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In this paper, we investigate the photoionization microscopy of the Rydberg hydrogen atom in a gradient electric field
for the first time. The observed oscillatory patterns in the photoionization microscopy are explained within the framework
of the semiclassical theory, which can be considered as a manifestation of interference between various electron trajectories
arriving at a given point on the detector plane. In contrast with the photoionization microscopy in the uniform electric field,
the trajectories of the ionized electron in the gradient electric field will become chaotic. An infinite set of different electron
trajectories can arrive at a given point on the detector plane, which makes the interference pattern of the electron probability
density distribution extremely complicated. Our calculation results suggest that the oscillatory pattern in the electron
probability density distribution depends sensitively on the electric field gradient, the scaled energy and the position of the
detector plane. Through our research, we predict that the interference pattern in the electron probability density distribution
can be observed in an actual photoionization microscopy experiment once the external electric field strength and the position
of the electron detector plane are reasonable. This study provides some references for the future experimental research on
the photoionization microscopy of the Rydberg atom in the non-uniform external fields.
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1. Introduction

During the past several decades, the probability densities
of an electron escaping from a photoionization process have
been measured using a position-sensitive detector placed at a

1=101 For the photoionization of atoms

macroscopic distance.!
in the external field, the ionized electron is affected by both
the external field and the long-range Coulomb field of the
residual ion. Multiple classical paths are from the atom to
any point in the classical allowed region on the detector, and
the waves travelling along these paths produce an oscillatory
structure in the electron probability density distribution. ! =131
Since hydrogen has only one electron, which is the simplest
atom, many researchers have studied the photoionization of
the hydrogen atom in an external field. When the hydrogen
atom 1is in a uniform electric field, the Stark Hamiltonian is
exactly separable in terms of parabolic coordinates and its the-
oretical treatment is relatively simple.!"*~'”] The photoioniza-
tion cross section and the positions and widths of resonances
were calculated and found to be in excellent agreement with
the experimental results. In the early 1980s, Demkov et al.['8]

(19211 proposed an experi-

and Kondratovich and Ostrovsky
mental method to study the ionization of a hydrogen atom in
an electric field. They found that when the hydrogen atom
in a uniform electric field is photoionized by a laser beam
with sharply defined frequency, the low-energy photoelectron

waves can be emitted from the nucleus and are drawn toward a
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position-sensitive detector, which is located perpendicularly to
the electric field. The electron probability density distribution
on the detector is measured as a function of impact radius. An
interference pattern which reflects the nodal structure of the
quasibound atomic wave function will appear on the detector.
This predication has been realized in a recent photoionization
microscopy experiment by Stodolna et al.,’?>) who observed
the nodal structure of the Stark state wave function at a micro-
scopic distance.

In the theoretical aspect, Zhao and Delos studied the pho-
toionization microscopy of a hydrogen atom in an electric
field using both the semiclassical theory and the quantum me-
chanics method. First, they developed a semiclassical open
orbit theory to study the dynamics of electron wave propa-
gation in an electric field and calculated the electron proba-
bility densities on the detector plane.>’) Then, they used the
quantum-mechanical method to calculate the spatial distribu-
tions of electron probability densities for the same system. [>4]
The correspondence of the quantum-mechanical results to the
semiclassical open orbit theory suggests the correctness of the
semiclassical method. Since the semiclassical open-orbit the-
ory provides a clear and intuitive physical picture to explain
the observed geometrical interference patterns in photoioniza-
tion microscopy, many researchers have used this theory to
study the photoionization of a hydrogen atom in other exter-
nal fields, such as in the magnetic field, in parallel electric and
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magnetic fields, etc.!?>~2"1 However, as far as we know, all
previous theoretical treatments were performed in the approx-
imation of a uniform external field. As for the photoionization
of Rydberg hydrogen atom in the non-uniform external fields,
no report has been presented to date. In a recent study, Dumin
studied the Stark effect in the strongly non-uniform electric
field.[?8! In the study, the non-uniform electric field exerted
on the excited electron can be considered as a gradient elec-
tric field. In 1999, Yang and Du studied the photodetachment
cross section of H™ ion in a gradient electric field.[*”) Very
recently, our group investigated the photo-detached electron
flux distribution in a gradient electric field.*”! In the case of
the photodetachment, the escaping electron is subjected only
to the gradient electric field. The number of the electron tra-
jectories from the ion to any point on the detector is limited.
However, for the photoionization of a hydrogen atom in the
gradient electric field, the situation becomes much more com-
plex. The escaping electron is affected by both the gradient
electric field and the Coulomb field. The electron trajectory
becomes more complex than that in the case of the photode-
tachment. An infinite number of classical trajectories will ar-
rive at a given point on the detector plane, which causes a more
complicated observable interference pattern in the photoion-
ization microscopy.

