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Temporal interference driven by an oscillating electric field in
photodetachment of H™ ion”

De-Hua Wang(E{#4£)", Meng-Zhi Li(Z=4 %), Hong-Na Song(Ri4l), and Xiao-Xiao Ren(fE4£55)
School of Physics and Optoelectronic Engineering, Ludong University, Yantai 264025, China
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The real time domain interferometry for the photodetachment dynamics driven by the oscillating electric field has
been studied for the first time. Both the geometry of the detached electron trajectories and the electron probability density
are shown to be different from those in the photodetachment dynamics in a static electric field. The influence of the
oscillating electric field on the detached electron leads to a surprisingly intricate shape of the electron waves, and multiple
interfering trajectories generate complex interference patterns in the electron probability density. Using the semiclassical
open-orbit theory, we calculate the interference patterns in the time-dependent electron probability density for different
electric field strengths, different frequencies and phases in the oscillating electric field. This method is universal, and can
be extended to study the photoionization dynamics of the atoms in the time-dependent electric field. Our study can guide
the future experimental researches in the photodetachment or photoionization microscopy of negative ions and atoms in the

oscillating electric field.

Keywords: temporal interference, photodetachment dynamics, oscillating electric field, semiclassical open-

orbit theory
PACS: 32.80.Gc, 31.15.xg

1. Introduction

In the microscopic field, the quantum description of
atoms and molecules is based on the wave function. In the
past, the information about the wave function of the micro-
scopic particle was by means of comparing some observables
that can be calculated theoretically and can be measured in ex-
periments, such as the photoabsorption of atom or molecule
in the external fields. Based on the photodetachment experi-
ment, the electron imaging techniques make the observation
of the wave function become possible. In the early 1980s,
Demkov et al. first introduced the principle of photodetach-
ment microscopy.!!! They found the photodetachment of a
negative ion in the static electric field, the detached electron
trajectory is analogous to a parabola. Two electron trajectories
could reach a detector point perpendicular to the electric field,
which leads to an interference pattern in the electron flux dis-
tribution. This predication was experimentally realized after
the emergence of photoelectron imaging techniques.*-®! Us-
ing this technique, people can precisely measure the electron
affinities in the negative ion.”~!3! In the theoretical aspect, Du
put forward a semiclassical method for studying the interfer-
ence pattern in the photodetachment of H™ ion in an electric
field.['*] Later, it was developed into studying the photode-
tachment of the negative ion in the coexistence of electric and
magnetic fields.['>->?! In 2010, Zhao and Delos put forward
a semiclassical open-orbit theory to study the photoionization
microscopy of a Rydberg hydrogen atom in a static electric
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field.?3! Recently, Yang and Robicheaux ef al. extended this
semiclasical method to the time-dependent electric field and
studied the phtodetachment dynamics of negative ions in the
time-dependent electric field.[**3°1 Inspired by these previous
works, in this paper, we extend the semiclassical open-orbit
theory to the time-dependent electric field and study the inter-
ference effect in the photodetachment of H™ ion in an oscillat-
ing electric field. It is found that this system is quite different
from the case in a static electric field. The photo-detached
electron can follow multiple trajectories to arrive at the detec-
tor. Therefore, a complex interference pattern in the electron
probability density will appear on the detector in contrast to
the regular two-term interference pattern in the static electric
field. In addition, the electron probability density on the de-
tector is time-dependent. Our study provides an opportunity
to observe electron interference in the real time domain and
may guide the future experiments for exploring the photode-
tachment microscopy in the time-dependent electric field.

2. Photodetached electron motion in an oscillat-
ing electric field

For the photodetachment of an H™ ion, we use the laser

light field linearly polarized along the z axis with the following
24]

1 f—t) 1—ta
Sl = 2{tanh< A ) tanh( A )], €))

form!
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where 1, 4 and Az, are the laser light field parameters. In this
work, we choose g = —t, = 3.14 ps, A1, = 0.23 ps. The ex-
ternal driving oscillating electric field is F () = Fysin(ot + ).
Where Fj is the amplitude, @ is the frequency, and ¢ denotes
the phase. Both the laser field and the oscillating electric field
are along the z axis. The H™ ion is localized at the origin, with
a detector plane placed at the z = —z¢ plane. Since the elec-
tric field oscillates with time, we extend the phase space by
including the time ¢ and its conjugate momentum p;. Then the
Hamiltonian describing the electron motion in the oscillating
electric field can be written as (using the cylindrical coordi-
nates (p, z, ¢))?"]

