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In the ionisation of Rydberg hydrogen atoms near a metal surface, the electron will escape from the nucleus and

arrive at the detector in a time sequence. This probability flux train relies on the initial electron wave packet irradiated

by the laser pulse. For simplicity, the laser pulse is usually simplified to a delta function in energy domain, resulting in

a sharp initial arrival time with an exponentially decaying tail at the detector. Actually and semiclassically, the initial

outgoing wave should be modeled as an ensemble of trajectories propagating away from the atomic core in all directions

with a range of launch times and a range of energies. In this case, each pulse in the pulse train is averaged out rather

than a sharp profile. We examine how energy and time averaging of the electron wave packet affects the resolution of

escaping electron pulses and study the energy dependence of the arrival time for each pulse in the ionisation train. An

optimization condition for the laser pulse shape to generate narrow ionisation electron pulse in the train is obtained.

The ionisation rates with various excitation energy are calculated also, which show the excitation to higher N Rydberg

states will narrow the electron pulse as well.
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1. Introduction

Rydberg wave packets are a very useful tool for
understanding the crossover between classical and
quantum dynamics. They reflect the time evolution of
the localized coherent superposition of a system, thus
providing a bridge between quantum mechanics and
classical concept of trajectories of particles.!] In the
past decades, much attention has been focused on the
generation and detection of wave packets in Rydberg

2-14] The wave packet dynamics of such

atom systems.[
systems is qualitatively described by the powerful clas-
sical mechanics and semiclassical mechanics, either in

4.15,16] o in the spatial domain.*”]

the time domain!

Recently, Mitchell et al.[*'®! performed a classi-
cal calculation to investigate the ionisation of a hy-
drogen atom in parallel electric and magnetic fields as
an example of electron wave packet escape dynamics
in an open system in the time domain. The ionisa-
tion process can be well described by the following
semiclassical picture. When the atom is excited by
a short pulse laser, the valence electron is promoted
from a low-energy bound state into an outgoing wave

which can be modeled semiclassically as an ensem-

ble of trajectories propagating away from the atomic
core in all directions with a range of launch times and
a range of energies. The wave packet evolves in the
Coulomb field of the proton plus the applied electric
and magnetic fields. Over the course of time, some
of the wave packets slip over the classical barrier, are
then drawn downhill by external field, and strike the
detector. They observed distributions of electrons ion-
ising via a train of pulses: a consequence of the clas-
sical chaos induced by the external magnetic field.['

Motivated by the work of Mitchell et al., Wang et
al.1'%] studied the ionisation rate of the Rydberg hy-
drogen atoms near a metal surface. This is another
example of electron wave packet escape dynamics in
an open system in the time domain. They find that
hydrogen atoms can also ionise through emission of a
train of electron pulses but the chaos is induced by the
metal surface instead of the external magnetic field.
In their semiclassical simulations, a simplified model
is adopted to clarify the main dynamic processes: all
the trajectories have a fixed energy and are continu-
ously emitted from the source for all times. Eventu-

ally, however, for the short pulse laser excitation, the

*Project supported by the National Natural Science Foundation of China (Grant No. 10774162).

tCorresponding author. E-mail: liuhongping@wipm.ac.cn

© 2010 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

113301-1



Chin. Phys. B Vol. 19, No. 11 (2010) 113301

emission of the outgoing wave of the valence electron
will be confined by three random initial parameters,
namely, each launched trajectory will depend on the
cosine of the launch angle of the trajectory, the launch
time distribution, and the initial energy distribution
of the trajectory.['8!

In this paper, using the classical trajectory Monte
Carlo (CTMC) method, we investigate how energy
and time averaging of the electron wave packets af-
fects the resolution of electron pulses for the ionisation
of the Rydberg hydrogen atoms near a metal surface.
The energy dependence of the arrival time for each
pulse in the ionisation train can help us to design an
optimal laser pulse to obtain a certain narrow pulse in
the electron train. We illustrate that the excitation to
higher N Rydberg states will benefit the generation
of narrower electron pulses in the train as well.

