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We present the results of the research of population dynamics in a hydrogen atom driven by a ultra-short laser pulse. The possibil-
ity to produce a wave packet of Rydberg states with high values of orbital and magnetic quantum numbers is studied numerically depending
on the pulse duration and intensity. To describe the atom-field interaction three models were compared, namely, the one with discrete spec-
trum states only, the one with resonance bound states and continuum, and the one with non-resonance discrete spectrum states having high
values of orbital and magnetic quantum numbers also taken into account. The wave packet formation is simulated by direct numerical solu-
tion of the Schrodinger equation using a large number of basis states both of discrete and continuous spectrum. The continuous spectrum is
approximated by a large finite number of states separated by a small wavenumber interval. The role of continuum is shown to be principal in

the population dynamics and the wave packed formation. Figs. 9. Ref.: 13 titles.
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As a result of superposition of Rydberg
states in a hydrogen-like atom with large values of
quantum numbers in all degrees of freedom, the for-
mation of a localized quasistable wave packet, mov-
ing along a classical Kepler orbit at a great distance
from the nucleus (thousands of atomic units), is poss-
ible. Such states represent the classical limit of atom,
and their dynamics exhibits both classical and quan-
tum properties. For such wave packets the uncertain-
ty product of coordinate and momentum is near to
minimal, therefore, they are a good approximation of
coherent states.

The possibility to create wave packets with
various values of orbital and magnetic quantum
numbers and different degree of localization was
confirmed in numerous publications and has attracted
attention of many researchers. Various ways of theo-
retical description of such localized states [1] and
methods of their experimental production [2-6] have
been proposed.

The development of new approaches to the
localized wave packets production and the analysis of
their properties are of interest for studying the cor-
respondence principle in the classical limit of atom,
for understanding the relation between the orbits of
classically chaotic systems and the motion of a quan-
tum wave packet, and for quantum control of the
behavior of Rydberg electron [7].

The formation of Rydberg states superposi-
tion can be attained via the interaction of atom in the
ground state with a short strong laser pulse [8-11]. In
this case a large number of Rydberg energy levels
around the central resonance energy level is popu-
lated simultaneously.
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Since for dipole transitions the selection rule
Al =41 is valid, and in the ground state | =0, such
a packet inevitably includes the Rydberg states with
low values of orbital and magnetic quantum num-
bers. As shown in [8-11], it is localized in radial va-
riable and oscillates between the classical turning
points. It is possible that intense ultra-short pulses
can produce packets of high-L states due to non-
resonance transitions between the closely-spaced
excited states and the transitions via the continuum
states [12].

In this paper the possibility to create a wave
packet of Rydberg states of a hydrogen atom with
various values of orbital and magnetic quantum
numbers using an ultra-short high-intensity laser
pulse is studied by means of direct numerical solu-
tion of the Schrodinger equation. The key point is
that the transitions between the bound and continuum
states are taken into account. By means of numerical
modeling, the population dynamics and the shape of
the resulting wave packet are investigated.

1. Excitation of transitions by a laser
pulse. In several papers [8-11], as well as in our ear-
lier work the process of atom interaction with laser
pulse was considered on the basis of the simplified
model without taking continuum states into account.
Since the Rydberg energy levels are close to the ioni-
zation limit, and the considered pulses possess high
power and small duration (and, hence, large spectral
width), such account is obviously necessary.

First we consider the model without conti-
nuum states, in which transitions occur only between
the ground state and Rydberg states n=20+40.
Consider the field to be circularly polarized, then the
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Rydberg levels with | =m=1 will be populated via
one photon transitions. The model wave function of
the system can be written as

40
P(r,t)= Z Cri(R1Y11 +Cio(DRYoo, (1)

n=20
where Cyo(t) and C,,(t) are the probability ampli-
tudes of the ground state and Rydberg states; R, and
R, are the radial eigenfunctions of the ground and
Rydberg states; Y,, u Y;; are the spherical harmonics.

