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Chaotic enhancement of hydrogen-atom excitation in magnetic and microwave fields
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We numerically investigate multiphoton ionization of excited hydrogen atoms in magnetic and microwave
fields when up toN,=600 photons are required for ionization. The analytical estimates for the quantum
localization length in the classically chaotic regime are in agreement with numerical data. The excitation is
much stronger than the case with microwave field only due to the chaotic structure of eigenstates in a magnetic
field. [S1050-2947®@7)03710-4

PACS numbds): 32.80.Rm, 36.10-k, 05.45:+b

In 1982 Shushkov and Flambaur) discussed the effect A quite different situation, which was never studied either
of weak interaction enhancement due to a complex structuraumerically or experimentally, appears when the electron’s
of ergodic eigenfunctions in nuclei. The basic idea of thismotion in the atom is already chaotic in the absence of a
effect is that in complex systems an eigenfunction, repremicrowave field. An interesting example of such a situation
sented in some basis, has a large numideof randomly is a hydrogen atom in a strong static magnetic field. The
fluctuating components so that their typical value igM/  properties of such atoms have been studied extensively in the
Because of this, the matrix elements for interparticle interacpast decad@4,5] and it has been shown that the eigenfunc-
tion areVile/N' while the distance between mixed lev- tions are chaotic and several properties of the system can be
els isAE~1/M. As a result, according to the perturbation described by random matrix theory. Thus one can expect that
theory’ the admixture factorn is Strong|y enhanced: the interaction of such an atom with a microwave field will
7~Vin/AE~+M as compared to the case in which eigen-be strongly enhanced so that the localization length will be-
functions have only a few components! (-1). This effect ~come much larger than the corresponding one in the absence
was investigated and confirmed in experiments with weal@f magnetic fields. As a result, the quantum delocalization
interaction enhancement for scattering of polarized neutron80rder, which determines the ionization threshold, will be
on nuclei[1]. Recently, a similar effect of interparticle inter- Strongly decreased. _ _ o
action enhancement was discussed for two interacting par- 1N€ investigation of classical dynamics and some prelimi-
ticles in disordered solid-state systerf. Here a short- hary estimates for the quantum localization length in such a
range interaction produces a strong enhancement of tHe2S€ have been given in a recent pgjegr Here we discuss
localization length leading to a qualitative change of physicafh® quantum dynamics and present the results of numerical

properties. This shows that the effect is quite general and cafimulations that confirm the chaotic enhancement of quan-
take place in different systems. tum excitation as compared to the case without a magnetic

In this paper we investigate the possibility of similar en- field. Our studies also show a number of interesting features

hancement in atomic physics for atoms interacting with electhat arise in this model in the adiabatic regime when the
tromagnetic fields. Such a process becomes especially intéRicrowave frequency is much smaller than the Kepler fre-
esting for highly excited atom@ydrogen or Rydberg atoms gquency. _ _ . .
in microwave fields where absorption of many photons is We consider the case in which the electric and magnetic
necessary in order to ionize electrons. Until now this probJields are parallel. In this case the magnetic quantum number
lem was studied only in the case in which the electron dy/M iS an exact integral of motion and here we set0. The
namics, in the absence of microwave field, is integrgBle ~ Hamiltonian is

In this case strong ionization is possible due to the onset of

chaos at sufficiently strong field intensity. As it is known, pZ pf) wZp? 1

above the classical chaos border ionization proceeds in a H=7+ 7+ g ——— T €zcoq wt), (1)
diffusive way and quantum interference effects can lead to NZtp

localization of this diffusion and thus suppress ionization.

where o =B/c=B(T)/By is the cyclotron frequency,
Bo,=2.35X 10°T, ande and w are the field strength and fre-
guency, respectivelyatomic units are usedAs it is known
*Also at Budker Institute of Nuclear Physics, 630090 Novosi-[4,5], in the absence of a microwave field, the classical mo-
birsk, Russia. tion becomes chaotic fap, n3=1 and no visible islands of
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stability are present fob, n3~9. Forw n3=3 some islands
of stability exist, but their size is small.

The turn on of microwave field leads to diffusive energy
growth with a classical diffusion rate per unit time
Dg=(AE)?/At. The dependence dbgz on parameters,w
has been found in[6]: Dg/Do~x105 (we<1),
Dg/Do=~x2/wg® (wo>1), wherewo=wn3, Dy=€?no/2 is
the diffusion rate in the chaotic regime fB=0 andwy=1,
and y,,x» are two constants, weakly dependent on the mag-
netic field (numerically, y;~18, y,~2 at wLn8=9.2 and I
X1~25, xp~1 at o n3=3). The above estimates f@g L
give the asymptotic behavior of the diffusion rate for very
small and very largeg, while the actual values ddg were
determined from numerical simulations of the classical prob-
lem.

