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Abstract

We present a theoretical investigation on the above-threshold ionization of the
exited hydrogen atom in (ns) states using a non-perturbative method of solving the
Schrodinger equation in momentum space. A systematic calculation on the
photo-electron energy spectra is performed, and the dependence of the spectra on
the laser field strength and frequency is also discussed.
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I. Introduction

The above-threshold ionization (ATI) of atoms in the intense radiation field exhibits
many interesting nonlinear features that have attracted a great deal of investigations
both experimentally and theoretically. A review on this subject can be found in
the article by Burnett et. al.!. One of the most important nonlinear effects in ATI
1s the significant suppression of the lowest-order peaks in the photoelectron energy
spectra with increased laser intensity. Another striking feature in ATI is that the
relative sizes of the consecutive peaks in the spectra become inverted. This “peak-
switching” effect is caused by the multiple transitions of the electron through the
continua during the redistribution of the final continuum states. Most of the theoret-
ical studies on ATI are concentrated on the hydrogen atom in the ground state?=14.
For the excited hydrogen atom, the investigation is less explored. The two-photon
lonization cross-sections with one photon above threshold for hydrogen atom in the

15 using a method based

excited (ns) states have been studied by Aymar and Crance
on numerical computations in the frame work of the central field approximation, and
also by Karule'® employing above threshold analytic continuation of the Sturmian
expansion for the transition matrix elements. The problem was further extended to
the three-photon ionization with two-photon above threshold by Han and Yaung!”
using a Monte Carlo approach. Recently, a number of interests are concerning for
the highly excited hydrogen atom in an intense field using semi-classical approach,
and the quantum-classical correspondence is discussed!®!?. In the previous work!?,
we applied a non-perturbative method of solving the Schrodinger equation in mo-

mentum space to investigate the above threshold ionization of the hydrogen atom in

the ground state. In the present paper, we shall extend our analysis to the excited



hydrogen atom in the (ns) states and perform a systematic calculation for the pho-
toelectron energy spectra. We find that quite different results are obtained when the
hydrogen atom in the higher excited (ns) state undergoes many photon ionizations.

The mechanism for this different behavior will be discussed.



II. Theory

The method used in this paper has been developed in the previous works'!?°. We
briefly review the essential features here. Consider an electron initially, at ¢t = 0,
bounded by the atomic potential, V, in the state |®,(t)) = |¢,)ezp(—iE;t/R), with
E; the initial energy. The time-dependent wave function, |¥(t)), is expanded in
terms of the Volkov functions®® and substituted into the time-dependent Schréodinger
equation that leads to a set of first-order inhomogeneous integrodifferential equations
for the expansion coeflicient a(t). A slowly-varying function b;(t) is extracted and we

can extrapolate it using a Taylor series expansion. For the monochromatic linearly-

polarized field
A(t) = Apcoswt, _ (1)
the ionization amplitude can be obtained, in the first-order approximation, as

ag(t) = ag(0) - %Z]n(ﬁ)b,;(o)

X /Ot dt'exp [% (;—m - F,—Q — nﬁw) t'} (2)

where a(0) is determined from the initial boundary condition and the coupling pa-

rameter £ = ¢ (lg . EO). The quantity @ is given as
mew
1 L B
Q= gy [ F1Fe(0)ag(0) + b O)EVIF), (3)
P

with

27.2 A
hk — Ei) t— eFl(ﬁ(ﬁsmwt, (4)

Fi(t) = ( o

and |/Z) is the eigenvector of p. Eq.(2) shows that the ATI photoelectron peaks occur

at energies

2

p
By= 5~ =nhw~1+Q (5)



where I; = —E; is the ionization energy for the initial state ¢;. It can be seen from
eq.(5) that the energies are shifted by an amount @, which comes from the A - p
interaction and is an important effect responsible for the peak-switching in the pho-

toelectron spectra.



