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lonization of the surface-state electron by half-cycle electric-field pulses
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Institute of Physics, National Chiao Tung University, 1001 Ta-Hsueh Road, Hsinchu 30050, Taiwan
(Received 13 August 1996

The purpose of this research is to study the half-cycle piH&&P) ionization behavior of the surface-state
electron(SSB. Motivated by the experimental progress in the HCP source, we propose to investigate the HCP
excitation of the SSE system, which was confirmed to be one dimensional in nature. We examine the cases
with a wide range of scaled electric-field amplitudes, which have different time scales and pulse shapes. Our
results show some stabilization windows for the ionization probability with respect to these fields. The number
of windows increases with the length of the pulse duration. The origin of the window is shown to be related to
the energy gained from the driving electric fiel§S0163-182@07)03808-3

[. INTRODUCTION a physically one-dimensional system, the study of its ioniza-
tion behavior under the new electromagnetic source would
Recently, Jones, You, and Bucksbaum measured the iorpe interesting.
ization probability of sodium Rydberg states with respect to  First, we will briefly describe our method of calculation,
the field amplitude for a subpicosecond half-cycle pulseand then present our results. The length unit used is the ef-
(HCP).! They also measured the ionization probability of fective bohr,ap=a,/Z, energy unit isEy=—13.6 Z2 eV,
Stark states under HCPThe HCP used is a short electro- the frequency unit isv,=4.1341< 10'6 Z? sec’!, and the
magnetic pulse with unipolarity. The pulse duration is of theelectric field unit is Fq=5.142<10° Z2 V/cm, where
time scale as the Kepler period of the Rydberg states. Instea,=0.5292 A. For the excited state, the corresponding
of some hundreds of driving cycles in a typical pulsed laserfrequency isw,=n"3w,, and the nuclear electric field is
atom ionization experiment, in the HCP experiments the field=,=n"*F,. The scaled quantity used below is the ratio of
is turned off within a single Kepler period. These experi-the physical quantity and the atomic quantity.
ments are explorations in atomic excitation and attract a lot
of theoretical interest. Il. METHOD OF CALCULATION
In this paper, we address the ionization dynamics of the
surface-state electrotSSB under HCP, rather than the  We describe the SSE under HCP by the following Hamil-
atomic Rydberg states, for the one-dimensional property ofonian:
SSE discussed below. The electron on a liquid helium sur- 5 ) )
face is attracted by its own image charge, and the Pauli ex- o p —lzxzEsin(wt/7) if z>0
: . . =—+ . 2
clusion keeps the surface electron from the helium nuclei. 2 0 if z<0,
The binding energy of SSE is meV, while the repulsive bar-

rier is of the order of eV. So the electron Hamiltonian for the Where is the pulse duration. The sign indicates the elec-
SSE under external fiell is modeled &5 tric field is polarized along the positiveaxis and the- sign
for the reverse direction.

The system is prepared in an eigenstate with quantum

. p? [(—ZlzxzE if z>0 numbern before the turning on of the pulse. The wave func-
H= > if 2<0, @D tion ¥(z,t) in the time-dependent Schiimger equation
OP(z,t)
where Z=(e—1)/4(e+1) and e=1.057 23* The hydro- — = Hy(z,t) 3)

genic model gives correct experimental bound level transi-
tion frequencies up to high excited stafadlith the param- is propagated by the split-operator a|goriﬂ'9m

eter, the transition frequency betwees 2 andn=1 is 0.12 i i R

THz and the nuclear field strength for the ground state is Ir/,(t+A)=e*ipzA/4efiVAefip2A/4d,(t)+O(A3), (4)
1.73 kV/cm, which are in the range of the experimentally ) o

feasible HCP region. With this Hamiltonian, Jensen studieqvhere V' is the potential in Eq(2), and the effect of the
the microwave ionization of the excited SSE and explorecbperatore™ 'P"2** is evaluated by fast Fourier transform into
the classical manifestations of quantum chadisalso has the coordinate spac8.The spatial range is taken from 0 to
been widely used, as in the study of microwave ionization of25.6a, using 512 evenly spaced grid points for the SSE ini-
a Rydberg atorfi,in atomic strong field ionizatiohjn Cou- tially prepared in the ground state, and 0 to 30&R0sing
lomb scattering problefi,and in multiphoton dynamics of 2048 grid points fon=100. An absorbing function is placed
Rydberg wave packet in microwave fiefisdowever, the near the outer boundary to prevent unphysical reflecton.
HCP ionization of SSE has not been studied yet to oulFor calibration, we propagate the system without external
knowledge, either experimentally or theoretically. Since it isfield to one-half Kepler cycle and calculate the sum over
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FIG. 1. lonization probability against scaled field amplitude (a) t/Tk03 o4 05

with field in the + z direction. 7 is the pulse duration an@ is the
Kepler period for state with quantum numtrer

each grid for the squared deviation of calculated and exact ~ —quantum
wave functions. The deviation is less than 1% at the extremal T Fe=20 - - classical
case ofn=100, about 50 times better for=1. We are sat- . "
isfied with the current accuracy though a finer grid will im-
prove it. To obtain ionization probability, we project the

A
wave function at the moment of the turnoff of the pulse to 3
the WKB continuous wave function. For a positive energy E;
€, the normalized continuous wave function is 3
v

N s 5

¢e(z)_ ﬂ__pSIH E(Z) Z ) ( )

where the classical action function
z 2 1 \/_

S z)=f dé=pz+ —sinh “(€2z). 6

( . p(§)dé=p e (Vez) (6)
Equation(6) has the correct asymptotic behavior of Coulomb b)

wave function. We calibrate the WKB solution with the un-
perturbede=0 continuous wave ot wave in the three- : o . )
dimensional Coulomb problem which has an available anay FIG. 2. _(a) Average scaled coordinate against time WI'[h' one_half

. .12 . epler period duration(b) Average scaled momentum against time
Iytic solution:“ For the ground state grid used, the sum over, . : .