Consider the pulse envelope function to have
the Gaussian shape, so that the electric field strength
is given by
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E(t) = E, exp[—(2t/T)*]sin(wt) ,
where T is the pulse duration, E, is the pulse am-

plitude, @ is its carrier frequency. In the example
below the latter was chosen to be resonant to the
transition from the ground state to the Rydberg state
with n =25,

The numerical solution of the set of differen-
tial equations for probability amplitudes has shown,
that choosing properly the pulse power and duration,
it is possible to reach almost full transfer of atoms
from the ground state to the Rydberg states. The
population dynamics in such a model is presented in
fig. 1.
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Fig. 1. Population dynamics in the simplified model of atom-light interaction. The ground state population is shown by the dashed line, the
populations of Rydberg states by solid lines. The laser field amplitude is 5,1-107 V/cm, the pulse duration is 600 fs

Fig. 1 demonstrates the depopulation of the
ground state and distribution of atoms among numerous
excited energy levels with n=20+40 and | =m=1.

Simultaneous excitation of the large number
of excited states near to ionization limit indicates that
it is necessary to consider the transitions to the states
of continuous spectrum. Hence, we proceed to a
model, including both bound states and a part of con-
tinuum adjacent to the ionization limit. As it is com-
monly done [12], we use the discrete representation
of the continuum by a sequence of 40 states with

equidistant values of wave number K , starting from
k =0, with the step Ak =0,02 a. u., covering the

range of energies from 0 to 0,3 a. u. The wave func-
tion of the system can be presented as

40
P(rt)= chl(t) RotYag +

n=20
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where C,,(t) and C,,(t) are the probability ampli-

tude of the corresponding Rydberg states and conti-
nuum states.

The numerical computations have shown that
the dynamics of populations in the system with the
wave function (2) significantly differs from that of
the simplified model (1) for the same laser pulse pa-
rameters.

In figs 2 and 3 the time dependence of the total
population of continuum states and the population of
the ground states are plotted versus the time. Approx-
imately a half of all atoms are transferred to the con-
tinuum, and a half stays in the ground state. Popula-
tion oscillations are similar to Rabi oscillations, their
high frequency being due to very large field ampli-
tude. The analysis has shown that in weaker fields
this frequency decreases. The total population of dis-
crete highly-excited states appears to be insignificant
(about 0,2 %). Recall that the pulse parameters are
chosen so that in the first simplified model almost all
atoms are transferred to Rydberg states.
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Fig. 2. The total population of the continuum states versus time in the second model. E, = 5,1-107 V/em, the pulse duration is 600 fs
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Fig. 3. The population of the ground state versus time in the second model. E, = 5,1-10” V/cm, the pulse duration is 600 fs

With the continuum taken into account such
field amplitude appear to be too large, and instead of
the Rydberg states population the single-photon ioni-
zation dominates. The analysis has shown that the
most intense Rydberg states population occurs at
essentially smaller field amplitudes (fig. 4). In this
most favorable case their total population reaches
about 1 %.

One can conclude that the simplified model
without continuous spectrum is not valid for the de-
scription of Rydberg states population in a real atom.

2. Populating the states with high values of
orbital and magnetic quantum numbers. The next
step in improving our model is connected with includ-
ing the greater number of states with various valuesn,
| and m into consideration. Let | take the values from
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1 to 10 for each continuum energy level. Thus, 400 ba-
sis functions will be used for the continuum description.
Let us also include the states with the principal quantum
number n from 3 to 40 and the orbital quantum number
| from 1 to 10 into the basis set of discrete spectrum.
The general number of basis states of the discrete spec-
trum will thus be increased to 328.