H(pvzatappJ’z’Pt)
1 1 .
= Ep% + Ep? + Fosin(@r + @)z + ;. )

In the augmented space, we add two motion equations:
dt/dt =1, dp;/dt = —dH/dt. Here, 7 is the evolution
time for the electron trajectory in the oscillating electric field:
T =1t —t;. By solving the Hamiltonian canonical equations
with the negative ion centered at the origin combined with the
initial conditions: #(7 =0) =, p,(t = 0) = —FE, we obtain
the classical motion equations of the detached electron in the
oscillating electric field!?’!

p(t) = kosin6;(r — 1),

z(t) = |kocos 6; — Ecos(a)tl—i—(p) (t—1) 3)

F
+ w—% [sin(@t + @) — sin( @z + @)],

where k¢ is the initial momentum of the detached electron,
ko = V2E. 6; is the initial outgoing angle of the detached
electron relative to the +z axis.

According to the semiclassical open-orbit theory,?3! af-
ter the electron is photodetached from the negative ion, it will
travel in the form of an outgoing wave along a classical trajec-
tory. Under the influence of the oscillating electric field, multi-
ple electron trajectories can reach the detector simultaneously.
The interference effect between these electron waves causes
the oscillatory structures in the electron probability density on
the detector. Suppose the detector is localized at the point
{p(t) = 0,z(t) = —z0}. From Eq. (3), we can find out the
electron trajectory emitted from the origin and finally arriv-
ing at the detector. Let p(¢) =0, i.e., kosin6;(t — ;) = 0, we
get 6; = 0 or 6; = , which means only the electron trajectory
emitted along the z axis can reach the detector. If the electron
trajectory is emitted with the outgoing angle 6; = 0, we call
it the up orbit; while the electron trajectory with the outgoing
angle 6; = 7 is called the down orbit.

Let z(t) = —zo

F
ko cos 6; — 50 cos(wti+@)| - (t—1)

+%[sin(a)t+(p) —sin(wt; + @)] = —zo. “4)
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Fig. 1. (color online) (a) The t—t; curve that the detached electron
can reach the detector. The photon energy E, = 1.0 eV, the os-
cillating electric field parameters are as follows: Fy = 200 kV/cm,
®=121x107 au., ¢ = 0. The detector is localized at the point
(p=0z= —10* a.u.). The black line represents the down orbit and
the red line denotes the up orbit. (b) Two up orbits of the detached elec-
tron which are emitted from the origin and arrive at the detector at the
same final time r = 2.0 ps. (c) Two down orbits of the detached electron
arrived at the detector at the same final time t = 2.0 ps.

By solving the above equation, we can obtain the initial
time # and the final time ¢ for each electron trajectory that can
reach the detector. Suppose the photon energy E, = 1.0 eV,
the oscillating electric field parameters are as follows: Fy =
200 kV/em, @ = 1.21 x 107° a.u.,, ¢ = 0. The detector is
localized at the point {p = 0, z = —10* a.u.}. Figure 1(a)
depicts the 7—; curve that the electron can reach the detec-
tor. From this plot, we find the 7—#; curve can be divided into
two parts. In the first part, 0.92 ps < ¢ < 1.49 ps, only two
down orbits can arrive at the detector. However, in the sec-
ond part, 1.49 ps <t < 3.14 ps, four electron trajectories can
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reach the detector, two up orbits plus two down orbits. Fig-
ure 1(b) shows two up orbits of the detached electron which
emitted from the origin and arrived at the detector. Although
they reach the detector at the same final time ¢, their initial out-
going times #; are different. The black line denotes the electron
trajectory emitted at the initial time #; = 1.19 ps, and the blue
line is the orbit emitted at the initial time #; = —0.66 ps. In
Fig. 1(c), we show two down orbits of the detached electron
that can reach the detector at the same final time. One is emit-
ted at the initial time t; = —1.07 ps, and the other is emitted at
t; = 1.46 ps.

