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We present a general time-dependent approach for efficient and accurate treatment of high-resolution spec-
trocopy and quantum dynamics. The procedure is applied takamitio time-dependent study of three-
dimensional Rydberg H atoms in crossed magnetic and electric fields with spectral accuracy. Good agreement
with the high-resolution experimental photoabsorption spectrum is obtained line by line, including a regime
well above the Stark saddle point. We have further explored the physical origin of several unexplored per-
plexing phenomena in the higher-energy regime observed in the experiment.

PACS numbe(s): 32.60:+i, 32.70.Cs, 32.80.Dz, 32.80.Rm

The subject of Rydberg H atoms in crossed magnetic anéhsights regarding Rydberg atom nonlinear dynamics, but
electric fields has attracted considerable attention in the lagfuantum mechanics is required for an explanation of delicate
several years both experimentallf—3| and theoretically spectral features. An alternative possible quantal approach is
[4-10. This is a nonseparable and nonintegrable systerthe time-dependent method, which numerically integrates the
with three degrees of freedom and great complexity. It isime-dependent Schdinger equation in space and time. The
known that the hydrogen atom in a pure magnetic field untime-dependent approach has several appealing features not
dergoes a transition from regular to chaotic motion at enershared by the time-independent approach. For example, it
gies below the ionization threshoJd1]. In contrast, the hy- provides a direct probe of the time-resolved Rydberg atom
drogen atom in a pure electric field is separable in parabolidynamics. It also allows the study of the classical-quantum
coordinates and represents an example of a regular open sysrrespondence through the recurrence spectrum obtained by
tem. Thus a crossed-field system allows a study of the trarthe Fourier transformation of the photoabsorption spectrum
sition between these two extreme situations. In addition to itén the time domain. Although there are time-dependent treat-
fundamental importance, the crossed-field problem is alsments of lower-dimensional Rydberg systefi$], to our
relevant to a number of outstanding issues in celestial meknowledge no time-dependent method has been developed
chanicg12], atomic and molecular physics, solid-state phys-and applied successfully to the study of high-resolution pho-
ics [13], nuclear physic$14], and astrophysicgl5]. toabsorption spectrum of realistic 3D Rydberg systems in

The high-resolution photoabsorption spectrum of Rydbergexternal fields, particularly in the classically chaotic regime.
H atoms in crossed fields performed by Wiebusthal.[1]  The difficulties stem from the fact that Rydberg atom prob-
revealed several novel and complex features. First, they rdems involve very large spatial extent, long-time propagation
ported long-living states exist well above the Stark saddleof the time-dependent Schiimger equation, and the exis-
energy. Second, the spectral line positions can be accountéeince of the Coulomb singularity at the origin. All of these
for reasonably well by the second-order perturbation theorgannot be adequately treated by the traditional time-
(SOPT) [4,5] for the regimes below and somewhat above thepropagation methodEL7] using equal-spacing spatial grid
Stark saddle energy. This suggests that the purported trangliscretization techniques.
tion from order to chaos may be somewhat delayed or sup- The motivation of this Rapid Communication is twofold.
pressed. However, the SOPT deviates more and more frofirst we present a time-dependent nonperturbative approach
the experimental data as the principal quantum nuntber to overcome the above-mentioned difficulties. The procedure
increases, and it fails completely in the higher-energy regimés based on the extension of a recent development of the
(above—250 cm 1). Another salient feature of the experi- generalized pseudospectral time-dependent methid],
mental spectrum shown in Fig. 2 of R¢t] is the apparently  which allows for nonuniform spatial grid discretization and
“simpler” spectrum in the higher-energy regintan energy long-time propagation of the Schtimger equation with both
beyond—220 cm 1), where one would expect to see chaoticaccuracy and efficiency. The method was recently applied
or at least denser spectral feature. To date, there is no dsuccessfully to a study of the photoabsorption spectrum of
tailed nonperturbative three-dimensiol@D) quantum study Rydberg H atoms in a statimagneticfield (a 2D problem),
that has been performed to explain the origin of these oband reproduced the experimental spectrum line by line well
served perplexing phenomefH. within the classically chaotic regime 9]. In this paper we

In the theoretical investigation of Rydberg atoms in staticextend the method to the 3D crossed-field problem. We note
external fields, most quantum calculations so far employethe extension from the 2D to 3D Rydberg system is by no
time-independent methods, namely, perturbation theory fomeans straightforward. Due to the complete symmetry
low-lying stateqg4,5] and the variational basis-set-expansionbreaking, the 3D system possesses no good quantum num-
method for higher-lying Rydberg statf8,8]. The latter of-  bers. Indeed, the extreme difficulty in performing high-
ten involves the diagonalization of matrices of considerablyprecision 3D Rydberg calculations with spectral accuracy
larger size. Classical approach&s10] have provided useful has delayed a detailed analysis of the experimental spectrum
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[1] for nearly a decade. In this paper, we present a time- 30 ————T———T7T——— T T ]
dependent procedure which allows a precise calculation of ~ i TrorrTTTTrTITITT
the photoabsorption spectrum of Rydberg H atoms in strong 3
cross fields, with results in good agreement with the experi-%, 54 |
mental data[1]. Further we explore in detail the physical = F n=13
origin of the experimentally observed phenomena well above % 15 F
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FIG. 1. Calculated oscillator strength of atomic H, initially pre-