III. Result and Discussion

We now present the numerical calculation of the above-threshold ionization for the
hydrogen atom in the excited (ns) states. We have calculated the probability func-
tion, |ax(t — 00)|?, for different values of the laser field strength and laser frequency.
The expression for |ax(t — o0)|? can be easily obtained from eq.(2) by letting ¢ — oo.
We first consider the case of (2s) state. Figure 1 shows the photoelectron spectra
for the laser frequency w = 0.05 a.u. (Np = 3), where Ny is the minimum number
of photons absorbed required for ionization. It is clearly seen that the lowest-order
peak is significantly suppressed with increased laser field. Our results also exhibit
the peak-switching, i.e., the magnitudes of consecutive peaks become inverted as the
field increases. Similar results are obtained for the cases of laser frequencies w = 0.03
a.u. (Ng = 5) and w = 0.02 a.u. (Ng = 7). These important features can be seen
more qualitatively in the plot of the probability function versus the field intensity
I for different photons absorbed as shown in Fig.2. In general, for low field region,
the curves increase linearly with the field strength. As the laser field increases, the
higher-order curves increase rapidly and eventually overcome the lower-order ones.
Thus, the peak-switching will occur successively at some critical field for higher-order
curves, and the curves are finally all reversed in the high field region. It is found that
the peak-switching occurs in the field ranges [ = 8 x 10 ~ 6 x 1023(W — ¢cm™?) for
the case w = 0.05 a.u., I = 7 x 10'° ~ 9 x 10'*(W — cm~?) for w = 0.03 a.u. and
[ =2x10"%~ 6 x 10"(W — cm™?) for w = 0.02 a.u.. The reason for this is due to
the energy shift @), which is an important effect responsible for the peak-switching
as we shall discuss later. We have also studied the above-threshold ionization for
(3s) and (4s) states. The results are shown in Figs.3 and 4, respectively. For (3s)

state, the peak-inversions again occur gradually as the field increases to higher val-



ues for the cases of high frequencies w = 0.022 a.u. (Ny = 3) and w = 0.0135 a.u.
(No = 5) as shown in Figs.(3a) and (3b). However, we find a quite different result
as the laser frequency decreases to lower values, that is, for many-photon ionization.
It can be seen in Fig.3(c) that for w = 0.0092 a.u. (No = 7), the order of curves
changes very rapidly and becomes all reversed abruptly in a very short field region:
I =2 %100 ~ 8 x 10'%W — cm™2). This dramatic behavior is also observed for
the case of (4s) state as shown in Figs.4(b) and 4(c), where for the low frequencies
w = 0.0075 a.u. (No = 5) and w = 0.005 a.u. (Ny = 7), the peak-inversions again
occur in very short field regions : 1 =1 x 10" ~ 7 x 10"Y(W — c¢m~?) for the case
of w = 0.0075 a.u., and I = 2 x 10'® ~ 8 x 10*°(W — em~2) for w = 0.005 a.u..
The reason for this is due to the effect of the energy shift as we just pointed out. In
the following, we shall discuss the relationship of the energy shift @ with the peak-

switching observed in Figs.2-4.

Figure 5 shows the result of the energy shift () as a function of the field intensity /
for the (2s) state. For small field ) is small, so the lower-order spectra are dominant
and no peak-switching occurs. But for higher field @ increases fast and its effect
becomes sizable. The peak-switching will then occur successively for each higher-
order curve at some critical field as shown in Fig.2. It is worth noting that our
energy shifts @), which come from the A- p interaction, are different from different
final states. This differs from some previous calculations where the shifts are due to
the ponderomotive energy, which increases only with the field strength, but remains
the same for all states. However, our energy shift @) increases not only with the
field, but also with the final continuum states. As seen from Fig.5, at a fixed I the

tendency of the magnitude of Q) to increase with the order of curves is quite fast.