2. Theory

Assuming a metal plate located in the Z = —d
plane and an infinitely massive nucleus charge posi-
tioned at the origin of the coordinate system. The Ry-
dberg electron moves in the combined potentials: the
Coulomb potential and the electrostatic image poten-
tial. The analytical expression of the hydrogen-surface
potential can be obtained by electric image method.
Considering the cylindrical symmetry, we describe the
electron dynamics in a cylindrical coordinate system
(p, 2,$). The Hamiltonian for the hydrogen electron
has the form (in atomic units):

1 1
P+ @dtz2 Ad+z)

where 7 = \/p? + 22 and p® = p2 +12/p + p2. The
last two terms in Eq. (1) are the electrostatic image

H=" -

_|_

(1)

0|y
=<l =

potential. Owing to the cylindrical symmetry, the z-
component of angular momentum is conserved and
then the ¢-motion can be separated. Thus, we can re-
duce the electron motion into a two-dimensional prob-
lem. Assuming [, = 0, after the scaled transformation,
r=r/d,p= pvVdand E = Ed, the classical motion of
the electron is governed by the scaled Hamiltonian!'®

2 1 1 1
H:pf_f_% _

2 r P2+ 2+2)?2 4(1+2)

p2

Applying the preceding scalings to the quantum

9

momentum operator, p = _ihaqv we can have a

scaled version of Planck constant hs = hd~ /2 =
W(E/E)Y/?. 1t is expressed in atomic units (h = 1)

as
1

) Y

—1/2
is the ersatz principal quan-

where N = (2 ‘ED
tum number. Equation (3) confirms an intuition that
when exciting the atom to higher energies, the ef-
fective value of Planck constant is lowered and the
system will be more ‘classical’. The saddle point of
the effective potential V(p, z) in Eq. (2) is at ps = 0,
2 = —0.693673.116] If the electron escapes across the
saddle point, it will be ionised and recorded by the
detector. In this paper, we place the detector at the
plane z = —0.8.

Using the first-order time-dependent quantum
perturbation theory,192% the initial Coulomb eigen-
state |¢; > generates the excited time-dependent state
|1 (t) > according to:

[i hS% - H] (1) >= Hy (¢) e Bty >, (4)

in which E; is the energy of |¢); > and Hp,(¢) describes
the interaction between the laser field and the excited

electron,
Hp (t) = FrDg (t), (5)

where F7, is the peak electric-field strength (in scaled
units), D the dipole operator, and g (t) a time depen-
dent function, defined as ¢ (t) = geny (t) exp (—iwrt),
with wy, being the central laser frequency, geny (t)
= exp [ftz/(élAf)} and A; the standard deviation of
the laser pulse intensity. We use the semiclassical ap-
proximation theory to describe the outgoing wave.[?!

For the pulsed laser considered here, the out-
going wave oy () is emitted over the time inter-
val A;, determined by geny (t). The energy of the
wave has a deviation Ag at the central energy FE,
which satisfies the uncertainty relation AgA; > hy/2.
Semiclassically, we model the electron pulse by an
The initial dis-
tribution of trajectories in the energy—time plane is
given by the Wigner function Wy (E,t) of f(t) =
Geny (t) exp (—i Ect/hS)v[w]

Wy (Et) = /Oo

— 00

ensemble of classical trajectories.

dset s B/ £ (t 4 5/2) f* (t — 5/2)
— Aet7/2AD) o~ (E-E)?/(24%) (6)

with normalization factor A = 2v27A; and A =

hs/(24¢). The initial distribution of launch angles

is given by |y (9)|2 sin (9)_[20721]
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Within the semiclassical theory, the evolution of
the initial wave packet is approximated by follow-
ing the trajectories within the corresponding classical
distribution.!*®20:21] These trajectories are integrated
until they reach the detector located at z = —0.8,
or until the evolution time is beyond the maximum
time. The total number of trajectories striking the
detector per unit time is then recorded as a function
of time. We use atomic units throughout this paper

unless stated otherwise.

