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We investigate the effect of intense. low-frequency fields on the structure of atomic hydrogen
{prepared in the presence of an external dc electric field.. The em field (of amplitude £, and fre-
quency «) interacts with a low-lying (n in the range of 2-7} two-level system of “‘one-dimensional™
hydrogen [transition frequency wy,={N + 1} and transition dipole moment u]. The field couples
strongly to the permanent dipole moments of the two levels (d, and ), creating a large number of
equally spaced sidebands (spacing equal to w) that share 4 among themselves. The distribution of
the osciliator sirength depends on the universal parameter id; — d1E/w. We determined the tran-
sition moment g of the Nth sideband for a variety of ladder and off-ladder systems. Our results in-
dicate that at sufficiently high intensities that are comparable to the threshold of classical chaos of
the many-level hydrogen-atom system, off-ladder sidebands become as strong as ladder sidebands,

thus breaking the one dimensionality of the system.

There has been considerable recent work on the excita-
tion and ionization of atomic hydrogen in the presence
of strong dc and ac fields.””*' In particular, one-
dimensional atoms prepared by exciting high-lying states
of atomic hydrogen in a strong external dc electric field
have been the subject of great interest. Studies have indi-
cated that these atoms are unconventional in their stryc-
ture and spectroscopic properties.” Recently, attention
has been drawn to the response of such atoms to intense
low- frequency radiation for the investigation of chaotic
dynamics in guantum systems, 4.3

The response of this system to low-frequency radiation
has been extensively analyzed in recent years with the use
of a classical one-dimensional model similar to that of an
electron over a liquid-helium surface.® ° This model pre-
dicts ionization for radiation strengths larger than some
critical value. brought about by diffusive excitation due
to chaotic motion of the electron. The predicted intensi-
ty thresholds for global chaos agreed well with experl-
ments performed on  three-dimensional atoms.  The
effect of clamping dc fields on the threshold and on the
number of states trapped in nonlinear resonances was
also determined using this method.”® 10

The quantum-mechanical one-dimensional model has
also been extensively studied in recent years by numerical
simulation.'! The results indicate that, under some cir-
cumstances, quantum wave packets remain localized, in
contrast to the chaotic diffusion predicted by classical
calculations, pointing to a quantum limitation on classi-
cal chacs, However, the quantum-mechanival simule-
tions still indicate the presence of an intensity threshold
(Iving equa! to or higher than the classical one) above
which diffusion takes place.’' This has recenl]y been at-
ribuled Lo nlU“AP] lol qu...dLI‘u £ suflicicn
cause n mixing of the system.'

In spite of the extensive use of this one-dimensional
model thearetically and experimentally. there is still an
uneasy feeling lingering about its validity and applicabili-
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ty in the presence of intense external fields. It is known
that in one-photon, near-resonance excitation, the excita-
tion is dominated by processes where An, =An. and as
such the system maintains its dimensionality. However,
under low-frequency interactions involving the deposition
of many photon energies, it is not clear that this will con-
tinue to hold. Although there is some experimental evi-
dence for the preservation of one dimensionality during
the interaction time, this evidence is from experiments in
which the field was well below the threshold for classical
chaos.?

In this paper, we examine an effect that involves the
absorption of the equivalent of many photon energies but
does not involve a multiphoton process, instead coupling
to the permanent dipole. In particular, we study the
dimensionality under the influence of external low-
frequency ac fields whose intensity is comparable to the
threshold intensity for classical chaos. We take herc an
unusual approach, by first determining the effect of the
field on the structure of atomic hydrogen. The ac field
generate atomic sidebands of spacing equal to the exter-
nal field frequency in a fashion that is similar to frequen-
cy modulation of classical oscillators or laser output
{frequency-modulated hydrogen). If the bandwidth of the
modulation is large enough, the system can make single-
photon transitions via the sidebands, resulting in strong
excitation of otherwise weak transitions. The preserva-
tion or breaking of the one-dimensionality is then defined
in terms of the relative strengths of such excitations
within a given pair of » manifold<. Our analves showe
that at sufficiently high intensities, that are comparable 10
the threshold of chaos. certain off-ladder transitions be-
come as strong as ladder transitions, thus breaking the