In this paper, we study the electron probability density
distribution for the Rydberg hydrogen atom in a gradient elec-
tric field on the basis of the photoionization microscopy for
the first time; specifically we discuss the effects of the electric
field gradient and the scaled energy on the photoionization mi-
croscopy interference patterns. By comparison with the pho-
toionization of the hydrogen atom in an electric field,*!! the
electron trajectories in the gradient electric field will become
chaotic and the number of the electron trajectories that can
reach the detector plane becomes increased, which makes the
interference pattern in the electron probability density distri-
bution extremely complicated.

The rest of this paper is organized as follows. In Sec-
tion 2, we describe the photoionization process of the Rydberg
hydrogen atom in the presence of a gradient electric field, and
put forward an analytical formula for calculating the electron
probability density distribution on the detector plane. In Sec-
tion 3, we calculate the electron probability density distribu-
tion on the detector plane, in particular we discuss the effects
of the electric field gradient and the scaled energy on the elec-
tron probability density distribution. Finally in Section 4, we
draw some conclusions from the present study in this paper.
Scaled units are used in the paper unless otherwise specified.

2. Theory and quantitative formula

The schematic plot of the photoionization of a hydrogen
atom in a gradient electric field is given in Fig. 1. Let the

applied gradient electric field be in the z direction, which is
given by F = Fy + az,[*3! where F, is the uniform back-
ground field and « is the electric field gradient in the z direc-
tion , which is a positive constant. A position-sensitive de-
tector is placed perpendicularly to the z axis at the z = —zg
plane, where zj is the distance between the hydrogen nucleus
and the detector plane. The hydrogen atom lies at the ori-
gin of the coordinate system. When the hydrogen atom is
ionized by a laser light, the ionized electron waves propagate
outward from the nucleus in all directions, following classical
trajectories. As the electron moves far from the nucleus, we
can use the semiclassical approximation to construct the wave
function.*”] Owing to the influences of the gradient electric
field and Coulomb field, more than two electron trajectories
can reach the same point on the detector plane. The interfer-
ence of the associated waves from the atom to any given point
on the detector plane will produce an oscillatory pattern in the
electron probability density distribution. A series of concen-
tric interference fringes is schematically plotted on the detec-
tor plane as shown in Fig. 1.

)

F
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v

Fig. 1. (color online) Schematic description of the photoionization pro-
cess of the hydrogen atom in a gradient electric field. The electric field
F is along the z axis and the detector plane is perpendicular to the —z
axis. A set of concentric interference fringes, which are caused by the
interference of different electron trajectories arriving at the same point
on the detector plane, are schematically plotted.

In cylindrical coordinates (p, z), the Hamiltonian govern-
ing the electron motion in the gradient electric field is

1
H=>(p3+p2)+V(p.2). M

Owing to the cylindrical symmetry of the system, the z
component of angular momentum is taken to be zero for sim-
plicity. The potential-energy term is a combination of the
Coulomb potential plus the gradient electric field, which can

be expressed as!?%31]
1 1
V(p,2) = ————=+Fz+ 50z (@)
/p2 + Z2 2
After transforming variables according top = 5F071/ 2,
——1/2 ~ 1/4 —~ . 1/4 ~-3/2
2 =7F, . Pz:PzFo/ . Pp :ppFO/, oc:ocFO/, and
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E = &‘FO1 / 2,[32] we obtain the transformed Hamiltonian (the
tilde “~”" has been omitted) as follows:

1 5
+z4+ -0z" =E€.

p2+22 2 @

n=g )
From the above equation, we find that the scaled Hamil-
tonian depends only on scaled electric field gradient o and
scaled energy €, but not on the background electric field Fy.
In order to find the electron trajectories that have reached
the detector plane, we should integrate the Hamiltonian mo-
tion equation. From Eq. (3), we find that there is a Coulomb
singularity at the origin. Then we use the parabolic coor-
dinates (u,v) and their conjugate momenta (p,,p,) instead
of the cylindrical coordinates. The relations between the
parabolic coordinates and the cylindrical coordinates are as

follows:

1
p=uwv, 2= =7, )
_ YPu tupy _ UPu—VDy (5)
Pp=" o2 T oo

A new scaled time variable 7 is defined by dt/dr =
1/(u® +v?). After introducing an effective Hamiltonian 7 =
2r(H — €), we obtain

Let 4 = 0, the Hamiltonian (Eq. (6)) can generate the
same trajectories as that for setting H = €. Each electron tra-
jectory can launch from the origin with the outgoing angle 6,
which is defined as the angle between the initial velocity of the
electron and the +z axis, and expressed as @ = tan~!(p /z) =
2tan~!(v/u). By numerically integrating the Hamiltonian mo-
tion equation, we can search out the electron trajectories that
have arrived at the detector plane. Let the scaled energy
€ = —0.1, the scaled electric field gradient o¢ = 3.0, the de-
tector is located at z = —0.5 plane, we plot some of the elec-
tron trajectories as shown in Fig. 2. These trajectories can be
divided into different types. The first type of electron trajec-
tory is usually emitted at large outgoing angles (60 > 7/2) in
a downhill direction. Under this condition, the initial velocity
along the —z axis is large and the electric field force along the
z axis plays a dominant role. Then after a short period of time,
it reaches the detector without rotating in the p—z plane. This
kind of orbit is called the direct trajectory,!'®! such as those de-
picted in Figs. 2(a) and 2(b). As 6 decreases, the electron will
leave the ion in an uphill direction. The Coulomb force and the
electric field force have comparable magnitudes, the electron
trajectory will rotate in the p—z plane. After a relatively long
time, it will encircle the nucleus once or more times before it
finally hits the detector. This kind of orbit is called the indirect

h(u, v, py; py) trajectory. Figures 2(c)-2(h) belong to this kind of trajectory.
1 1 . . .
=3 ( Pi+ pg) —&( ,u2+v2) +§a (u6_|_v6_ u4v2—u2v4) As 0 further decreases, the trajectory will become chaotic and
1 stay close to the ion for a long time, the trajectories become
4 4
) (u*—v*) —2. (6)  much more complex.
g=071 083
=z 0r(a 0=314| - Op(b) 6=215 | __ (c) =0 = () 0=0.37
g [ = i 2 04 ‘g
= E} E 5 04¢t
B —0.2f g 02 = S -
g = < o0 s
w —0.4} w —0.4 z N L
" —0.4 —04f
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Fig. 2. Some typical electron trajectories in the gradient electric field at scaled energy € = —0.1, scaled electric field gradient & = 3.0, with the detector

located at z = —0.5 plane. The initial outgoing angle is shown in each panel.

Through the calculation, we find that due to the combi-
nation of the electric field force and the Coulomb potential,
more than one electron trajectory can arrive at a given point
on the detector plane. In Fig. 3, we plot some of the electron
trajectories that are emitted from the ion and arrive at a given

point on the detector plane. Figure 3(a) shows two different

electron trajectories arriving at the same point (1.5, —0.5) on
the detector. In Fig. 3(b), three different electron trajectories
can reach the same point (1.0, —0.5) on the detector.