In the quantum case the interference effects can lead tc -
localization of this diffusion[6,7]. The localization length
measured in the number of photorig is proportional to the
one-photon transition ratE and to the density of statgss
coupled by these transitiori8]: /z~I'pg. The transition
rate I' can be derived from the classical diffusion rate:
I'~Dg/w?. We recall that for the cag®=0 the localization
length /', at wo=1 is / 4=3.3e5n5~Dongpo [7], where
po=n3 is the density of states ang= enj. Due to Coulomb
degeneracy and the existence of an additional approximat:
integral of motion 7], the densityp, is ny times smaller than
the number of levels in one unit energy interval. As a result

(6],

100

(6) No

FIG. 1. Probability distribution as a function of photon number
N, . shown are the quantum distributidp over the eigenbasis at
€=0 (full line), the quantum probability in a one-photon interfigl
(circles, and the classical distribution in a one-photon interval
(dashed ling The straight line shows the fit for the exponential
decay.(a) ng=60, wp=1, o N3=3, €,=0.005,/zy=3.6,/5=3,
180< r=<200, andDg/D,=0.49. (b) Ny=60, we=0.1, w N3=3,
€=0.005, /gn=29.5, /=375, 186<=7<200, and
Dg/Dy=0.062.

)

where it is assumed thatz>1 andwpg>1. According to
our quantum datagg /po~no/w N3 for w n3>1. More ex-
actly, pg/po=0.34, (for wn3=3, ny=60) and
palpo=0.14, (for w n3=9.2, n,=60). The dependence
pe~1lw, is due to the oscillatory-type behavior in the
direction in Eqg.(1). The number of photons required for
ionization is N;=ny/2w, and therefore for'g<N, eigen-
functions are exponentially localized in the number of pho

For wy=1 this value is approximately by the factor (3)*2
below the delocalization border in the microwave field only
(B=0), whereeg~wl®/6.6n,. For wo<1 the border is

tonsN,, namely, gy~ exp(—|Nyl//s).

The value of the localization length is strongly en-
hanced compared to the length,,,=3.3¢3n3/ wg”> at B=0
and wo>1. The enhancement factorg// ,,~x2ps/po

~x2No/w N3>1 is proportional to the initially excited state

ng. In fact, in the presence of a magnetic field there is no

€q=(w,/6.6x10) ;.

In order to check the above estimafégs. (2) and (3)]
we analyzed the quantum dynamics following the wave-
packet evolution in the eigenstate basigat0. Initially only
one eigenstate is excited with eigenenergy
Eyx,~Eo=~— 1/2n3 andny=60. In our computations we used

additional integral of motiori7] and the number of compo- a total number qf eigenstateg up to 800 and the evolution was
nents in the eigenfunctions is increased by a factofollowed up to timer=200 microwave periods. The param-
M =pg/po. As a result, the admixture factoy is also en- eters were varied in the intervals 09@,=3,
hanced, namelyy?~ M, similarly to the enhancement of the 0.002<€,<0.02 for o ng=3 and 9.2. For this parameter
localization length in disordered solid-state models with tworange, the number of photo =no/2w, required for ion-
particles[2] (/g// g0~ 7°~M). ization varies in the interval 29N, <600. The probability
The condition/z=N, gives the delocalization bord distributionf, over the eigenstates at=0 is shown in Figs.
above which quantum excitation is close to the classical onéd and 2 as a function of the number of absorbed photons
(both for wg<1 andwe=1): Ny=(Ey,—Eg)/w. In order to suppress fluctuations this
probability was averaged over +®0 microwave periods.
For the comparison with classical results we also determined
the probabilityf in each one-photon interval around integer
values ofNy. The classical distribution was obtained by

1
€9> eq—n—o

2
Dowg pong

66DB pBwO. (3)



56 BRIEF REPORTS 3299

o
0.0-9 Y %0.0.0.0-0- L
Q.9 TETTroroaaaq, 10

FIG. 3. Numerically computed Iocalization lengthyy versus
the theoretical estimate’y Eq. (2) for wLno 3, we<1 (full
circles; wLnO 3, wo 1 (full triangles; wLno 9.2, wy<1 (open
circles; and w n3=9.2, wo=>1 (open triangles The error bars
obtained from least-squares fits of the localized distributions are
also shown. The straight line corresponds/igy=/" .