We attack 1h1$ problem b) taking some hints from the
interaction of polar molecules with mnlense radiation. Re-
cently, it was noted that the existence of a permanent
electric dipole 1n a polar meiecule allows the absorpuorn
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of a large number of photons in a restricted two-level sys-
tem.¥ Here, we reexamine the interaction and present a
view in which the absorption proceeds via single-photon
absorpuion by sidebands that arc created by the mierac-
tion of the intense field with the permanent dipole. This
idea has not surfaced in the literature with regard to the
recent work of interaction of palar molecules and one-
dimensional hydrogen with intense radiation. We use
atomi¢ units throughout.

The interaction of a two-level svstem |6, } and ié-) of
time-dependent amplitudes ¢ and « > with the field is de-
scribed by the following two coupled equations:

da’] Lo ’ . ., et
_‘;I"'"T'Iff”a}:—fffuu:c R
da’
- - N . et
+iHav=—iH%aje "
dr aal - ’

where ¢ = L. —F. v abe field-free transition frequen.:
and H  are the matrix elements of the dipole operator
H, ={é;H ).

The term M. where i+ j represents the coupling of o
single-photon transition between the two-level system
and the external fwid, whercus the term £, arses from
the interaction of the external field with each of the states
individually, and it is nonzero if the corresponding state
has a permanent dipole moment (.e., does not have
definite parity . These represent frequency shifts with
H,, shifting the lower level and H,, shifting the upper
level. We should mention at this point that these shifis
are unconventional in atomic svstems due to the absence
of permanent dipoles. Thelr natvie and origin are
different from those usually encountered in multiphoton
excitation of multilevel systems which are due to certain
energy nonconserving transitions in the interaction. The
latter energy shifts are constants {except for time depen-
dence resulting from the envelope of the ac field) and
vory slowhe with the frequency of the externa? ficld Thi
former shifts. however, are not constants in time; they os-
cillate at the frequency of the exrernal field.

To determine the eflect and the nature of these shitis,
we first make the following phase transformation:

a’=ua, exp [_ffl H,di I

In the dipole approsimuiron, the explicit tine depen-
dence of the H. ix gnen as H.-=upuE. lticoser
H” d, £.J FeOsl, and H«ﬁ—dgEU(r)cosmr, where y is

comatr o Jlamens T Ul e s Jipsll meneo
operdmr and d] and a' are the permanem dipele mo-
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m‘el\.

W will aeetme that the time vefusiog of e Auld wn -
plitude 1s small compared to the changes in its phase, and
T O o e T O T N T P B P T Y
be easily mrrnd out for the abeve time dependence of H

giving sine functions. Now the time-dependent exponen-
tiale of the form 7YY cqn he esxpanded ac an infinit
series in terms of the harmonics of the freauency o and.
as a result. the two coupled equations describing the sys-

tem rran<forp e the following
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Where w) = o™ Awand A s w posilive of Hegalive licge: .

d =d.—d- and J_is the Beseel's function of arder 4.

The above expansion has effectively changed the two-
level svstem of transition frequency o into a two-leve!
system whose transition frequency is not defimte. The
tran<ition matriy elomert of the paacon 7 wvaen o
distributed among the sidebands accordmn to
py=uddEy /e and the single-photon mteraction coi-
phing takes the form H. =y E iricosen

We now discuss the possibility of strong single-photon
absorplion at frequency w. On the surface. it appears
that the svstem cannot interact strangly with the fizld
However, tron the above ascussion, 11 1s
clear that the total transition probability is the sum of the
individual transition probabilities to all the sidebands. In
fact oue can adjust or tune the external held requency so
that the field resonates strongly with one sidehand
lw=w;—Apw). In this case we find that the transiion