3. The time-dependent detached electron proba-
bility density

As the electron moves far away from the hydrogen atom,
we can use the semiclassical approximation to construct the
electron wave function. At a given point M(p,—zp) on the
detector, the wave function can be written as

vi(p, —20,1) = Y fi(6) Wou (R, 65, 1) A; e 1Si—Hi7/2=Edil - (5)

-

i=1

where Wou (R, 0;, ¢;) is the outgoing electron wave function
from a spherical surface with a small radius R!'4!
4Boki  elkR

——cos6,. (6)

ou R79i7 i) = 79 o\

Here ky = \/2Eyp, Ep, = 0.754 eV is the binding energy of the
H™ ion and By = 0.31552 is a constant.

The summation in Eq. (5) includes all the electron orbits
reaching the detector at the same final time ¢. A; is the semi-
classical amplitude:

L Ji(T = ()) 1/2
A= lne= | )
J(7) is the Jacobian!?#!
= 2p.z1)
1(7) = plo) det (a(ri,ei,f)) . "

Using the classical motion equations of the detached electron,
we obtain

12

)

R
ko(t —1;)

ko
ko — Fosin(ot; + @) cos 6;(t — 1;)

A=

S; is the classical action along the i-th trajectory (%!

t t t
S:/pdq: ppdp—|—/ p.dz+ [ p:dt, (10)
4 4 4

Ui is the Maslov index for the i-th trajectory, which equals the
number of the singular points along the trajectory.

The electron probability density at a given point
M(p,—zp) on the detector is

P(p7_Z07t):|lllf(pa_Z0at)|2' (11)

Substituting Eq. (5) into the above equation, we obtain

P(p,~z0.1) = ) [wil* + ), Re(yiyj) cos(xi — ), (12)

i<j
where

4Bykcos 6;

(@ e 4= S~ B2

Vi = fi(t)

4. Results and discussions

Using Eq. (12), we calculate the detached electron prob-
ability density on the detector in the oscillating electric field.
Since the electron probability density on the detector depends
on the photon energy, the initial outgoing time # and the fi-
nal time ¢ of the detached electron are sensitive. In this work,
we choose the photon energy E, = 1.0 eV and calculate the
electron probability density distribution in the time interval
[—3.14, 3.14] ps.

Firstly, we study the influence of the oscillating electric
field strength on the electron probability density distribution.
The frequency and phase in the oscillating electric field are:
0=121x10"% au., @ = 0. The detector is localized at the
point p =0, z = —10* a.u. Figure 2(a) shows the t—¢; curve
for the detached electron in the oscillating electric field with
the electric field strength Fy = 20 kV/cm. Under this condi-
tion, only two down orbits can reach the detector at the same
final time. Due to the interference effect between these two
orbits, oscillatory structures appear in the electron probability
density, as we can see from Fig. 2(b). Figure 2(c) shows the
t—t; curve with the electric field strength Fp = 40 kV/cm, we
find except for the two down orbits, the two up orbits of the de-
tached electron begin to appear. However, the up orbits only
appear at the final time f =2.94 ps. In the region 1.20 ps <t <
2.94 ps, only two down orbits can arrive at the detector; how-
ever, in the region 2.94 ps <t < 3.14 ps, four detached elec-
tron orbits can reach the detector. Figure 2(d) shows the elec-
tron probability density distribution on the detector with the
oscillating electric field strength Fp = 40 kV/cm. It is found
that the oscillatory structure in the electron probability den-
sity distribution is divided into two segments by the boundary
time (¢ = 2.94 ps) as shown in the 7—; curve. In the first in-
terval 1.20 ps <t < 2.94 ps, the electron probability density
exhibits an approximately two-term oscillatory pattern. In the
second interval 2.94 ps <t < 3.14 ps, the oscillatory struc-
ture in the electron probability density becomes much more
complex due to the interference effect of the four electron
orbits arriving at the detector at the same final time. As we
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further increase the oscillating electric field strength, the final
time that the up orbits begin to appear decreases. For exam-
ple, in Fig. 2(e), for the electric field strength Fy = 60 kV/cm,
the final time that the up orbits begin to appear is decreased
to t = 2.46 ps. We find the corresponding electron proba-
bility density gets complicated as the final time ¢ > 2.46 ps,
which is shown in Fig. 2(f). As the electric field strength
is increased to Fp = 500 kV/cm, the effect of the oscillating