(b) Ny for the case of Fig. @), while atB=0 it is only 6.
In order to check the theoretical predictions for the pho-
FIG. 2. Same as in Fig. 1, but in the delocalized regime, withtonic localization length/’s we analyzed different probabil-
€0=0.02>¢,~0.015, and 4& 7<50. The classicaldashed ling ity dlstr|but|ons in the localized regime for 0.84v,<3 at
and quantundcircles distributions in one-photon interval are close w,_no 3 f;lndwl_n0 9.2. The comparison of the numerically
to each other. obtained lengthg’gy with the theoretical estimat®) is pre-
sented in Fig. 3. Without any fitting parameter the theoretical
solution of Newton equations with up to>&L0° classical line demonstrates the fairly good agreement with numerical
trajectories and was normalized to one-photon intervals. Inidlata. Indeed, the average value of the ratio
tially the trajectories were distributed microcanonically onR=(/g\//g)=0.81=0.34, where the average is over all
the energy surface at energy. values/g>1. The separate averaging over the cases with
The typical results in the localized regime are presented iy,=1 and wy<1 gives R;=0.98-0.30 and
Fig. 1. Here the distribution reaches its stationary state witlR,=0.70+0.26, respectively.
a well-localized exponential profile. The least-squares fit |n spite of the good agreement between theoretical predic-
with fy~exp(=2N,//gy) for N,=0 allows one to deter- tions and numerical data we would like to stress that a deeper
mine the numerical value of the localization lengthy, investigation of the problem is required. Especially unusual
which turns out to be in good agreement with the theoreticals the regimew,<1, which has not been studied up to now
estimatg Eq. (2)] and is strikingly enhanced compared to thefrom the viewpoint of dynamical localization. A number of
case of zero magnetic field. The plateau that appears in Figiew questions appear in this regime. For examplegwfpr 1
1(b) for N,>130 is related to the finite size of the basis anda chain of one-photon transitions is clearly seen in the quan-
to the fact that, according to E(®), the localization length is  tum localized distributior{Fig. 1(a)], while for wo<1 the
nonhomogeneous on high levelgz~ng'~(N;—N4) "2 structure is not visible even thoughpg>1 [Fig. 1(b)].
for wg<<1]. Another interesting question in this adiabatic regime
In Fig. 2 the distributions in the delocalized case arewy<1 is connected with the possibility of analyzing the
shown forwg=1 [Fig. 2@] and wg=0.1 [Fig. 2(b)]. The  problem in the instantaneous time basis. In this basis the
delocalization borders in these caseg=0.016[Fig. 2@)]  Hamiltonian takes the formi (t)=Hg(t)+dS/dt, whereH,
and e,=0.014[Fig. 2b)], are below the field peak value is the Hamiltonian(1) at a given moment of time, while
=0.02. The numerical results show good agreement bedS/dt describes the transitions due to the field’s variation
tween classical and quantum distributions in this regimewith time [S is the action of the Hamiltoniafl) in which
Even if ate;=0.02 the dynamics starts to be chaotic also atime is considered as a parametéfhe termdS/dt can be
zero magnetic field, the excitation @t n3=3 is much stron-  estimated agS/ it~ ewsin(wt) 2mn°z~ ewn® (see alsd9)).
ger due to the chaotic enhancement of the electron’s interadt describes the transitions between instant time levels of the
tion with the microwave field. For example, the increase ofHamiltonian(1), the amplitude of which can be estimated as
<(AN,,,)2> after 50 microwave periods is approximately 55 V¢~ ewn®/\n. The factoryn in the denominator appears
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due to the chaotic structure of eigenstates which leads to ia that in the instant time basis the levels are moving with
smearing ofdS/dt over then states that contribute to the time and can therefore intersect each other, givig=0.
eigenfunctions inside an atomic shelle assumeoL~1/n8). In conclusion, our numerical investigations confirm the
Since the distance between levels 6§~ 1/pg~n,* it  theoretical estimates for the photonic localization len@h
seems that mixing between instant levels is possible only ifor both wg=1 andwy<1. Due to the chaotic structure of

Vs> 6E, giving eow0n8’2>1. This adiabatic condition is the eigenstates, the quantum delocalization border is strongly

more restrictive than the standarg>1 (eon8’2> 1). How- lowered compared to the case with a microwave field only.
ever, the numerical result§ig. 3 confirm our estimat€2).  Since forwy<1 a much larger number of photons is required
For a possible explanation of this discrepancy one may argur ionization[ N, =300 in Figs. 1b) and 2b)], experimental
that the distance between coupled quasienergy levels igbservation of localization and verification of theoretical pre-
SE,~ w/n and then the conditioW ;> 6E, gives/z>1, dictions should be more easily feasible in laboratory experi-
in agreement with the estimatg). Another possible reason ments.
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