SIICE ) <=y,

frequency . is a2 multiple of w: «w =k +1y:=
Na, where N is an integer. Single-photon “sumulated
emission”  also  occurs  in  this  situation  with

W=Nw, ana AT AT L
However. it is suppressed relative te absorption when
dE, /0 <1, because Hi, is proportional to a higher-order
Becsel function thar ;. The ather sidehand. =1
k==k,) will not interact strongly and can be neglecied,
However, if none of the sidebands dominates, then more
than one must be retained.

In the following discussions we consider the cis
one sideband dominates the mieraction. wnd piovecd 1o
discuss specific cases of atomic hydrogen in the presencs
of external de electric helds. W studied excitation trom
one- dlmenmona] states originating from the » =2 muni-
Pols o ene-dimicns il Ciigitiel .
5, 6. and 7 manifolds. In addmon we qtudl d exvitEion
from the r =200 2 n RIS GRS and o = 4y St

Because each n state sp]ns in the presence of a sirony
de field imto a number of parabolic states sspecities 4 1
quantur numbers fi .-, and o there are seve,
sitions within a pair of » manifolds Ladder transiion.
are defined by Anl—._\rz fo ”1 Zn. or by ._\n- = ._\. tfor

*C:)E('J;_klw, wU:\kl“ 1,

MOere
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deﬂned by An.=An fm’ ", in: or by .\u::A': ror
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cal]ed Very oﬁ ladder™ transinions. We will s mdu-
tion o 106 froos COL laeirs b e 0T e
ca]culatlons, Th]x 16 an interesting source of radmtmn
Slilv o 10 sadddnes i L B e Y T il

and 1« canable of dehivering high mtensitios

The state of maximum n, for a given n correspond-
the <t
fas N Increases states become more Ithe ong
dimenstonal states in energy and other characrermus'
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{given n), ladder transitions will keep it in such states,
maintaining the one dimensionality, whereas off-ladder
transitions will take it into different states, breaking the
one dimensionality. We intend to compare the strengths
of ladder and off-ladder transitions to see if one dimen-
sionality is likely to be maintained. We will also concen-
trate on m =0 states, as the “one-dimensional” states
have m =0 and with the 7 polarization studied Am =0.
However, the method is much more general and we are
able to study transitions between states of any n,, n,, and
m.
Let us calculate the permanent dipole moments of the
initial and final states of each of the various transitions.
This is done by using d =(é,'( —ez)|é, ). The transition
matrix element is calculated using u=<{¢,(—ez)ld,,).
Although the energy spacing of the upper manifold de-
pends on the magnitude of the dc field present, our previ-
ous studies showed that the effect of fields even as high as
20 kV/cm is negligible on the wave functions of the low-
lving excited states of hydrogen.'* Therefore we will use
the zero-field parabolic wave functions for all of our cal-
culations of 4 and p.

Figure 1 gives the permanent dipole moment plotted as
a function of the parabolic guantum number n, of the
one-dimensional states of the various n manifelds. Figure
2 gives transition dipole moment u; for transition be-
tween the state (1, =1, n,=0, [m'=0) of the n =2 mani-
fold, and the parabolic states of the n =3, 4, 5, 6, and 7
manifolds. Those are plotted as a function of the n,
quantum number of the upper states.

