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Abetract

We present new data which clearly predict a strong
jonization of hydrogen atom in a monochromatic field at fre-
quencies above a chaotic threshold which is much below the
conventional one-photon threshold. This effect, which leads
to a much stronger ionization than the usual phatoelectric
effect, is a quantum manifestation of the claseical chaos
and can be tested in laboratory experiments.
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The cross-section for one-photon ionization in hydrogen
atom is well known and can be calculated according to elementa-
ry quantium mechanice. For frequencies below the ionization
threshold, two or more photons are required and, for sufficient-
ly small fields, the probability of such processes is much smal-
ler than the standard one-photon ionization.

On the other hand, previous works [ 1-8] have indicated
that strong excitation and lonization can take place even for
frequencies well below the one photon ionization, This quanrtum
phenomenon is connected with the appearence of chaotic motion
in the corresponding classical system which leads to a diffusi-
on process describing by Fokker-FPlanck-Kolmogorov equation.

In order to clarify the above situation we analyze here
the ionization mechanism for a wide range of frequencies. To
this end we consider a hydrogen atom under a linearly polari-
zed monochromatic electric field in initial state with princi-
pal quantum number n, »” 1. For simplicity we restrict oursel-
ves to the study of very extended states with parabolic quan-
tum numbers n, = ne - { B9 n, = 0, and magnetic quantum number
m = O, For such states it is possible to use a one-dimensional
approximation and to describe the ionization process by the
one-dimensional Hamiltonian:
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where ¢ and ¢J are the field strength and frequency in
atomic units. The validity of this one-dimensional approxima-
tion is due to the small value of matrix elements for the
transitions with A n, £ 0. As a consequence the atom remains
one-dimensional during the interaction time [3,4] . This im-
portant fact has been also checked in laboratory experiments
in which such states were reproduced and excited by microwa-
ves fields [9].

Classical analysis [2,10] shows that for field strengths

£°= € nu4 higher than a eritical wvalue
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where h%*: &d:nﬂ3 is assumed to be > 1 and n, is the initial-
ly excited state, the chaotic excitation of the electron takes
place according to the diffusion law, The diffusion rate is




given by
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where Eﬁ=aféﬁydﬂ time measured in the number of microwave peri-
ods.

Due to the rapid growth of the diffusion coefficlent with n,
ionization takes place after a finite time %q which can be es-
timated [ 2 ] from the condition A n ~ ng: |
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Since the classical diffusion ie due to resonances between
the electric field and the harmonics of the electron motion, it
takes place only for frequencies

iy od, 4 (5)

where &J. 1s.a critical frequency that we will call chaotic
threshold, Below the chaotic threshold, Eq.(2) is no longer
valid and transition to classical chaos would require a consi-
derably larger field close to the static threshold E&.=0.13.
Notice that threshold (5) holds only if &, 1/50., Otherwise,
the chaotic threshold has to be determined from Eq.(2), and 1is
equal &, = (50 &, )3-

A recent analysis [4] of the quantum behaviour has shown the
existence of a critical field value é?_ , the quantum delog¢ali-
zation border, below which quantum effects suppress the diffusi-
on excitation., However, for field values above this border, the
gquantum excitation goes approximately in the same way as the
classical one. This critical value is given by [4 ]

)
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Notice that for levels ng < 400 ad: % Eé)-fc and the condition
of diffusion excitation is determined by the quantum delocall-
zation border (6).

It is interesting to compare the diffusive ionization with
the standard one-photon process. According to ref.[11] the rate

of latter process is
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This rate reaches its maximum 3:'-5 = 34’5:/!1.:/3 at the frequency
threshold value “‘Ja":f‘-}g." 2~ ny/2. On the other hand the diffusive
ioniziation rate 3;'1 reaches its maximum Kg"’Ef at W, e, << g

The striking result is that not only the diffusive ioniza-
tion occurs at very low frequencies as compared to the one-pho-
ton threshold, but also its rate is much higher:

'F
Ya/x, ~ e /3g (8)

The above rates are'measurﬂd in number of periods of external

field, In terms of the real physical time t =(2 .7/ @ )7 the
ratio becomes

7z :
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From these estimates we see that, for high levels, the dif-
fusive ionization is much more effective than the direct one-
photon transition,

We checked the sbove predictions by a numerical solution of
the Schroedinger equation for the model (1), In these computati-
ons we used the Sturm basis in order to explicitly take into ac=-
count the continuous part of the spectrum. A detailed descrip-
tion of our numerical technique will be given elsewhere [8].

