, where the
wavelength is A = 1.67 x 108 cm. The comparison of the
perturbation electron density without the pump wave and
with the pump wave for @, = 1 x 10%€/A;, @, = 2 x 10%e/A ,
and @, = 3 x 10%¢/A f» respectively, shows that the oscilla-
tion amplitude of the perturbation electron density increases
when considering the pump wave in most cases and the
oscillation amplitude of the perturbation electron density
becomes larger as the amplitude of the pump wave increases
in Figure 4. This is because the value of the second term in
equation (14) is proportional to the factor of @,. But the
oscillation amplitude of the perturbation electron density
displays specific features near x = =291 ;. This is due to the
value of the incident particle external potential and induced
potential by the perturbation electron density. The com-
parison of the stopping power without the pump wave and
with the pump wave for &, = 1 x 10%€/A;, @, = 2 x 10%e/A ,
and @, = 3 x 10%e/\ [, respectively, shows that the pump
wave yields obvious modulation effects on the stopping
power, and the intensity of this modulation is proportional
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FIGURE 5: Stopping power of the incident charged particle. Here,
Zi=1r,=1,9=0.02,2Zy=91=1.67%x10"% cm, and 6 = 0.

to the amplitude of the pump wave in Figure 5. This is
because the value of the second term in equation (17) is
proportional to @,,. In the low-velocity region (v < 8.3vy), the
stopping power that peaks at v = 3.5v, with the pump wave for
@) = 1x10%/A;, @y =2x10%/A;, and @, =3 x 10%e/A,
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respectively, increases by 12.4%, 24.7%, and 37.1% relative to
the case without the pump wave. Moreover, in the high-ve-
locity region (v>8.3vp), it is easy to see that the pump wave
dominates the stopping power as the particle velocity increases
compared to the stopping power quickly vanishing without the
pump wave. The value of stopping power at v = 13.7v, with
pump wave for @, = 3 x 10%e/\  decreases to —0.003772S,,. It
is surprising that a negative stopping power [34] is found due to
the existence of the pump wave, different from our observation
without the pump wave. The appearance of negative stopping
power means that the particle drains energy from the 2DQEG.

Generally, when the pump wave does not exist, due to
the disturbance of the electron density in 2DQEG caused by
charged particles, negative charges will accumulate behind
the charged particles in 2DQEG to excite the wake field,
thereby reducing the speed of the charged particles. When
the pump wave exists, in addition to the density disturbance
of 2DQEG caused by charged particles, we also need to
consider the density disturbance caused by the electric field
component of the pump wave. Since the electric field of the
pump wave changes periodically with time, the density
disturbance caused by the electric field component of the
pump wave will also change periodically. The deceleration
and acceleration effects of the electric field excited by the
perturbation density caused by the pump wave on the
charged particles will change periodically with time. When
the electric field excited by the perturbation density caused
by the pump wave in 2DQEG has a deceleration effect on the
charged particles, the stopping power of the charged par-
ticles will increase. When the electric field excited by the
perturbation density caused by the pump wave accelerates
the charged particles, the stopping power of the charged
particles will decrease. When the acceleration of the electric
field excited by the perturbation density caused by the pump
wave has a stronger effect on the charged particles than the
deceleration of wake field excited by the charged particles,
the velocity of the charged particles will increase and neg-
ative stopping power appears. In other words, the polarity of
wake field can be tuned in the presence of the pump wave,
yielding the negative stopping power.

In the case of A = 1.56 x 10~ 7 cm, the comparison of the
perturbation electron density and stopping power without the
pump wave and with the pump wave shows that the mod-
ulation effect on the oscillation amplitude of the perturbation
electron density and stopping power is proportional to the
amplitude of the pump wave in Figures 6 and 7. As the value
of the second term in equations (14) and (17) increases with
increase in @, it is easy to see that the oscillation amplitude of
the perturbation electron density at x = =51 ; with the pump
wave for @ =1x10%/A;, @, =2x10%/A;, and
@, =3 x 10%/A > respectively, increases by 22.2%, 44.5%,
and 66.8% in Figure 6. At x> 10, or x < — 46\, the pump
wave with wavelength A = 1.56 x 107 cm dominates the
oscillation amplitude of the perturbation electron density
compared to the perturbation electron density quickly van-
ishing without the pump wave. The stopping power at v =
3.5vg with the pump wave for @;=1x IOZe/Af,
@y =2x10%/As, and @y =3 x 10%/A;, respectively, in-
creases to 0.03991S,, 0.06422S,, and 0.08854S, in Figure 7.
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FiGure 6: 2DQEG perturbation electron density. Here, Z, = 1,7, =
Lv=2,9=0022Z,=91=156x10"7 cm, and 6 = 0.
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FIGURE 7: Stopping power of the incident charged particle. Here,
Zi=1r,=1,9=0.02,2Zy=91=156%x10"7 cm, and 6 = 0.