The external field is again supposed to be
circularly polarized, so that the transitions corres-
ponding to Al =1, Am=1 selection rules are al-
lowed. Therefore, in the considered model for all
states | =m. The frequencies of the transitions be-
tween the low-excited states of the discrete spectrum
and the continuum are far enough from the laser car-
rier frequency, however, as the analysis has shown,
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they significantly contribute to the atom-field interac- increase of the orbital quantum number and magnetic
tion due to rather high values of their dipole mo- guantum number by 1 at each step. The total scheme
ments. Moreover, their presence in the model pro- of transitions included in the model is presented in
vides the possibility of cascade processes with the fig. 5.

I(Ca(O)F

0,004 +

0,003 1

0,002

0,001

Fig. 4. The populations of Rydberg states with n = 20+25 versus time in the second model for the optimal conditions, namely, weaker pulse
E, = 4,6-10° V/cm and the pulse duration 600 fs
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Fig. 5. Scheme of transitions in the model supposing the excitation of the states with high values of angular momentum and its projection
under the action of a laser pulse with circular polarization

Thus, the final state of the atom is now pre- The first sum in EQ (3) presents the discrete
sented as a superposition of the states of discrete states, the second one includes the continuum states.
spectrum and those of the continuum, the total num- For the investigation of dynamics of populations the
ber of basis functions being 728: following set of equations for the probability ampli-

W t)=> > CuR,Y, moy + tudes was solved numerically:

n Il=m
®3)
+ Z chl ORGY) met
k I=m
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where d k, are the dipole moment matrix elements of
the transitions, E, is the energy of the continuum

state for given K. The dipole moment matrix ele-
ments for the transitions between the discrete states
and continuum states were found by numerical inte-
gration, and for the transitions between discrete
states - according to well-known formulas.
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The investigation of population dynamics
was carried out for different pulse durations. The
amplitude of the laser field was 3,57-10% V/cm. At the
moment of turning the field on the atoms are sup-
posed to be in the ground state with n=1, 1=0,
m=0. The action of the pulse with the duration 5 fs
is represented in figs. 6 and 7.

2 2,5

Fig. 6. The population dynamics under the action of a pulse with duration 5 fs and the field amplitude E,=3,57-10° V/icm. The solid line
represents the population of the ground state, the dashed lines — that of four continuum states with the energies closest to zero

Fig. 6 represents the time dependence of the
population of the ground state and four continuum
states with energies close to zero. One can see that a
significant part of atoms goes from the ground state
to the continuum states. Then the sequence of up an
down transitions between the continuum and discrete
levels with various values of N occurs, each of them
increasing the orbital and magnetic quantum numbers
by 1. Such a process is illustrated by fig. 7, where the
population of the levels with n=3+7, =2 is
plotted versus time. The oscillations associated with
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transitions from continuum and back are well seen.
At the initial stage the level with n=3 is populated
maximally, then the population is redistributed be-
tween other levels due to transitions via the conti-
nuum. The state with | =m=2 is populated signifi-
cantly, that agrees with the results obtained by other
authors [12]. A significant part of atoms stays in the
ground state.

Similar dynamics of population is observed
for a laser pulse by duration 25 fs. One can notice
that for longer time of the pulse action a greater
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number of transitions to the continuum and back has
time to occur, and, therefore, the states with higher
values of the orbital and magnetic quantum numbers
are populated. In the end of the pulse action approx-
imately 30 % of atoms are transferred to the conti-
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nuum, 13 % remain in the ground state. Other atoms
are redistributed between the bound states with vari-
ous values of n, | and m. The population distribu-
tion over | is presented in fig. 8.
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Fig. 7. Population of eigenstates with I=2: solid line - n = 3, dashed line - n =4, 5, 6, 7. E; =3,57-10° V/cm
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Fig. 8. Population distribution over | and m

In fig. 8 one can find essential contribution
of states with high values of orbital and magnetic
quantum numbers to the general population of the
wave packet formed as result of the pulse action. It is
possible to note, that states with odd values of | and
m (1, 3,5, 7,9) are practically not populated. It can
be explained by preservation of parity [13]. Basing
on the amplitudes C,, (: the spatial distribution of
the probability density is readily found. In fig. 9 such

a distribution is shown in the planez=0. One can
see the localization of electron in the radial variable
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and no localization in the angular variable, which, as
mentioned above, is typical for a superposition with
prevalence of states with low values of orbital and
magnetic quantum numbers.