Let us first discuss the excitation between the states of
n =2 and 3 manifolds. Here we have a number of iransi-
tions. For any of these transitions, the energy absorbed
in making a transition from # =2 to 3 is approximately
16.1 photon units of energy. Thus the resonant sidebands
for one-photon transitions are the 15th and 17th. Since
the oscillator strength of the 15th sideband becomes ap-
preciable at a lower ac field than that of the 17th, we will
concentrate on the 15th, for we are interested in the
thresholds of processes. The transition from (1.0.01 to
(2,0,0) is a ladder transition with an oscillator strength of
1.814 while the transition from ¢1.0.0" to (1.1.0V is an off-
ladder transition with an osciliator strength of 1.19. The
very-off-ladder transition is from (1,0,00 to {0,2.0) with an
osciliator strength of 0.044. Figure 3 gives the distribu-
tion u'i- for the ladder transition {1,0,0) to (2,0,0 for two
field intensities. We can see that at the higher intensity,
the 15th sideband appears to carry a larger fraction of the
oscillator strength of the ladder transition. A similar plot
for the off-ladder transition is given in Fig. 4 at the
highest intensity used in Fig. 3, showing that the 15th
sideband also carries a larger fraction of the oscillator
strength of the off-ladder transition. Tne rest of the side-
bands were not shown because their oscillator strengths
are very small.

We will now further study the 15th sideband. Like alt
other sidebands, 1ts oscillator strength will oscillate as a
function of x =id.—d E /w since 1t is proportional to
the Bessel function J,<(x). Figure 5 gives the oscillator
strength of thisv band as a function of intensuay for the
ladder. off-ladder. and verv-off-ladder transinions. First,
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FIG. 1. The permanent dipole moment of the m =0 parabol-
ic states of the N =2-10 manifolds as a function of the parabol-
ic 7, quantum numbers.
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FIG. 2. The transition dipole moment from the n,=1,
n.=0, m =0 parabolic state of n =2 to some m =0 parabolic
states of higher-n manifolds as a function of » .
necting the points are used to guide the eye,
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FI1G. 3 The oscillator strength of the sidebands o the ladder
transition between the (1,0.00 and (2,0.0) states for the two inten-
sities 107 and 1.6G = 1077 Woem', shown as and @ respective.
Iv. Higher sidebunds are weak and are not shown.
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FIG. 4. The square of the oscillator strengsh of the sidebands
of the off-ladder transition between (1,000 and (0.2.0! for an in-
tensity of 1.69X 10" W/cm?. Higher sidebands are weak and
are not shown.

we observe that the contribution of the very-off-ladder
sideband is very small compared to that of the ladder and
off-ladder at all intensities, making it of no importance.
In fact we found that this feature is generally true in all
transitions studied, and as such, we will neglect all of the
very-off-ladder transitions.

Another important feature of Fig. 3 15 a direct resul: of
the oscillatory nature of the Bessel function. The results
show that at low intensities the strength of the fadder
transition is stronger than that of the off-ladder transi-
tion. But at higher intensities, the ladder transition staris
to oscillate around zero while the off-ladder continues to
rise. Al even higher intensitics, the strengib of the of
ladder transition becomes equal to that of the ladder
transition and osciliations appear of a different pertod
and out of phase); thus both can be equally strong. The
intensity at which they first become comparable tequal

D '
T iadder
4 (Ang=1)
-34 |
- . )
e + e
3 i
v 6 ‘(’zn"? ) off-lodder
A '1 (m-.z 1) (An2=1)
9 ES
o
-a4
£ : 1-p-
1 | fchaoos !
+ / fregion |
-12 A
G 160 oo it
fntensity (101 0 W/cmz)
L. 50 The oscihiator strength ol the 15th sideband tor

tadder. off-ladcer. and verv-off-ladder transitions from the state
(1,0,00 to the n =3 manifold as a function of intensity. Noted on
the x axic a7 [ the chanc threshol? for an elecrrnn crariine ay
n =2.and I. the threshold for lose of one dimenacnahny. The
troughs in the graph actually go to zero.
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FIG. 6. The oscillator strength of the fifth sideband for
ladder, off-ladder, and very-off-ladder transitions from the statc
(2,0,0) to the n =4 manifold as a function of intensity.

defines for use the threshoid for breaking of dimensionali-
ty I,. In this case, it occurs at 1, =2630X10"° W/em®.