e
8
= 07
-
—92
0 1 2 3
w 217 (c) F=40 kV/cm
= <<
3
—92
0 1 2 3
2 24 (e) Fy=60 kV/cm
= 0] <
3
_2.
0 1 2 3
a 21 (g) Fy =100 kV/cm <
= 01
-
—92
0 1 2 3
w 21 (i) Foy=>500 kV/cm
8,
> 01
3
—92
0 1 2 3
t/ps

electric field force becomes stronger. After a small period of
time, the electron will reach the detector. The whole ¢—f; curve
is dominated by four electron orbits, only in a small interval
0.73 ps <t < 1.06 ps can two orbits exist, as shown in Fig. 2(i).
Figure 2(j) is the electron probability density with the electric
field strength Fy = 500 kV/cm, where we find that the oscilla-
tory structures get much more complicated and the two-term
oscillatory structure only appears in a small region.

10
(b) Fy =20 kV/cm
5
0
0 1 2 3
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Fig. 2. (color online) The —#; curve and the electron probability density on the detector for the photodetachment of the H™ ion in
the oscillating electric field with different electric field strength. The oscillating electric field frequency @ = 1.21 x 107> a.u. and
the phase @ = 0. The detector is localized at the point p = 0,z = —10* a.u. The black line represents the down orbit and the red line
denotes the up orbit. The left column is the t—#; curve that the detached electron can reach the detector, while the right column is the
corresponding electron probability density on the detector. The electric field strength is denoted in each plot.

Next, we show how the electron probability density on
the detector varies with the oscillating electric field frequency
@, suppose Fp =200 kV/cm, ¢ = 0. In Fig. 3(a), we plot the
t—t; curve with @ = 2.42 x 107> a.u. We can see that the final
time ¢ is always larger than 0. In addition, the r—#; curve is di-
vided into two segments by a boundary time r = 1.16 ps. Fig-
ure 3(b) is the corresponding time-dependent electron proba-
bility density distribution on the detector. It is found in the
region 0.78 ps <t < 1.16 ps, an approximately two-term os-
cillatory structure appears in the electron probability density.
However, in the interval 1.16 ps < < 3.12 ps, four detached
electron trajectories can arrive at the detector, which causes the
electron probability density to get complex. Figure 3(c) shows
the 1 curve with @ = 4.84 x 107> a.u. We can see that the
final time ¢ is extended to the region ¢ < 0. The final time ¢ for
the up orbits and the down orbits are extended to two regions.
To be more exact, the up orbits lie in the regions 0.94 ps <t <
2.34 psand —2.22 ps <t < —1.11 ps; the down orbits lie in the
regions 0.66 ps <t < 2.15 ps and —2.47 ps <t < —1.13 ps.