. pared in the P, state, in crossed magnetiB€6 T) and electric
with | ) =|#(0)) = u| o). Herew is the light frequencyr  (F=2975 V/cn) fields.

the fine-structure constand, is the Bohr radiusy is the N S
transition dipole operatowp, is the initial bound statéwith tition the total Hamiltonian into three separate terids

energy Ey), E=Eo+w, and |y(t)) satisfies the time- =Ho+Vi+V,, whereH, is the unperturbed atomic hydro-
dependent Schdinger equation, in atomic units gen Hamiltonian, and
0 ~ Y% =ly|: Y =172(x2+y2)—|=x (4)
=) =Hly), @ =g VoTg -

. The wave function is propagated by the second-order split-
whereH is the total Hamiltonian which generates the final- operator method impherica| Coordinates and in thenergy
state eigenfunction. Equatidd) is the central theme of the representatiofi18]
time-dependent approach of spectroscopy: it connects the
time-resolved dynamics as reflected by the time autocorrela- — ¢(r,t+At)=e HoAl2g™V1AU2g=iVoAtL
tion function C(t) on one hand, to the frequency-resolved oAt
cross sectionr(w) on the other. Hellef20] pioneered the x e~ Vattitg Mol (r, 1) + O(ALY). (5)
time-dependent approach for the treatment of classical d

hamics, and the cprrespondi_ng quantum speciral fgatures Wave function in a partial-wave expansiob8]. The semi-
the photoabsorption dynamics of small polyatomic mOI'infinite domian[0,e] of the radial coordinate is trans-

ecules. In the context of Rydberg atom dynamics, the tlmef rmed into a finite domaig=[ — 1,1] by means of a suit-

dependent approach has been extended to the study of shoarl Sle nonlinear algebraic mappird8,23. A generalized

time electronic wave-packet propagation in crossed fields seudospectral techniqi@3] is then extended to perform

[21], an.d the gross features of photoab;orpu_on spectrum Iﬁptlmal radial grid discretization on the transformed Hamil-
magnetic fields[22], using classical trajectories. To date, , " . ' S

) ; . . tonian, allowing adensermesh near the origin and at the
with the exception of our recent work on the magnetic fields

. same time taking into account the long-range interaction.
exténded 10 the. study of nigh-resoluion photoabsorpton " MUMber of gid points needed is significarycers o
y 9 P X magnitude smaller than those required by the conventional

spectrum and long-time dynamics of Rydberg atoms in ex- i . . o )
ternal fields due to the computational challenges indicategqual spacing discretization methofts7,24; however, a

; : ; : ctonsiderably higher accuracy of the wave function can be
earlier. Below we discuss the extension of a tlme—depender}ichieved The “energy” representation in E8) allows the
procedure] 18,19 for precision calculation of the photoab- y gy’ rep

sorption spectrum of Rvdberg H atoms in stron Crosseglimination of the undesirable fast oscillating “high-energy”
fielgs P y 9 9 components, and the use of a substantially larger time step

The Hamiltonian of the hvdrogen atom in crossed ma At. Further, each partial-wave wave-function component can
ydrog Ybe propagated independently undi&y, leading to a further

netic B(||2) and electricF(||x) fields can be written as, in significant reduction of the computational time needed. We

Yo pursue the time propagation, we first express the total

atomic units, refer the readers to Ref18] for numerical details of the
2 procedure.
H=— V__ £+ Eﬂ:# Eyz(x2+y2)—Fx, 3) Figure 1 displays the global phgtloabsorption qscillator
2 r 2 8 strength pattern from-1000 to 0 cm?, corresponding to