Next, we use the semiclassical approximation to construct
the electron wave function. At a given point M(p,zp) on the

detector plane, the electron wave function corresponding to the
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Jj-th trajectory is denoted by y;(p,zo), whose magnitude and
phase depend on its classical density A ; and phase factor y;:

vi(p.z0) = \/Aj(p,z0) exp[ix;(p,20)]; (7

where the classical density A; is given by?"!

d .
Aj(p,z0) = dT;smej, (®)

with 6; representing the outgoing angle for the j-th trajectory,
and the phase factor x; in Eq. (7) is

V3
% =Si(p.E)o — S p. )

~1/4 . . .
Here, ® = F, / , 8 is the classical action:

M(p,z0)
Si(p.E) = p-dg,

0

u; is the Maslov index, which is introduced to correct the
phase due to the failure of the semiclassical approximation
when the classical density diverges.
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Fig. 3. Some classical electron trajectories in the gradient electric field, hit-
ting the same point on the detector. The scaled energy € = —0.1, the scaled
electric field gradient ¢ = 3.0, the detector is located at z = —0.5 plane. Dif-
ferent trajectories are represented by different types of lines. The given point
on the detector is as follows: (a) p = 1.5,z=—0.5; (b) p = 1.0, z=—0.5.

Since more than one electron trajectory can arrive at a
given point on the detector plane, the final wave function

v¢(p,zo) at point M(p,zo) can be obtained by summing over
all the possible trajectories as[?”}

vi(p,z0) =

J

nTde; 2
=) [dp] s1n6j] expliy;]. (10)
J=1

vi(p,z0)
=1

The calculated radial electron probability density distri-
bution at point M(p,z) is given by the following formula:

P(p7Z0) = |‘I’f(P>ZO)|2

Y Aj+2Y A cos(xi— x))-
=1

i<j

1)

The first term on the right-hand side of Eq. (11) is the
classical probability density distribution, and the second term
represents the interference among different classical trajecto-

ries arriving at a given point on the detector. >3]

3. Results and discussion

By integrating the Hamiltonian motion equation (Eq. (6))
with the initial condition u(t =0) =0, v(r =0) =0, p,(t =
0) = 2cos(0/2), py(t =0) = 2sin(6/2), we can search out
all the ionization trajectories of the Rydberg hydrogen atom
in a gradient electric field. For different values of outgoing
angle 0, the values of evolution time ¢ taken for a trajectory
to go from the ion to the detector plane are different. In this
work, we stop the integration when the electron trajectory can-
not reach the detector plane during a maximum period of time,
Tmax = 20 (scaled unit). For each electron trajectory, the out-
going angle 6, the impact point p on the detector and the
Maslov index u are recorded. Simultaneously, the classical
action S is calculated.

Firstly, we choose the scaled energy € = —0.1, the scaled
electric field gradient & = 3.0, the detector is located at z =
—0.5 plane. Figure 4(a) shows a curve of the impact radius
p at the detector plane versus the outgoing angle 0 of the
electron for the Rydberg hydrogen atom in a gradient elec-
tric field. From this figure, we find that the multiple classical
electron trajectories emitted from the atom can impact the de-
tector plane. The whole p—6 curve is divided into two differ-
ent regions. Trajectories in a range with the outgoing angle
0.48 < 8 < 7 can hit the detector directly without crossing
the z axis; these trajectories are the direct ones. However,
when the outgoing angle of the electron is limited in the re-
gion 0 < 0 < 0.48, the electron will encircle the nucleus be-
fore it reaches the detector; these trajectories are the indirect
ones. Once all the electron trajectories going from the atom
to the detector plane are found, we can calculate the electron
probability density distribution arising in the photoionization
microscopy of a hydrogen atom in a gradient electric field.

063201-4



Chin. Phys. B Vol. 25, No. 6 (2016) 063201

Figure 4(b) shows the variation of the two-dimensional elec-
tron probability density distribution with the impact radius p
for the contribution of the total electron trajectories. Owing to
the interference effect of different types of electron trajectories
arriving at a given point on the detector plane, an oscillatory
structure appears in the electron probability density distribu-
tion. Under this condition, the oscillatory structure is restricted
in the region 0 < p < 3.20. The peak at about p = 1.85 means
that the number of electrons that can reach the detector at this
radius is the biggest. In order to have a clear insight into the
building up of the interference pattern, the total electron prob-
ability density is broken down into the contribution of the di-
rect electron trajectories and that of the indirect electron tra-
jectories, which are shown in Figs. 4(c)—4(d). In this case, the
direct trajectories correspond to the electrons with outgoing
angle 6 > 0.48 (see Fig. 4(a)); while the values of outgoing
angle 0 < 0.48 correspond to the trajectories of indirect elec-
trons. From the calculation, we find that the contribution of
the direct electron trajectories to the electron density probabil-
ity plays a main role. As the launching angles for the indirect
trajectories are small, this will lead to a small sin6 in the clas-