The time-dependent electron probability density distribution
on the detector with @ = 4.84 x 1072 a.u. is given in Fig. 3(d).
We find that the oscillatory structures in the electron probabil-
ity density distribution can be divided into approximately three
intervals. In the first interval, —2.47 ps <t < —1.11 ps, the
oscillatory structure is caused by one up orbit and one down
orbit. In the second interval, 0.66 ps < t < 0.96 ps, the os-
cillatory structure is caused by two down orbits. However, in
the third interval, 0.96 ps <t < 2.33 ps, the oscillatory struc-
ture in the electron probability density is caused by the inter-
ference effect between four detached electron’s orbits. With
the increase of the frequency w, the effect of the oscillating
electric field force becomes significant. More electron trajec-
tories can arrive at a given point on the detector, which in-
duces a much more complex oscillatory structure in the elec-
tron probability density. For example, in Figs. 3(e)-3(f), the
electric field frequency @ = 6.05 x 107> a.u., the 7—; curve
and the electron probability density distribution on the detec-

tor can be divided into four regions. In the first and third re-
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gions, —1.88 ps <t < —1.62 ps and 0.64 ps < ¢ < 0.89 ps,
two down orbits can arrive at the detector, which causes the
oscillatory structure in the electron probability density distri-
bution. In the second region, —1.62 ps < t < —0.81 ps, two
down orbits and two up orbits can arrive at the detector, the
interference between these four orbits leads to the oscillation
in the electron probability density distribution. In the last in-
terval, 0.88 ps <t < 1.73 ps, two down orbits and three up
orbits can reach the detector at the same final time, which
makes the oscillation in the electron probability density dis-
tribution get complicated. As the oscillating electric field fre-
quency is increased to @ = 1.21 x 10™* a.u. (Figs. 3(k)-3(1)),
the whole 7—#; curve and the electron probability density dis-
tribution on the detector can be divided into more segments.

At some region, the number of the detached electron’s orbit
which can reach the detector is great. For instance, in the in-
terval 2.01 ps <t < 2.22 ps, 14 orbits can reach the detec-
tor, correspondingly, the electron probability density distribu-
tion on the detector becomes much more complex. The rea-
son can be analyzed using the semiclassical open orbit theory.
Since the oscillatory structure in the electron probability den-
sity distribution is caused by the interference between differ-
ent electron orbits arriving at the same point on the detector,
the greater the number of the electron orbits, the more elec-
tron waves can reach the detector, therefore, their interference
effect in the electron probability density distribution becomes

much stronger.
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Fig. 3. (color online) Variation of the t—f; curve and the electron probability density on the detector with the oscillating electric field frequency.
Fy =200 kV/cm, ¢ = 0. The detector is localized at the point p = 0, z = —10* a.u. The black line represents the down orbit and the red line denotes the
up orbit. Panels (a), (¢), (e), (g), (i), and (k) are the r—1; curves that the detached electron can reach the detector, while panels (b), (d), (f), (h), (j), and (1)
are the corresponding electron probability densities on the detector. The oscillating electric field frequency is given in each plot.
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In the following, we fix the oscillating electric field
strength and frequency: Fy =300kV/cm, @ =2.42 x 107 a.u.
Then we discuss the influence of the phase ¢ in the oscillating
electric field on the electron probability density. The result is
shown in Fig. 4. Figure 4(a) shows the electron probability
density with ¢ = 0. Under this condition, the final time that
the detached electron can reach the detector is always posi-
tive, therefore, the oscillation in the electron probability den-
sity is localized in the region ¢ > 0. Figure 4(b) is the case
with the phase ¢ = /2. We find the oscillating region in the
electron probability density is expanded to the region ¢ < 0.
Figure 4(c) shows the electron probability density with ¢ = 7.
The oscillatory structure exhibits an approximately two-term
interference pattern and is mainly localized in the region ¢ < 0.
The reason is as follows: as ¢ = x, the oscillating electric
field becomes F(t) = —Fpsin(ot), which is larger than 0 as
t < 0. Therefore, the oscillating electric field is always point-
ing along the +z axis in the region ¢ < 0, correspondingly, the
electric field force acting on the detached electron is along the
—z axis. When the electron is emitted along the +z axis, the
electric field force can decelerate the movement of the elec-
tron, then after a period of time, it will return back and reach
the detector. However, when the electron travels along the —z
axis, the electric field force can accelerate the movement of
the electron, after a small period of time, it will reach the de-
tector. Therefore, when the phase ¢ = 7, only two detached
electron orbits can reach the detector at the same final time,
which causes a two-term interference pattern in the electron
probability density on the detector. As we further increase the
phase @ = 37/2, the electron probability density distribution
on the detector can be divided into two regions, one is in the
region with the final time —2.57 ps <t < —1.15 ps and an-
other is in the region 2.34 ps <t < 3.14 ps, as we can see from
Fig. 4(d) clearly. From this figure, we conclude that the elec-
tron probability density on the detector sensitively depends on
the phase in the oscillating electric field.
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Fig. 4. Variation of the r—; curve and the electron probability den-
sity on the detector with the phase in the oscillating electric field.
Fy =300 kV/cm, @ = 2.42 x 107 a.u. The detector is localized at
the point p = 0, z = —10* a.u. The phase in the oscillating electric field
is given in each plot.