We next examine some transitions hetween » =3 and 4
and between » =4 and 5. In these cases the relevant side-
bands. using 4 =10.6 my.. are the fifth and second. re-
spectively. Transitions between n =6 and 7 fall into the
high-frequency regime (0>, " at 10.6 ym. There arv
many more transitions that can be examined here. How-
ever, we will only consider transitions from the bluest
(2,0,0) and (3,0,0! states, respectively. Figures 6 and 7
give the results which show similar features to those seen
in the excitation between the » =2 and 3 manifolds.
However. as< n rises. one sees a drop in the intensity [ at
which the off-ladder and ladder transitions first become
comparable, These results are compiled in Fig. &

It is tnteresting to examine this behavior in relation to
the 1ntensity 7 at which one-dimensional hyvdrogen
prepared in the imitial states n =2, 3, 4, 5, and o6, respec-
tively, becomes chaotic according to classical mechanics.
The intensity I, was calculated by numerical simulation
using a one-dimensional classical model similar to that of
an eicctron near a helium surface, giving the svalue

i
off —ladoe-
{ary=""

FIG: 7 The
ladder. off-ladder. and serv-off-ladder transitions tron: the state
(3,0,01 10 the # =5 manifold as a function of intensity.

paotlfatar atrapork of the ceonnd wideboaed £
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FIG. 8. The intensity at which the off-ladder and ladder tran-
sitions first become equal, I, is plotted for the various initial n
manifolds.

214X10%, 6.6X10', 0.26X10", and 0.019Xx10"
W/em? for n =2, 3, 4, and 5 initial manifolds, respective-
ly.® These values are plotted in Fig. 9 and have already
been marked in Figs. 5~7. Thus we can see that [, > I,
for the initial manifolds » =2, 3, 4, and 5. It is therefore
useful to define the condition W =1, /1. 21 as an intensi-
ty window (range) such that the chaotic region may be
observed in a system which is still one dimensional. The
equal sign (W =1) is the case when the window just
closes, while W <1 indicates that the system loses its
dimensionality before it becomes chaotic. It is clear from
the results that the window widens as the initial state is
derived from higher n manifolds (implving improved one
dimensionality}.

In a single measurement in which the system is
prepared in a given initial manifold, one would be in-
terested in seeing how the dimensionality of the system
changes as the excitation to higher levels proceeds For
this purpose, we take an example in which the system is
initially in the (1,0,0) of the n =2 manifold. Dividing the
intensities at which the system loses its one dimensionali-
ty by 1.7 1012 W/cm? (the threshold of chaos for n =21,
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F1G. & The classical 1onization threshold inwnsity caloules

ed using a one-dimensional classical mede! similar to that of a
surface electron for various # manifolds.
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we get Fig. 10. Notice that, although the system does not
lose one dimensionality in the initial transition
n=2-—n =3, as the excitation proceeds it would lose one
dimensionality at the n =4 to 5 transition. This loss of
one dimensionalily in the subsequent excitation can begili
either in the low-frequency (w <w,) regime, as it does
here, or in the high-frequency regime {w > wq), which
starts at p =6-—n =7 for 10.6-um radiation).

However, we have not found any evidence of a loss of
one dimensionality at or below the chaos threshold for
the first transition in the excitation, starting from the
state for which the chaos threshold is computed. It is
only for subsequent transitions, with n greater than that
for which the chaos threshold is computed, that the one
dimensionality is lost.

The radiation can also interact with the system by con-
necting levels whose principal quantum numbers differ by
two or more, with contrasting results. As an example, we
studied direct excitation from the bluest state of the n =2
manifold, (1,0,0), to the states in the n =3, n =4, n =5,
n=6, and n =7 manifolds. In these transitions »
changes by 1, 2, 3, 4, and 5 in contrast to the above cases
where An =1 Keeping the frequency of the radiation
constant, then the 15th, 21ist, 23rd, 25th, and 27th side-
bands, respectively, control the interaction in these mani-
folds. Figures 11-14 show results for ¥ =4, 5, 6, and 7.
respectively.