In accordance with laboratory experiments we define ioniza-
tion 'I as the excitation above a sufficiently large unperturb-
ed level m = n, In Pigs. 1 and 2 we present our main results oa
the comparison between the diffusive and one-photon ionization
mechanisms for fixed field intensity E; s initial state n,,
and physical time t (full lines). The much higher efficiency
of diffusive ionization is striking. Moreover the frequency

lonization threshold is down by almost two-orders of magnitude!

The dotted lines are obtained by numerically integrating
the Newton equations of motion for 250 trajectories with the
same initial action n, and phases homogeneously distributed

within the interval [0, 27 ] thus corresponding to the same
initial quantum state.

The new frequency threshold ¢«J, for photoelectric effect is
determined by the classical chaos border. Numerically, this
threshold turns out to be lower than unity due to overlap of



high order resonances in a strong field as well as to a finite
width of the primary resonance e= 1. 3

As is seen from Fig. 1, in the range &, £ W<y ’#(E'}LQEDEJ/;
(see Eq.(6)) both classical and quantum behaviour are close as
a result of the quantum delocalization phenomenon. For &J,>wWy
quantum localization occurs [4 ] end ionization probability
sharply drops as compared to the classical behaviour. In Fig.2,
the field value &, = 0.075 just above the delocalization bor-
der (at ¢, = 1), and the lower initially excited level n,= 30
yields a slightly more complicated behaviour whose details
will be discussed elsewhere [8].

In the ome-photon region, «J,» (g numerical results are
in good agreement with the theory (Fig. 3). This is a check of
our numerical procedure whicu shows that the Sturm basis effi-
ciently takes into account the continuous spectrum. Another
check is given in Pig. 4 as the dependence of ionization pro-
bability on &, and ¥ .

As an additional evidence that we are here in presence of
a new phenomenon, which cannot be explained by ordinary multil-
photon ionization, we show in Pig. 5 the ionization probability
va, field strength for «y= 1, n, = 66. For ordinary multipho-
ton ionization, the dependence would be W, o< Eﬂi where k = 19
is equal to the number of photons required for ionization. On
the contrary, numerical results give k = 7 only.

The present high level of experimental art L 5%, 124131
makes it quite possible to observe the described phenomena in
laboratory.
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FIGURE CAPTIONS

Fig. 1 Ionization probability WI = E;hicﬁfiverﬁus field frequ-
ency «/, after a time 7 = 40es, which corresponds to
the same real physical time t for all frequencies. Here,
n, = 66, €, = .05, n = 99, (x) Quantum case, (o) Clas-
sical case., Here and below the logaritlms are decimal.

Fig. 2 Same as Fig, 1 with n, = 30, £,= ,075, 1l = 90.

FPig. 3 Ionization probability for frequencies above the one-
photon threshold CJ?S for the case of Fig. 2. The stra-
ight 1line is the theoretical expression. The crosses
are the results of numerical computations. The excellent
agreement with the theory even for very large frequenci-
es is a check of our numerical computations and shows

that the Sturm basis efficiently takes into account the
continuous spectrum.

Pig. 4 Ionization rate vs. field intensity for the case n,= 30,
o= 30 (Pig. 4a), and ionization probability vs. time
(4b) for the case <J, = 30, £, = 0.075. The straight
lines are drawn according to the theoretical expression
and the crosses are results of numerical computations.

Here also notice a very good agreement between theory
and numerical results.

Pig. 5 Ionization probability vs, field intensity. Here n, =66,
W, =1, ¥ =60, n = 99. Fitting the numerical data
with the theoretical expression 'il’I =C Efk (straight
line) we obtain k =~ 7 which is much less than the value
k = 19 for the ordinary multiphoton ionization.
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