Therefore, these two effects of increasing () are combined together to enhance the
interesting results obtained in Fig.2. We have also studied the cases of (3s) and (4s)
states with the results shown in Figs. 6 and 7, respectively. It can be seen that
for high laser frequencies w = 0.022 a.u. (Ny = 3) and w = 0.0135 a.u. (Np = 5)
of (3s) state in Figs.6(a) and 6(b) , and w = 0.015 a.u. (Ny = 3) of (4s) state in
Fig.7(a), @ increases gradually with the field strength as in the case of (2s) state,
so the occurrence of the peak-switching is similar for all the cases of (2s), (3s) and
(4s) states as indicated in Figs. 2-4. However, the situation becomes quite different
when the laser frequency becomes small. It is clearly seen that for w = 0.0092 a.u.
(No = T7) of (3s) state in Fig.6(c), and w = 0.0075 a.u. (No = 5) and w = 0.005 a.u.
(Np = 7) of (4s) states in Figs.7(b) and 7(c), @ increases abruptly in a very short field
region: I =2 x 101 ~ 8 x 10'°(W — cm™?) for the case of w = 0.0092 a.u. (Ny = 7)
of (3s) state and for w = 0.005 a.u. (Ng = 7) of (4s) state. This abrupt change in
@ is also observed for the case of w = 0.0075 a.u. (Ny = 5) of (4s) state in the field
region: [ =1x 10" ~ 7 x 10" (W — cm™2). Thus, the effect of Q increases so rapidly
that the peak-inversions will also occur abruptly in these corresponding short field
regions as we have pointed out before in Figs. 3 and 4. Therefore, our results show
that the energy shift @) is closely related to the peak-switching in the photoelectron

spectra, and the correspondence between them is quite consistent.



IV. Conclusion

We have presented a systematic calculation on the above-threshold ionization for
the excited hydrogen atom in the (ns) states. We have calculated the photoelectron
energy spectra for different field strengths and laser frequencies. It is found that
the peak-switching in the spectra is closely related to the energy shift Q. For the
(2s) state, @ is small for small field strength, and the lower-order spectra dominates
so that no peak-switching occurs. As the field strength increases, the energy shift Q
gradually increases so the peak-switching will occur successively for each higher-order
curve at some critical field. For the (3s) and (4s) states, the behaviors of the energy
shift @) and the peak-switching are similar to the (2s) state when the laser frequency
is high. However, we find a quite different result for the case of low frequencies, that
is, for many-photon ionizations. It is found that @ increases abruptly in a very short
field region so that the peak-switching will occur very rapidly, and the order of curves

becomes all reversed in this correspondihg field region.
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Figure captions

Fig.1

Fig.2

Fig.3

Fig.4

Fig.5

Fig.6

Fig.7

Relative heights of ATI peaks, normalized to the first peak for the (2s) state of
hydrogen atom. The laser frequency is w = 0.05 a.u. (Ny = 3) and the laser
field strengths are (a) 0.001 a.u., (b) 0.005 a.u., (c) 0.01 a.u., (d) 0.05 a.u., (e)

0.1 a.u..

Probability density Px = |ax(t — o0)|* as a function of the field intensity
I(W — em™?) for the (2s) state of hydrogen atom. The laser frequencies are
(a)w=0.05 a.u. (No = 3), (b) w = 0.03 a.u. (Ng = 5), and (¢) w = 0.02 a.u.

(No = 7). N is the total number of photons absorbed.

Same as in Fig.2, but for the (3s) state. The laser frequencies are (a) w = 0.022

a.u. (Np = 3), (b) w=0.0135 a.u. (No =5), and (c) w = 0.0092 a.u. (No = 7).

Same as in Fig.2, but for the (4s) state. The laser frequences are (a) w = 0.015

a.u. (No = 3), (b) w =0.0075 a.u. (No = 5), and (c) w = 0.005 a.u. (No = 7).

The energy shift @ as a function of the field intensity I(W — crm~2) for the (2s)
state of hydrogen atom. N in the total number of photons aborbed. The laser
frequencies are (a) w = 0.05 a.u. (Np = 3); (b) w =0.03 a.u. (Np = 5), and (c)

w = 0.02 au. (No=T7).

Same as in Fig.5, but for the 3s state. The laser frequencies are (a) w = 0.022

a.u. (No =3), (b) w=10.0135 a.u. (No=5), and (c) w = 0.0092 a.u. (Ny = 7).

Same as in Fig.5, but for the 4s state. The laser frequencies are (a) w = 0.015

au. (No = 3), (b) w=0.0075 a.u. (No =5), and (c) w = 0.005 a.u. (Ny = 7).
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