One interesting feature which one can see from Figs.
[1~-14 is the drop of the intensity at which ladder and
off-adder transitions become comparable {I,) as the
quantum principal number of the final state increases,
leading to a closing of the window (W <1). As an exam-
ple we plot in Fig. 15 this intensity as a function of n for
the (1,000 to (n —1,0,0) and (1,0,0! to (0,n —1,0) transi-
nions. But because the absolute strength of all transitions
(ladder and off-ladder) drops as »n increases {see Fig. 16,
these processes become weak, and thus mayv not be of any
major conseqguerce.

We also studied the frequency dependence of these re-
sults. Using radiation of 21.2 um, we find that the inten-
sity at which the off-ladder and ladder strengths become
comparable does not change. This is dug 10 a cancella-

—_-2)

lb/lc(”

FIG. 10. The ratio of the intensity 1, of lose of ore dimer-
sionality to the n =2 intensity threshold of classical chaos.
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tion of the frequency dependence contained in the order
of the Bessel function and in its argument. Given k, the
number of sidebands necessary at frequency w, & +1 is
proportional to 1/w, and the Bessel function of order k
peaks at dE ., /w, which is also proportional to k +1.
Since (dE |, /w)<(k +1) and (l/w)x(k+1), then
(dE . /w)=(1/w). Hence, as o changes, dE ., and
consequently £, (d is independent of frequency)ﬂare
frequency independent. This implies that 1., & E ..
the intensity at which the off-ladder transition maxi-
mizes, is frequency independent. This maximum is sim-
ply the intensity at which the iadder and off-ladder tran-
sitions become comparable, which s thus frequency in-
dependent.

The chaos threshold, on the other hand, depends on
frequency. However, at sufficiently low frequencies
@ <<dE /dn, the chaos threshold is expected to be some-
what insensitive to frequency, since the conditions are
cinse to the de limit. Thus one expects the window W to
be nearly frequency independent in this regime. Calcula-
tions for the case of 21.2 um verified this frequency in-
dependence.

In conclusion, we find that the permanent dipole-
induced sidebands are verv interesting and make the
one-dimensional hydrogen atom unusual among atoms in
its response to external fields. The same kind of side-
bands of course arise in any system which has a per-
manent dipole moment such as a polar molecule, and in
fact their effects were first discussed in interactions of
molecular systems with external fields.!® However, the
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nature of these eflfects was explained in terms of multi-
photon processes rather than sidebands.

Our results were applied to the question of whether
loss of dimensionality occurs at a lower or higher laser in-
tensity than the threshold of chaos in the analogous clas-
sical system. Such a loss of dimensionality does occur in
subsequent transitions at or below the threshold of chaos
for the initial state. However, it does not appear for the
initial transition. The loss of dimensionality can aiso ap-
pear for direct transitions from the initial quantum state
to a much higher one, skipping states in between, but
these processes are weak and may not be significant.

The equal spacing of the sidebands indicates a linear
(harmonic-oscillator-like) response of the restricted two-
level system. This linear behavior, of course, does not
constitute chaos, but it is a strong two-level effect and so
will bear directly on the nature of any chaos effects in the
full multilevel system. Nonlinearity, which is provided
by the nonlinear Coulemb interaction. is necessarv for
classical chaos to occur in the radiation-atom system.
Quantum mechanically, this translates into unequal
energy-level spacings, as opposed to equal energy-level
spacings for a linear system. For a two-level system, the
distinction between linear and nonlinear does not apply.
because there is only one energy-level spacing. However,
the two-level approximation is useful by giving a simple
system within which one can gauge the strength of vari-
ous effects in the real system. Future work involves
studying the sidebands when more levels with different
spacings are included.
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