3. Results and discussion

Figure 1 shows the ionisation rate of the hydrogen
atom near the metal surface. The initial angular dis-
tribution of electrons is assumed to be s wave for sim-
plicity, with y = 1, which weights all directions evenly.
The dotted line is calculated at a fixed scaled energy
E = —0.8 and a precise launch time with ¢ = 0, while
the thick line is calculated using an ensemble repre-
sented by a Gaussian wave packet with A; = 0.129,
Ap = 0.038 and central energy F. = —0.8. Both lines
exhibit a train of pulses and the corresponding orbits
are shown above each pulse. All orbits maintain their
shapes in the narrow energy range of the laser pulse.
For the dotted line, each pulse has a sharp initial ar-
rival time and decays exponentially. The initial arrival
time is the earliest time of the corresponding escape
segment.[1%]
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Fig. 1. The ionisation rate of hydrogen atom near the
metal surface. The dotted line is calculated at a sin-
gle fixed scaled energy £ = —0.8 and a precise launch
time ¢ = 0. The thick line uses an ensemble repre-
sented by Gaussian wave packet with Ay = 0.129 and
Ap = 0.038. The central (physical) energy of the wave
packet is E = 1/ (2N2) with N = 80. Equivalently, d
is 10240 a.u. and the scaled time unit equals to 25 ps.
The corresponding trajectories are also shown above. The

symbols A, B are explained in the text.

For the thick line, however, the pulses are aver-
aged out although they are still discernible. For the
pulse B, the arrival time is not centred on the un-
averaged pulse, but it is shifted toward earlier time.
This phenomenon will be explained below. Beside the
pulse existing in the unaveraged pulse train, a new
pulse signatured by A emerges in the average pulse
train as well. The corresponding orbit is given birth
approximately at £ = —0.78.

The ionisation rate of the hydrogen atom near the
metal surface at scaled energy £ = —0.6 is given in
Fig. 2. Each pulse is averaged out by the uncertainty
of the Gaussian wave packet, too. The earliest arrival
time of pulse labeled in Fig. 2 is a function of energy,
which is shown in Fig. 3. As the energy deceases, the
trajectories move faster and tend to strike the detec-
tor earlier. For pulses 1 and 2, the behaviour is nearly
linear over the energy range plotted. However, pulse
3 shows notable nonlinear behaviour, which is sub-
stantially bent. This bending is closely related to the
creation of the corresponding trajectory. The pulse
is created at F =~ —0.635, where it has an infinite
arrival time and then it bends into a nearly straight
curve. Since the arrival time does vary with energy, we
can optimize the resolution of an electron peak in the
pulse train by making a balance between the energy
spread and the time duration of a laser pulse.[*?!

120
@ ]
g
=
4 80
o
<
—~
e
£ i
0
=}
)
< 40
b=
o
S i
=}
O : & {
01+ A

0 5 10 15 20
Time/scaled units

Fig. 2. The ionisation rate of hydrogen atom near the
metal surface at scaled energy E = —0.6. As in Fig. 1,
the dotted line uses an ensemble with precise energy and
launch time while the thick line uses a Gaussian wave
packet with Ay = 0.2015, Agp = 0.028. The central
(physical) energy of the wave packet is E= 1/ (2N2) with
N = 80. Equivalently, d is 17680 a.u. and the scaled time
unit equals to 16 ps. The numbers 1-3 used to label the
peaks are explained in text.