In conclusion we would like to note that the
simplified model and the model with account of con-
tinuum yield results that are principally different.
Without account of additional discrete levels no ac-
ceptable population of Rydberg states can be ob-
tained. At the same time, the essential part of popula-
tion is transferred to the continuum. The more exact
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computations using the extended model containing
the extended set of discrete states, as well as the
states of continuum with various values of orbital and
magnetic quantum numbers proved itself to be capa-
ble of describing the transfer of population to the
states with higher orbital quantum number. The in-
crease of population of states with higher values of

6-107
|¥24.107 |
2:107

0

orbital and magnetic quantum numbers with increas-
ing pulse duration is observed. It is possible to as-
sume, that the optimization of pulse duration and
amplitude allows to reach high values | and m up to
the maximal ones. Presumably even-photon mechan-
ism of population of discrete levels via the conti-
nuum is confirmed.

Fig. 9. Distribution of probability density for wave packet formed by pulse with circular polarization with the duration 25 fs
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JIMHAMUKA 3ACEJIEHHOCTE B ATOME
BOJIOPOJIA T10]1 JEMCTBUEM
VIJIIbTPAKOPOTKOI'O UMITYJIbCA
JIABEPHOT'O U3JIVUEHU A

B. JI. Iep6oB, H. U. Tenep

TIpencraBneHsl pe3ynbTaThl HCCIENOBAHUS AUHAMUKH 3a-
CEeJIEHHOCTE! B aTOME BOJIOPOAA MO/ ACHCTBHEM YIbTPAKOPOTKOTO
JIA3€pPHOr0 UMITYJIbca. UHCIIEHHO M3y4aeTcs BO3MOXKHOCTb IOJIY-
YEHHUS BOJIHOBBIX MAaKETOB PUAOEPTOBCKHX COCTOSHUI ¢ OOIBIIN-
MU 3HaYEHHSIMH OpOUTAIBHOTO M MArHUTHOTO KBAHTOBBIX YHCET B
3aBUCHMOCTHU OT NPOAOJDKUTEIILHOCTH U UHTEHCUBHOCTH MMITYJIb-
ca. Jlng Toro 4roObl OmucaTh B3aWMOJACHCTBHE aToMa M OIS,
CPaBHMBAIUCH TPU MOJENH, a MMEHHO. MOJENb, BKJIIOYAIOIIAS
TOJIBKO JUCKPETHBIA CHEKTP, MOJENb C PE30HAHCHBIMHU COCTOS-
HUSIMH M HENPEPHIBHBIM CIEKTPOM M MOJIEINb, YYHTHIBAIOIIAS
TaK)K€ HEPE30HAHCHBIE COCTOSHMS THCKPETHOTO CIIEKTPa, MME0-
mue GONbLINE 3HAYCHHST OPOUTAIBFHOIO M MArHUTHOTO KBAaHTOBBIX
yucesn. PopMupoBaHne BOTHOBOIO ITAKETa MOJCIHPYETCS MPSMBIM
YUCJICHHBIM pemieHueM ypaBHeHus Ilpénunrepa, ucnons3ys
OonblIoe YMCI0 OA3MCHBIX COCTOSHUM Kak AMUCKPETHOTO, TaKk U
HENPEephIBHOTO CrHeKkTpa. HempepsIBHBIN CHEKTp anmpOKCHMHUPY-
ercss OOJBLUIMM KOHEYHBIM YHCIOM COCTOSIHHE, pa3eieHHBIX
MaJIbIMM MHTEpBaJlaMU BOJIHOBOro 4yucia. [lokazaHo, 4To poib
HENPEPHIBHOTO CHEKTpa SBISCTCA MPUHIUIUAIGHON B JUHAMHKE
3aCENICHHOCTEH U ()OPMHUPOBAHUS BOTHOBOTO MaKeTa.
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KiroueBble c¢10Ba: BOJOPOJONOAOOHBIA aTOM, pHI-
OeproBcKHe COCTOSHUS, COCTOSHUS HEMPEPHIBHOTO CIIEKTPa, BOJ-
HOBOH IaKeT, J1a3epHOe BO30YXKICHHE, YIbTPAKOPOTKHI MMILYIIbC,
JIMHAMHUKa 3aCEJICHHOCTEH, YHCICHHOE MOJICTHPOBAHHE.