Finally, we discuss the variation of electron probability
density with the position of the detector. The parameters in
the oscillating electric field are as follows: Fy = 200 kV/cm,
® =2.42x 1073 a.u., ¢ = 0. The detector is moved along the
—z axis, the distance from the detector to the origin is changed
from 500 a.u. to 6000 a.u. We find that although the dis-
tance from the ion to the detector is different, the oscillatory
structures in the electron probability density are similar. The
electron probability density on the detector can be divided into
two regions, one is caused by the interference between two
electron orbits, while the other region is caused by the inter-
ference between four electron orbits. However, the oscillating
amplitude and oscillating region are changed as we move the
detector along the —z axis.
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Fig. 5. Variation of the electron probability density in the oscillat-
ing electric field with the position of the detector. The parameters
in the oscillating electric field are as follows: Fy = 200 kV/cm, @ =
2.42x 1073 au, ¢ =0.

Figure 5(a) shows the electron probability density in the
oscillating electric field with the detector localized at the point
p =0,z =500 a.u. Under this condition, the oscillatory struc-
ture in the electron probability density is very complex. Both
the oscillating amplitude and the oscillating region are very
large. As we move the detector far away from the origin,
both the oscillating amplitude and the oscillating region in the
electron probability density become decreased. The oscilla-
tory structure in the electron probability density gets weaker.
For example, in Fig. 5(b), the distance from the detector to the
origin is 2000 a.u., the oscillating structure is confined to the
region 1.31 ps <t < 3.14 ps. In Fig. 5(f), the detector is lo-
calized at p = 0, z = 6000 a.u., we can see that the oscillatory
structure in the electron probability density is only limited in a
small region 2.01 ps <t < 3.14 ps. In addition, the oscillating
amplitude becomes very small. The reason is as follows: when
the detector is close to the origin, after the electron is emitted
from the origin, it will reach the detector in a small period of
time. From Eq. (9), we can see that the amplitude factor A
for the electron orbit is very large, thus the contribution of the
electron’s orbit to the electron probability density is signifi-
cant. As the detector is far away from the origin, it will take
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quite a long time for the electron to reach the detector, which
makes the amplitude factor of the electron orbit become small.
Consequently, the oscillating amplitude in the electron prob-
ability density induced by the electron orbit is small and the
oscillating region gets decreased.

5. Conclusion

The interference effect driven by an oscillating electric
field in the photodetachment of the H™ ion has been studied.
An analytical formula for calculating the electron probability
density has been put forward based on the seimiclassical open-
orbit theory. It is found that the oscillating electric field can
cause multiple electron trajectories to reach the same point on
the detector in contrast to the photodetachment of negative ion
in the static electric field, where only two detached electron
trajectories can reach the detector point. The interference ef-
fect between different electron trajectories generates complex
interference patterns in the electron probability density. Our
calculation results suggest that the interference patterns in the
electron probability density can be controlled by changing the
oscillating electric field parameters and the position of the de-
tector. The semiclassical method used in this work provides
a visual intuitive picture for the photodetachment dynamics in
the oscillating electric field from a time-dependent viewpoint,
and can be used to study the photodetachment of other multi-
electron negative ions in the oscillating electric field, such as
F~ ion, H;, etc. Our study may guide the experimental re-
search in the temporal interference for the photodetachment
dynamics in the oscillating electric field.
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