In the case of A = 1.76 x 10~° cm, the comparison of the
perturbation electron density and stopping power without
the pump wave and with the pump wave shows that the
pump wave has an obvious modulation effect on the os-
cillation amplitude of the perturbation electron density and
stopping power in Figures 8 and 9, and the modulation effect
of pump wave strengthens as the amplitude of pump wave
increases, which again arises from equations (14) and (17)
second term proportional to @,,. The modulation effect of the
pump wave only changes the amplitude, not the shape of the
perturbation electron density and stopping power. It is easy
to see that the oscillation amplitude of the perturbation
electron density at x = 51, with the pump wave for
Dy = 1x10%/As, ®y =2x10%/A;, and @ = 3 x 10%e/A,
respectively, increases by 22.9%, 45.8%, and 68.7% in Fig-
ure 8. The oscillation amplitude of the perturbation electron
density increases with the pump wave amplitude. The am-
plitude of the stopping power at v = 3.5v; with pump wave
for @y = 1x10%/As, @y =2x10%/A, and @, =3 x 10%
/Ay, respectively, decreases to 0.004182S,, —0.0007226S,,
and —0.01862S, in Figure 9. The oscillation amplitude of the
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FiGure 8: 2DQEG perturbation electron density. Here, Z, = 1,7, =
Lv=2,y=0022,=91=176x10"° cm, and 6 = 0.
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FIGURE 9: Stopping power of the incident charged particle. Here,
Z,=1r,=1,9=0.02,Z,=9,1=176 x 107% cm, and 6 = 0.

stopping power rises as the amplitude of the pump wave
increases. Interestingly, the negative stopping power is also
found in Figure 9.

Figures 10-15 show the perturbation electron density
and stopping power with the pump wave for A = 1.76 x 10~*
cm, A =1.76 x 10"% cm, and A = 1.76 x 10~ ! cm. The results
of Figures 12 and 14 are similar to that of Figure 10. And the
results of Figures 13 and 15 are similar to that of Figure 11
because the variations of the second term in equations (14)
and (17) remain small in the domain of —120/1f <x> 80/\f
and 0<v>20vy. The oscillation amplitude of the pertur-
bation electron density increases as the amplitude of pump
wave rises in Figures 10, 12, and 14. The effect of the pump
wave on the stopping power strengthens as the amplitude of
pump wave increases in Figures 11, 13, and 15.

Therefore, the amplitude of the pump wave has a sig-
nificant effect on the oscillation amplitude of the pertur-
bation electron density and stopping power, while the
oscillation amplitude of the perturbation electron density
and stopping power rises with the pump wave amplitude.
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Figure 10: 2DQEG perturbation electron density. Here,
Zi=1r,=1,v=2,9=0.02,2,=91=176x10"* cm, and
6=0.
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FiGure 11: Stopping power of the incident charged particle. Here,
Z,=1r,=1,9=0.02,Zy=91=176x10"* cm, and 6 = 0.
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Ficure 12: 2DQEG perturbation electron density. Here,
Zy=1r,=1,v=2,9=0.022,=91=176x10"2 cm, and
0=0.

The amplitudes ®,<5x 10°¢/A, are realistic values in
current experimental technologies and consistent with those
used in [51].
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FIGURE 13: Stopping power of the incident charged particle. Here,
Zy=1r,=1,y=002,Zy=91=176x10"% cm, and 0 = 0.
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Ficure 14: 2DQEG perturbation electron density. Here,
Zi=1r,=1,v=2,9=0022,=91=176x10"" cm, and
0=0.
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FIGURE 15: Stopping power of the incident charged particle. Here,
Zi=1r,=1,9=0.02,Z,=91=176x10"! cm, and 6 = 0.

3.3. Wavelength of the Pump Wave. The wavelength of the
pump wave is an essential parameter for the modulation of
the pump wave on the perturbation electron density and the
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stopping power. Comparing Figures 14 and 15, it is found
that the influence of wavelength of the pump wave on the
perturbation electron density and the stopping power is
mainly reflected in the modulation of the shape of the
perturbation electron density curve and the stopping power
curve.