JMHAMIKA 3ACEJIEHOCTI B ATOMI BOJAHIO
g AI€X0 YIIBTPAKOPOTKOI'O IMITYJIBCY
JIABEPHOT'O BUTTPOMIHIOBAHH

B. JI. lepoos, H. 1. Tenep

Penpe3eHToBaHi pe3ynbTaTH IOCHIIDKEHHS TUHAMIKH
3aCeJICHOCTI B aTOMi BOZHIO MiJ] Ji€I0 YIBTPAKOPOTKOrO JIA3ePHOrO
iMmynbCy. UHCENbHO BHBYAETHCS MOMIIHBICTH OCPIKAHHS XBH-
JIbOBUX TAKETIB PiAOCPTIBCHKUX CTaHIB 3 BEIMKUMHU 3HAYCHHSAMHU
opOITAIbHOrO Ta MArHITHOTO KBAHTOBHX YKCENT B 3aJIKHOCTI Bif
TPUBAJIOCTI Ta IHTEHCHUBHOCTI immyinbey. [l Toro mo6 omucatu
B3a€EMOJIII0 aToMa i I0Jis, MOPIBHIOBAJIKCH TPH MOJENI, a came:
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MOJenb siKa, Ma€ B 00l TUIbKU JHCKPETHHI CHEKTp, MOIETb 3
PC30HAHCHUM CTAHOM 1 HEMEepPEepBHUM CIIEKTPOM 1 MOJENb, sKa
BPaxoBY€ TAKOXX HEPE30HAHCHI CTAHM AMCKPETHOTO CIEKTPY, LIO
MalOTh BEJIHKI 3HaYeHHs1 OpOITaJbHOrO W MArHiTHOrO KBAaHTOBHX
yncen. PopMyBaHHS XBHJIBOBOTO HMAKETY MOJCIIOETHCS NPSMUM
YHCENBHUM pillieHHsIM piBHsiHHs LlIpeanHrepa, BHKOPHCTOBYHOUH
BEJIUKE YKCII0 0a3UCHUX CTaHIB SIK JUCKPETHOIO, TaK i HEMepepBHO-
ro cnektpy. HenepepBHUI CHEKTp anpoKCHMYETbCS BEIUKHM
KIHI[CBUM YHCIIOM CTaHIB, PO3AIJICHMX MaJMMH iHTErpajaMy XBH-
1b0BOro ymcia. IlokasaHo, IO POJIb HEMEPEPBHOrO CHEKTPY €
NPUHIMIIOBOIO B AMHAMILI 3acejeHocTell i popMyBaHHS XBHIIBO-
BOT'O MAKETYy.

Kuarouosi ciioBa: BopHenoniOHuit atom, pinbepriBebki
CTaHH, CTaHH HENIEPEPBHOIO CIEKTPY, XBUIbOBUH IAKET, JIa3epHE
30yIKEHHSI, YIBTPAKOPOTKHH IMITyJbC, JMHAMIKa 3aCElICHOCTEH,
YHCENIbHE MOJICTIOBAHHS.
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