the excitation of atomic H, initially prepared at thpZstate,
where F is the electric-field amplitude; is the magnetic  py linearly polarized light. The electric-field amplitude
field B amplitude in units 0B,=2.35<10° T, andL, isthe =~ =2,975 V/cm and the magnetic field stren@k6 T used
z component of the orbital angular momentum. To solve than the calculation are the same as those employed in the
time-dependent Schdinger equatioEq. (2)], we first par-  experimen{1]. Figure 1 shows that there is momixing for
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culated by using different time sections for the Fourier transforma-
FIG. 2. Comparison of the theoretical oscillator strength spection of the time autocorrelation function.
trum (upper panelsand the experimental photoabsorption spectrum
(lower panelsfor the Am=0 Balmer transition from the initial@,  toabsorption spectrum is obtained by a single time propaga-
state tom=0 even-parity Rydberg states, covering the energy ranggion of the initial 2p, wave function(times a dipole operatpr
from —395 to —100 cm L. The experimental intensity scale is in under the influence of the total Hamiltonigkg. (3)], fol-
arbitrary units. In(c), only the calculated spectrum is available for Jowed by a Fourier transform of the resulting autocorrelation
presentation. function. To achieve the experimental spectral resolution
(0.05 cm 1), we have integrated the time-dependent Schro
low-lying Rydberg statesn=13) and the spectrum is regu- dinger equation up t® = 3.5 ns, with a time step of the order
lar since the Coulomb interaction is still dominant in this of 100 a.u. The numerical algorithm is found to be both
lower-energy regime. The mixing starts to occur around efficient and stable. To our knowledge, this is the fabt
n=15, and becomes stronger for higher Rydberg series duiaitio time-dependent quantal calculation of the 3D field-
to the stronger perturbation by the external fields. The inseihduced Rydberg atom dynamics and spectrum with spectral
of Fig. 1 shows the spectrum for the higher energy regime iraccuracy.
more detail. One of the most intriguing features in both experimental
Figures Za), 2(b), and 2d) show a comparison of the and calculated spectra is the apparently simpler structure in
calculated photoabsorption spectthe upper panel of each the higher-energy regime shown in Fig(dg where one
figure) and the experimental spectilawer panelg covering  would expect to see much denser lines or an order-to-chaos
the energy range from-400 to —100 cmi . [Fig. 2(c) transition(in the classical sengeA clue to the origin of this
shows the calculated spectrum in the range frerR95 to  behavior is revealed by comparing the calculated and experi-
—215 cm'! alone, since there are no experimental datamental spectrum more closely: we notice that our calculated
available for comparisohGood agreement is obtained line spectrum in the highest energy regime betweeh?0 and
by line for the whole energy range, including the higher-—100 cm ! (denoted byA, B, C, D, andE) has some extra
energy regime well above the Stark saddle p@iienoted by lines (B andD) not seen in the experimental data. This sug-
Esp) in Fig. 2(b), where the SOPT breaks down completely. gests that\,C, andE are associated with longer-living reso-
The small discrepancy in some of the relative intensities camance states whil® and D are shorter-living states. The
be attributed to the fact that saturation effects occur in thexperimental data cover a longer time scale than our calcu-
experiment in strong lines, and there exists some uncertaintyted time spar3.5 ng. Thus while theB andD peaks show
on the precise value of the magnetic-field strength used imp in our calculations, they decay away within the experi-
the experimenfl]. The theoretical results in Figs. 1 and 2 mental time scale. To support the view of lifetime-dependent
are obtained by the use of only 200 pseudospectral radigithotoabsorption spectrum in the higher-energy regime in
grid points for each partial wave, and up to 40 partial waved=ig. 3, we show several different spectra obtained by the
are used to achieve fully converged results. The whole phoFourier transform of the autocorrelation functi@it) in dif-
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ferent time periods. It is seen that the spectrum obtainetbeen observed experimentally for the Rb systegdh and
from the earliest section @t<T/4) has the largest number theoretipally $tudied by classical critical point analysis in
of peaks and largest intensitiés the highest energy re- lower-dimensional systenig5]. o
gime). As time goes by, these peaks decrease in intensity, In summary, in this Rapid Communication we have pre-
and some decay away completely before the final propag&ented a general time-dependent approach for accurate, effi-
tion time T is reached. From this analysis, we infer that thecient, and long-time propagation of the time-dependent
seemingly simpler structure in the higher energy regimeSchrGjm_ger equation, allowingb initio nonperturbative in--
shown in Fig. 2d) is mainly due to the disappearan(de- vestigation of the 3D quantum dynamics and high-resolution
cay) of shorter-living resonances far above the Stark saddl hotoabsorption spectrum of Rydbgrg H atoms in (_:rossed
point within the experimental time scale ields. The calculated photoabsorption spectra are in good
Another intriguing phenomenon in both the experimental"’1greement with the experlmental Qgta line by line. Further,
[1] and theoretical data is that the transition to the ionization'¢ have exp_lored the physical origin of several pe_rplexmg
regime occurs without any sign of the effect of the Starkphgnomena in the higher-energy regime observed in the ex-
saddle point. In fact the results show that ionization does nort)erlment[l].

occur till much higher-energy regime than the Stark saddle This work was partially supported by the NSF under
energy E=—2\/F, which amounts to—334 cm' for  Grant No. PHY-9801889. We acknowledge the Kansas Cen-
F=2975 V/cm. We note that the variation in the apparentter for Advanced Scientific Computing for the support of the
ionization threshold with magnetic-field strength has alsaOrigin2000 supercomputer time.
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