3.0H (a)
2.5

2.0

1.5

1.0

p (scaled unit)

0.5

0 05 10 15 20 25 30
0/rad

Probability density (e)

sical density. Thus, according to Egs. (10) and (11), the con-
tributions of indirect trajectories are very weak compared with
those of the direct electron trajectories. In order to see the con-
tributions of the indirect trajectories to the electron probability
density, we change the scale of the coordinates to demonstrate
the contribution of the indirect electrons trajectories clearly.
To show the electron probability density distribution on the
detector plane clearly, we further plot the three-dimensional
probability density distribution on the detector plane, which is
shown in Fig. 4(e). A series of interference rings appears in
the electron probability density distribution. Different circu-
lar rings represent different electron probability density. Fig-
ure 4(f) gives the image plot of Fig. 4(e), which can be mea-
sured on the position-sensitive detector in the photoionization
microscopy experiment. It is shown that the electron prob-
ability density distribution on the detector plane consists of a
series of bright and dark concentric rings. The bright rings cor-
respond to the constructive interference of different electron
trajectories, while the dark rings correspond to the destructive

interference.

150
100 [ (b) total electron prob

50 F
0 ketptbahs . o , . L

ility density
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Fig. 4. (color online) The photoionization microscopy of the hydrogen atom in a gradient electric field, with scaled energy € = —0.1, scaled electric
field gradient a = 3.0, and the detector located at z = —0.5 plane. (a) The dependence of the impact position p at the detector plane on the initial
outgoing angle 0; (b) the two-dimensional electron probability density distribution on the detector plane, corresponding to the contribution of the
total electron trajectories; (b) the electron probability density caused by the direct electron trajectories; (c) the electron probability density caused by
the indirect electron trajectories; (e) the three-dimensional electron probability density distribution on the detector plane; (f) the image of Fig. 4(e).
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Secondly, we fix the scaled electric gradient and the posi-
tion of the detector plane to be o = 3.0 and zg = —0.5, respec-
tively. Then we discuss the variation of the photoionization
microscopy of the hydrogen atom in gradient electric field with
scaled energy. Under this condition, the saddle point energy is
& ~ —0.87. As the excitation energy of the electron is smaller
than the saddle point energy, no electron trajectory can escape
from the nucleus and reach the detector. In the following cal-
culation, we choose the scaled energy varying from € = 0.0 to
€ = —0.74. Figure 5 shows the relation of the impact radius p
on the detector plane with the initial angle 8 at which the elec-
tron trajectory is launched for different scaled energies. Fig-
ure 5(a) shows the p—6 curve with the scaled energy € = 0.0.
From this figure, we find that an infinite number of trajecto-
ries can reach the detector. Trajectories in a range with the
outgoing angle 0.44 < 6 < 7 are the direct ones and those in
a range with the outgoing angle 0 < 8 < 0.44 are the indirect
ones. With the decrease of the scaled energy, the range of the
outgoing angle for the direct trajectory becomes narrow. Be-
sides, the maximum impact radius that the electron can reach
decreases correspondingly. For example, in Fig. 5(a), the max-

imum impact radius that the electron can reach is ppax = 3.58.
As the scaled energy decreases to € = —0.74, the maximum
impact radius that the electron arrives at the detector decreases
to Pmax = 1.39. The range of the direct electron trajectories is
only limited in a region 0.81 < 6 < 7. In addition, this fig-
ure suggests that as the scaled energy is close to the ionization
threshold, € = 0.0, nearly all electron trajectories with the out-
going angle 0 < 6 < 7 can strike the detector. However, with
the decrease of the scaled energy, a critical angle 6. appears
in the p—0 curve. The electron trajectories leaving the ion
with an initial angle larger than that critical angle arrive very
quickly at the detector, but those leaving with an initial angle
below that critical angle can stay forever in the vicinity of the
ion. For example, in Fig. 5(d), € = —0.6, the critical angle
0. = 0.44, all the electron trajectory with the outgoing angle
less than 6. will never escape from the Coulomb attraction nor
the electric field force and cannot reach the detector within the
given time. As we further reduce the scaled energy, the critical
angle becomes enlarged. As the scaled energy is very low, the
number of indirect electron trajectories arriving at the detector
plane becomes small.