. - =~ with one-half Kepler period duration.

each grid for the squared deviation of WKB and analytic
wave function is 0.22%, and is 0.X70 3% for the grid of ) _ ) ) ) )

wave function in this problem. nonperturbative region, the ionization probability shows
anomalous stabilization windows as the fields are increased.
Ill. RESULTS AND DISCUSSIONS The regime has not been investigated either in quantum cal-

culations, or in experiment. A semiclassical calculation gave
In Fig. 1 we show the ionization probability of the highly identical results?

excited surface-state electron against the scaled field To understand the behavior shown in Fig. 1 for the HCP
(Fs=n“E,;). The scaled field is directed along thez axis  dynamics, we first look at the time evolution of the expecta-
and lasts for one-half Kepler cycle. First, we observe that théion values of the scaled positiorz/g?) and momentum
ionization probabilities forn=100 andn=50 are nearly (pn) at several specific scaled fields which show local ex-
identical. This is consistent with the classical scaling behavtrema in Fig. 1. The results from the classical calculation are
ior for high atomic Rydberg statés.Second, in the pertur- also shown. For the scaled field 1.0, in Figa)2he electron
bative region(for scaled fieldF;<1), the ionization prob- is first accelerated by both the external field and the Cou-
ability increases with field amplitude. This is the regionlomb attraction due to the nucleus and it is “bounced” back
studied experimentally on atomic Rydberg sthtasd our at 0.36, by the wall atz=0. At the same time its momen-
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FIG. 3. Energy gained by the electron from the HCP pulse vs  F|G. 5. lonization probability against scaled field amplitude

scaled field amplitude for field in the z direction with one-half  ith field in the + z direction for one-quarter and one Kepler period
Kepler period duration. durations.

tum, as seen in Fig.(B), reverses the direction. As the elec- results are quite close, which is expected for the highly ex-
tron moves out with certain momentum, the field is turnedcited surface-state electron that is considered.

off at 0.5T,. The electron will then propagate without exter-  Since the field is always directed in thez direction, the

nal force. We can see that the time scale is very importanklectron gains energy when moving towardz and loses
For pulse with longer or shorter duration, the motion will be energy when moving in the opposite direction. The total en-
much different. When the field is increased, the bounce ocergy gained by the electron during the pulse is shown to
curs at an earlier time as shown in the casé=g¥2 and  determine the ionization probability. We mention that the
4. In the case of scaled field 9.0, the electron first bounceslassical energy gain was discussed in Ref. 1. The quantum
back at around 0.1,. Near 0.25 (the electric field is at mechanical energy gain is defined as

its maximum at the momehit hits the barrier, due to the

HCP electric field, and bounces back toward the nucleus. It _ L

gets another bounce by the nucleus at aroundTQ.3%here Energy gaineer — fo Ensin(at/7)(p(t))dt, (7

is a similar behavior for the case of scaled field 12. Also

shown in Fig. 2a) and Fig. Zb) are classical calculations. where(p(t)) is the quantum mechanical momentum expec-
The classical results are obtained from a microcanonical €fzxtion value at. In Fig. 3 we plot the energy gained by the
semble of 500 initial condition’} The quantum and classical gjectron for each case described in Fig. 1. The energy gained
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FIG. 4. lonization probability against scaled field amplitude  FIG. 6. lonization probability oh=50 state with three different
with field in the — z direction with one-half Kepler period duration. types of pulse shapes.
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curve mimics the ionization probability and has the same IV. CONCLUSIONS
characteristic local extrema at the same scaled fields as in
Fig. 1. This justifies the interpretation that this quantity is the

most critical factor in determining the ionization probability tonian (2) has been shown to obtain ionization probability

for the HCP dynamics. consistent with experimental measurement on high atomic
For field directed along the z direction, the field always EXp : X 9
: : Rydberg states in the low field regime. We have extended the
drives the electron away from the nucleus during the pulse,

The stronger the field amplitude, the higher the ionizationcalculation to the high scaled field regime and observed in-

probability. Figure 4 depicts the results. The case is easy ttﬂ]e;eStc',Tfrig:\gggtgﬁggﬁgﬁ\f?;i?;é?f d'c;r;:/zat'forgrgr?hbeaglll;ga’lé;
understand and we did only one calculation. Theposcillation has been interpreted in t)érms of the ener \

For pulses with different duration, the oscillation of the __. . P gy
Lo - A ained by the electron as it bounces back and forth due to the
ionization probability as seen in Fig. 1 also occurs. For &

L wall at z=0 set in Eq.(2) and the barrier due to the Stark
shorter pulse at 0.2, we expect less frequent oscillation. field from the pulse. Since the SSE Hamiltonian is a physical
For a longer pulse, there will be more oscillations as themodel the stabilizétion windows would be interesting to
electron has the time to bounce back and forth between thr%easu,re
wall atz=0 and the barrier due to the Stark field at positive '

z. The calculated results, as shown in Fig. 5, agree with this

qualitative interpretation. We can expect that the longer the ACKNOWLEDGMENTS
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