Let us consider the perturbation electron density curve
and the stopping power curve for a short wavelength of the
pump wave of A = 1.67 x 10~8 cm. In the space range from
-1201 s to 801 > the perturbation electron density shows a
violent periodic oscillation, contrasted to the no pump wave
case, as shown in Figure 4. The stopping power also has been
modulated by the pump wave in the velocity range from Ovg
to 20v in Figure 5. The reason is that the second term
contains the factor k, in equations (14) and (17), which is
inversely proportional to the wavelength A. So the pertur-
bation electron density and the stopping power are strongly
modulated by the pump wave.

Observe the perturbation electron density curve and the
stopping power curve with a wavelength of A = 1.56 x 10”7
cm. The number of oscillating periods of the perturbation
electron density decreases over a range of ~1201 ; to 804 ¢ in
Figure 6. The oscillation period of the stopping power is
smaller than one period in the velocity range from Ovy to
20vg in Figure 7. This is because the k, value decreases in
equations (14) and (17) as the wavelength A is increasing.
Therefore, the effect of the pump wave on the perturbation
electron density and stopping power modulation is reduced
compared to the wavelength A = 1.67 x 10”8 cm.

With the wavelength of the pump wave A = 1.76 x 10~°
cm, the perturbation electron density oscillates less than one
period in the space range of 1201, to 801 in Figure 8. The
stopping power oscillation period is also shorter than one
period in the velocity range from Ovy to 20vy in Figure 9. As
the wavelength A becomes longer, the value of k, becomes
smaller. The pump wave modulation to perturbation elec-
tron density and stopping power is further reduced in the
region of —1201; <x <801, and 0 <v <20vy.

When the amplitude of the pump wave is
D, =3 x 10%/A s> the maximum value of perturbation
electron density curves with wavelength A = 1.67 x 10~% cm,
A=156x10"7 cm, and A = 1.76 x 10~® cm, respectively, is
0.2082n,, 0.2469n,, and 0.2497n, in Figures 4, 6, and 8.
Those results show that the maximum value of the per-
turbation electron density increases in the region of
—1201; < x <804, with the wavelength which means that
the wavelength of the pump wave not only modifies the
shape of the curve but also the amplitude of the perturbation
electron density. Comparing the stopping power curves
when the amplitude of pump wave is @ = 3 x 10%e/A ¢ in
Figures 5, 7, and 9, the maximum value of stopping power
with wavelength A = 1.67 x 1078 ¢cm, A = 1.56 x 1077 cm,
and A=176x10"% cm, respectively, is 0.02137S,,
0.08854S,, and —0.01863S,. The value of stopping power
dramatically changes because k, varied when the wavelength
is increasing.

As the wavelength of the pump wave increases, the pump
wave modulates the shape of the perturbation electron
density curve more and more weakly in the space range of
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FiGure 16: 2DQEG perturbation electron density. Here, Z, = 1,
re=1, v=2, =002, Z;=9, A=167x10"% cm, and
Dy = 1% 10%/A ;.

—120A s to 801 ¥ in Figures 10, 12, and 14. Similarly, as the
wavelength of the pump wave increases, the shape of the
stopping power curve is modulated more weakly by the
pump waves in the Ovy to 20vy speed range in Figures 11, 13,
and 15. The modulation of the wavelength of the pump wave
to the shape of the perturbation electron density curve and
the stopping power curve decreases as the wavelength in-
creases, arising from the tiny second term change in
equations (14) and (17).

3.4. Phase of Pump Wave. Finally, in order to study the
effect of time phase 0 on the perturbation electron density
and stopping power, Figures 16-19 exhibit the perturbation
electron density and stopping power with wavelength A =
1.67 x 10" cmand A = 1.76 x 10~ * cm for 6 = 0 (solid line),
0 = /2 (dashed line), 0 = 7 (dotted line), and 6 = 37/2
(dash-dotted line). Here, @, = 1 x 10%¢/A . It is easy to see
that the amplitude of perturbation electron density and
stopping power oscillates periodically with different time
phase 0 in Figures 16-19. This is because the second term
includes the parameter time phase 6 in equations (14) and
(17). Therefore, the time phase 6 obviously impacts the
perturbation electron density and stopping power.