a (b) (c)

3 3 3+
=
g
Z 2 2 2t
]
i
2
< 1 1 1r

0 . 0 - 0

0 1 2 3 0 1 2 3 0 1 2 3
(d) (e) ®

3r 3r 3r
=
g
= 2 2 2r
[}
=
z
= 1 1 1r

%1 =2 3 % 1 =2 3 % 1 2z 3

0/rad 0/rad 0/rad

Fig. 5. Variations of the impact radius p on the detector plane with the outgoing angle of the electron at different scaled energies. The detector is
located at z = —0.5 plane. The scaled electric field gradient is & = 3.0. The scaled energies are (a)e = 0; (b) € = —0.2; (c) € = —0.4; (d) € = —0.6;

(e) € = —0.7; (f) € = —0.74 respectively.

In Fig. 6, we calculate the two-dimensional electron prob-
ability density distributions arising in photoionization mi-
croscopy of a hydrogen atom in a gradient electric field for
different scaled energies. From this figure, we find oscillatory
structures appear in the electron probability density distribu-
tions, which can be considered as a consequence of the inter-
ference effect caused by different types of electron trajectories

arriving at a given point on the detector plane. Figure 6(a)

shows the electron probability density distribution with the
scaled energy € = 0.0. Under this circumstance, the num-
ber of the electron trajectories arriving at the detector plane
is large. Both the direct electron trajectories and the indirect
ones can arrive at a given point on the detector plane, which
makes the oscillatory structure in the electron probability den-
sity distributions complex. The maximum impact radius that

the electron can reach is pmax = 3.58, the oscillatory struc-
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ture is restricted in a large region 0 < p < 3.58. With the
decrease of the scaled energy, the number of the indirect elec-
tron trajectories arriving at the detector plane decreases and
the oscillating region in the electron probability density distri-
butions reduces. For example, as the scaled energy € = —0.74,
the oscillatory structures arise primarily from the interference
of the direct electron trajectories, and a two-term interference
pattern plays an important role. The electron probability dis-
tribution is only restricted in a small region 0 < p < 1.39. In
order to have a clear insight into the building up of the in-
terference pattern, we plot the three-dimensional probability
density distribution on the detector plane at different values of
scaled energy, € = —0.2, € = —0.4, e = —0.6, and € = —0.7.
The calculation results are shown in Fig. 7. The panels in the
left column correspond to the three-dimensional probability
density distributions on the detector plane, while the panels
in the right column show the corresponding image plots. The
electron probability density distribution on the detector plane
consists of a series of interference rings. In the same circular
ring, the probability density is the same. With the decrease of
the scaled energy, the radius of the ring decreases correspond-
ingly. As the scaled energy is relatively large, € = —0.2, the
maximum impact radius on the detector is also large, which
makes the radius of the outmost ring in the image plot large
(see Fig. 7(a)). The maximum impact radius on the detector
decreases with the decrease of the scaled energy, which makes
the radius of the outmost ring in the image plot smaller and the
disk in the image plot is reduced (see Figs. 7(b)-7(d)).

(a) MJJ
| oA A
-
LM

(c) ﬂ
S
M,

® J‘

i ,
0 1 2 3 4

p (scaled unit)

Probability density (scaled unit)
e

Fig. 6. Variations of the electron probability density distribution on the
detector plane with impact radius p at different scaled energies. The de-
tector is located at z = —0.5 plane. The scaled electric field gradient is
o = 3.0. The scaled energies are (a) € =0, (b) e=—0.2, (c) e=—-0.4,
(d) e =—-0.6, (e) € = —0.7, and (f) € = —0.74 respectively.