For a given electron pulse, assuming Ag is small
enough, its curve in Fig. 3 can be approximated by

a straight line. In this case, Ag will result in a
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variation for the arrival time: A; = |b| Ap, where
|b| = (dt/dE)p_p_ is the inverse slope of the curve
in Fig. 3, at the central energy. Thus, the unaver-
aged pulse is averaged by convolving with two Gaus-
sians of widths A, and A, = |b| hs/ (24,). This is
equivalent to convolve with a single Gaussian of width
Apror = A7 + A2, While Ayt ot takes a minimum

value of +/|b| hs at('®]

b| hsg

At = At,opt = | |2 ) (7)
hs

AE - AE,opt - 9 |b| . (8)

Since the direct pulse is not significantly averaged by
the uncertainty of the Gaussian wave packet used, we
have computed A, ope by evaluating b for the pulse 1.
For the scaled energy E = —0.6, b will be equal to 13.
Since the slope of pulse 2 is similar to that of the pulse
1, all estimations will work well for other pulses.
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Fig. 3. The earliest arrival time of the pulses labeled in
Fig. 2. is shown as a function of energy. For pulses 1 and 2,
the curves are closely linear over the energy range plotted.
However, pulse 3 displays notable nonlinear behaviour.

In Fig. 4, we compute the ionisation rate for
the hydrogen atom near the metal surface at scaled
energies £ = —0.6 with various excitation energy
E = 1/ (2N 2). The outgoing electron wave packet
is modeled by an ensemble of trajectories with the
minimum uncertainty determined by Eqgs. (7) and (8)
. The physical distance d is simultaneously adjusted
to keep the scaled quantities E' constant. This leaves
the classical Hamiltonian unchanged, but the effec-
tive planck constant fis decreases by 1/N. Thus, the
extension of the Gaussian wave packet in the energy—
time plane decreases by 1/N and the energy—time-
averaged pulse train will be closer to the unaveraged
pulse train.['5] Figure 4 shows the pulse trains for
N = 20,80,400. In each case, the width of the av-
eraged electron pulse is dependent on A; (o, which

scales as 1/v/N. As shown in Fig. 4, rather than
centring on the unaveraged pulse 3, the energy—time-
averaged pulse 3 shifts toward larger time. This can
be understood by examining the arrival time curve in
Fig. 3. At the central energy E. = —0.6, a Gaussian
distribution of energies at E. has equal weights above
the dashed line as below. However, the variation in ar-
rival time above the line is smaller than the variation
below the line, since the curve is bent to infinity below
E.. Therefore, the energy-averaged pulse tends to pile
up at a time falling behind the unaveraged pulse.
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Fig. 4. The ionisation rate for hydrogen atom near the
metal surface at scaled energy FF = —0.6 for different exci-
tation energy E = 1/ (2N2). The thin line is the unaver-
aged pulse train, while the thick line is the averaged one
for N =20, Ay = 0.5444, A = 0.0419, d = 480 a.u. and
t scale= 0.254 ps; dashed curve for N = 80, A; = 0.2722,
Ap = 0.0209, d = 7680 a.u. and t scale= 16.28 ps; and
dotted curve for N = 400, A; = 0.1233, Ag = 0.0094,
d = 192000 a.u. and t scale= 2.035 ns.

4. Conclusion

We have investigated the ionisation rate of the
hydrogen atom near the metal surface, excited by a
pulse laser. The outgoing wave packet is initialized as
an ensemble of electron with an initial launch time
distribution and an initial energy distribution. In
real experiment, the applied laser pulse has a non-
zero pulse duration and the ionisation pulse will not
be simply a sharp peak with an exponentially decay-
ing tail. As the arrival time of each electron pulse
is energy-dependent, the actual ionisation pulse train
will be averaged by the uncertainty of the wave packet.
However, a detailed calculation can help us to opti-
mize the Gaussian wave packet to arrive at a certain
narrow peak in the ionisation pulse train. We also
investigate the effect of different excitation energy on
the ionisation electron pulse train and find that the
excitation to higher N Rydberg states will produce

narrower electron pulse train in the ionisation as well.
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