It is worth pointing out that the negative stopping power
in Figures 5, 9, and 19 we found is instantaneous, which is
difficult to verify experimentally, and it is also difficult to
apply. So we consider averaging the stopping power with
respect to the time phase 0. After averaging the stopping
power with respect to the time phase 6 from 0 to 27, we
found that the pump wave with ®, = 1 x 10%e/A ; decreases
the value of stopping power in Figure 20. This is because the
value of averaged second term is negative in equation (17)
with respect to the time phase 6. But amplitude reduction
shows up as a relatively small one in connection to the too
low pump wave intensity (Figure 20). This is because the
intensity of pump wave is too low. Linearized QHD is valid
only for low intensity of pump wave. The comparison of the
stopping power without the pump wave and the average
stopping power with pump wave for @, = 2 x 10'%/A; and
A =176 x 10~* cm demonstrates that the average stopping
power decreases in the region of 0 <v <20V in Figure 20.
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FIGURE 17: Stopping power of the incident charged particle. Here,

Zi=1, ry=1, y=0.02, Z,=9, A=167x10"% cm, and
Dy = 1x10%/A;.
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FiGure 18: 2DQEG perturbation electron density. Here, Z, =1,
re=1,v=29=002,2,=9 A=176x10"* cm, and ®; =1 x
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FIGURE 19: Stopping power of the incident charged particle. Here,
Zy=1,7r,=1,9=0.02,2Zy=91=176x10"* cm, and @, = 1x
1028/A’f'

It is an exciting result that the average stopping power of
the incident particles is negative in the region v <2.3v, and
v>5.8vy when 1 =1.76 x 10"* cm and @, =2 x 10"%/A .
The incident particles will gain energy and can be accelerated
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FIGUre 20: The average value of stopping power for time phase.
Here, Z, =1,r,=1,y=0.02, Zy=9,and 1 = 1.76 x 10~* cm.

within the velocity range of v < 2.3v and v > 5.8v;. Although
this result is not strictly obtained by using the linearized
QHD due to the amplitude of pump wave which is too large,
this could predict qualitatively that the time averaged
stopping power has indeed been affected by the pump waves.

In conclusion, the time phase of pump wave 6 can adjust
the value of perturbation electron density effectively and
stopping power, and the averaging of the stopping power
with respect to the time phase 6 also has been impacted.
Therefore, one can see that the perturbation electron density
and stopping power depend on A, @, and 0, indicating that
the pump wave using different parameters can modulate the
perturbation electron density and stopping power of
2DQEG.

4. Summary

In this paper, considering the electron exchange-correlation
potential V ,py in QHD, we have calculated the pertur-
bation electron density and stopping power with the
modulation of pump wave for a charged particle with a
constant distance and speed moving above 2DQEG. In our
calculation, we compare the stopping power with and
without V, ,py and show that it is necessary to consider
V.opu in 2DQEG. Then, we compare the perturbation
electron density and stopping power with different wave-
length A, amplitude @, and time phase 6 of the pump wave
and show that it is meaningful to investigate the modulation
effect of the pump wave on the perturbation electron density
and the stopping power. The wavelength A, the amplitude
®,, and time phase 0 of the pump wave can effectively
modulate the value of the perturbation electron density and
stopping power. The temporal averaged stopping power with
respect to the time phase 6 also has been influenced by pump
waves.

The possible experimental equipment to verify the
prediction includes three components: pump wave, charged
particle beam, and 2DQEG. The pump wave can be provided
by laser or microwave device, the plasma wake field [52] can
produce the charged particle beam, and 2DQEG has already
been observed in experiments [2, 3]. All of them can be
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realized with present technology. At present, the intensity of
laser systems provided by the laboratory has arrived
10** ~ 10°*Wcem™? [53]. Thus, the parameter of the pump
wave considered here can be easily satisfied. We can verify
the negative stopping power by measuring the velocity of the
incident particle. For instance, charged particles move in the
x direction parallel to the 2DQEG plane, with a velocity of v
and a height of z, away from the 2DQEG, and the pump
wave irradiates the 2DQEG along the +x direction. The
wavelength of pump wave is A =1.76x10"* cm and
@, = 2% 10'%/A ;. The density of two-dimensional electron
gases is 1y =5.69 x 10">cm™2. The velocity of incident
particles is v = 2vy (v5 = 2.18 x 10® cm/s), and the distance
between incident particles and two-dimensional electron
gases is z, = 91, = 4.76 x 10~ ®cm. The measured particles
flying out the right side of the 2DQEG will gain energy from
the 2DQEG and get accelerated.

It is appropriate to investigate the stopping power
modulation by low-intensity pump waves of the charged
particle moving above two-dimensional electron gases using
the linearized QHD, but linearized QHD is not strictly
applicable to high-intensity pump waves. In future work, we
attempt to further study the effect of high-intensity pump
waves on the stopping power with nonlinear QHD.
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