Thirdly, we fix the scaled energy and the detector plane
and show the influence of the gradient electric field on the
photoionization microscopy interference pattern of the Ryd-
berg hydrogen atom. In the calculation, we set € = —0.1,
z0 = —0.5. Figure 8 shows the variations of the final posi-
tion p at the detector plane versus outgoing angle 6 for differ-
ent gradient electric fields. Figure 8(a) shows the p—0 curve

with the scaled electric field gradient @ = 0.0, which is sim-
ilar to that for the photoionization of the Rydberg hydrogen
atom in a uniform electrical field. From this figure, we find
not all the electron trajectories with the initial angle 0 < 0 <&
can arrive at the detector plane. The electron trajectories with
the outgoing angle 0 < 6 < 0.10 will never reach the detec-
tor and will stay close to the ion forever. Only those electron
trajectories with the outgoing angle above 0.1 can arrive at
the detector plane. The trajectories in a range with the out-
going angle 0.10 < 0 < 0.47 are the indirect ones and those
in a range with the outgoing angle 0.47 < 8 < & are the di-
rect ones. The maximum impact radius that the electron can
reach is Pmax = 2.31. With the increase of the electric gradi-
ent, the effect of the electric field force caused by the gradient
electric field becomes significant. The number of the elec-
tron trajectories arriving at the detector plane increases and
the electron trajectories will become chaotic. The p—6 curve
becomes complicated and exhibits fractal structure as well as a
certain self-similarity, which is similar to the epistrophic self-
similarity structure when treating the escape-time dynamics in
the ionization of atoms in external fields.>34! The reason can
be explained as follows: According to the theory of electro-
magnetic fields, the influence of a varying electric field can be
considered as a magnetic field. From Eq. (2), we find that the
effect of the gradient electric field on the electron is similar to
that of a magnetic field perpendicular to the z axis. Therefore,
the gradient electric field will restrict the electron moving in
the p—z plane. The gradient electric field causes the electron
to oscillate more rapidly than a pure electric field. The larger
the strength of the electric field gradient, the smaller the im-
pact radius that the electron can reach on the detector plane.
If the electric field gradient is very big, the electric field force
becomes strong. Then after a short period of time, the electron
will hit the detector plane, which causes the maximum impact
radius that the electron can reach the detector plane to become
much smaller, as we can see from Figs. 8(c)-8(f) clearly.

Figure 9(a) shows the variation of the electron probabil-
ity density distribution in a uniform electrical field, € = —0.1,
zo = —0.5. Under this condition, the electric field gradient
a = 0.0, only the background uniform electric field can in-
fluence the electron motion. The maximum distance that the
electron can reach on the detector plane is large, which makes
the oscillating region in the electron probability density distri-
butions spread widely.

Figures 9(b)-9(f) show the electron probability density
distributions in different gradient electric fields. Their back-
ground uniform electric field is the same as that in Fig. 9(a).
The oscillatory structures in the electron probability density
have a great difference from that in a uniform electrical field.
With the increase of the electric field gradient, the effect of the
gradient electric field plays an important role. The maximum
impact radius decreases, which causes the oscillating structure
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in the electron probability density distribution to be restricted  radius pmax = 0.63, and the oscillating region in the electron
only in a small region. For example, when the scaled elec-  probability density distributions is restricted only in the region
tric field gradient @ = 13.0 (Fig. 9(f)), the maximum impact 0 < p < 0.63.
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Fig. 7. (color online) Three-dimensional electron probability density distributions on the detector plane at different scaled energies. The detector is
located at z = —0.5 plane and the scaled electric field gradient oo = 3.0. The panels in the left column correspond to the three-dimensional probability
density distributions on the detector plane, while the panels in the right column show the corresponding images. The scaled energy is given in each plot.
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Fig. 8. The p—0 curves for the photoionization of the Rydberg hydrogen atom in different gradient electric fields. The detector is
located at z = —0.5 plane. The scaled energy is € = —0.1. The scaled electric field gradients are (a) &c = 0.0, (b) ® = 1.0, (c) ¢ = 6.0,

(d) ¢ =8.0, (e) ox = 10.0, and (f) ot = 13.0.
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Fig. 9. Electron probability density distributions for the photoionization
of the Rydberg hydrogen atom in different gradient electric fields. The
detector is located at z=-0.5 plane. The scaled energy is € = —0.1. The
scaled electric field gradients are (a) & = 0.0, (b) ¢ = 1.0, (¢) a@ = 6.0,
(d) a =8.0, (e) @ =10.0, and (f) a = 13.0, respectively.

Finally, we investigate the change of the photoionization
microscopy for the Rydberg hydrogen in a gradient electric
field with the position of the detector plane. Suppose that
the scaled energy € = —0.1 and the scaled electric field gra-
dient o = 3.0. Figure 10 shows the change of the electron
probability density distribution for the Rydberg hydrogen in a
gradient electric field with the position of the detector plane.
Figure 10(a) shows the electron probability density distribu-
tion with the detector located at zp = —0.01 plane. We find
that the oscillatory structure is restricted in a small region
0 < p < 1.31. The oscillatory structure caused by the inter-

ference of the direct electron trajectories plays an important

role. With the increase of the distance from the ion to the
detector plane, the number of the electron trajectories arriv-
ing at the detector plane becomes increased, which makes
the oscillatory structure in the electron probability density
distribution much more complicated. The interference effects
caused by the direct and indirect electron trajectories dominate
in the probability density distribution. In addition, the electron
probability density distribution on the detector plane becomes

(a)

WA

Probability density (scaled unit)
e

(©
'qu"\ Ml N A
G
0 1 2 A 3 4

p (scaled unit)

Fig. 10. Variations of the electron probability density distribution for
the Rydberg hydrogen in a gradient electric field with the position of
the detector plane. The scaled energy is € = —0.1. The scaled elec-
tric field gradient is o = 3.0. The positions of the detector plane are (a)
20 =—0.01, (b) z0 = —0.05, (c) zo = —0.1, (d) zo = —0.3, (e) 2o = —0.5,
and (f) zo = —0.8, respectively.
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widely spread as the distance from the ion to the detector plane
increases. For example, in Fig. 10(f), the detector is placed at
z0 = —0.8 plane, we find the oscillatory structure is spread in
the region 0 < p < 3.99. According to the scaled transforma-
tion, p = ﬁFO_l/ 2, z= ZFO_l/ 2, if we take the uniform electric
field strength Fy=10v/cm, then the position of the detector will
be located at zo = —0.96 um. The oscillatory structure in the
electron probability density distribution is spread in the region
0 < p <4.79 um. Given the present state of the electric field
and the position of the detectors, the calculated structures is
observable in an actual experiment. Therefore, our study will
be useful for guiding the future experimental research on the
photoionization microscopy of the Rydberg atom in the pres-
ence of an external field.

4. Conclusions

We performed a semiclassical calculation of the pho-
toionization microscopy of the Rydberg hydrogen atom in a
gradient electric field, and investigate the interference patterns
in the photoelectron probability density distribution on a de-
tector plane. The influence of the gradient electric field on the
electron dynamics is discussed in great detail. Our study sug-
gests that by comparison with the scenario of the photoioniza-
tion of Rydberg hydrogen atom in a uniform electric field, the
number of the indirect electron trajectories arriving at the de-
tector plane becomes increased, which makes the oscillatory
patterns in the photoelectron probability density distribution
complicated. As the electric field gradient is relatively small,
the maximum impact radius that the electron can arrive at the
detector plane is large, which makes the oscillating region in
the probability density distributions restricted in a large region.
With the increase of the electric field gradient, it will restrict
the electron motion, which makes the maximum impact ra-
dius that the electron can reach the detector plane smaller and
the oscillating region in the probability density distributions
narrowly spread. In addition, the oscillatory structures in the
electron probability density distribution are dependent on the
scaled energy sensitively. Through our research, we predict
that if the external electric field strength and the position of
the electron detector plane are reasonable, the photoionization
microscopy interferograms are observable in an actual experi-
ment. We hope that our results will be useful for guiding ex-

perimental studies of the photoionization microscopy of Ryd-
berg atoms in a non-uniform external field.
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