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Two-photon excitation of the metastable 2 state of hydrogen assisted by laser-induced chirped
Stark shifts and continuum structure
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Traditional two-photon excitation suffers from two difficulties that prevent complete population transfer:
dynamic Stark shifts and multiphoton ionization. We describe a technique for overcoming these limitations by
using a second field to control dynamic Stark shifts via Stark-chirped rapid adiabatic p&S&R®&P and
simultaneouslhpguppress undesired photoionization via laser-induced continuum str@ict@®). We illustrate
this proposed procedure by numerical simulations of two-photon excitation of the metassastate? of
hydrogen, showing that efficient excitation can be expected when the two laser pulses are properly crafted.
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[. INTRODUCTION [5]. The density dependence of the frequency of the two-

The long lifetime (0.12 $ and high internal excitation Photon B-2s transition is an important diagnostic in Bose-
energy(10 eV) of the metastable 2state of hydrogen has Einstein condensatiofv].
long attracted interest of experimenters, while the simple in- Thus there has long been a need for techniques that pre-
ternal structure continues to hold interest of theoreticianspare sources of metastable hydrogen. The most common
This metastable state is of interest for use in precision spedechnique has been to pass a beam of hydrogen molecules
troscopy of transitions starting from the &tate and for im-  through an electric discharge, where electron collisions in-
proved accuracy in determining fundamental constants, e.gduce dissociation and excitati¢g,3]. Charge exchange be-
the Lamb shift and the Rydberg constdit2]. Precision tween protons and vapor has also been ysddMore re-
measurements of hyperfine splitting iis are desirable for cently optical pumping techniques have been used, with laser
the information they give on a combination of proton struc-excitation of the $-3p transition using Lyman-beta radia-
ture and QED[3]. tion followed by spontaneous radiative cascade from the 2

The metastable statess nearly degenerate with th@2 state[2]. A technique using Stark-chirped rapid adiabatic
states, and so the excitation is readily quenched, with propassagéSCRAP, suggested earligo-12), is an important
duction of Lyman-alpha radiation, either by collisions or by gjement in the present proposal. We here suggest significant
weak electric fields that mix the two staffet. It may there- 1y gification of that technique for efficient excitation to the
fore be_ useful as a source of Lyman-_alpha radiation for highng state from the groundslstate of hydrogen. The procedure
rgsolutlon spectroscop]. The high internal energy of €X- “involves a sequence of overlapping pulses of two frequencies
g:;edlehggrzgeé] aetlzgfo??nka t”heele]a attractive for detecmﬁ/hich together overcome some of the limitations of the pre-

9 y P ) vious proposal.

The theoretica_l simplicity O.f atomiq hydrpgen makes this To place the present proposal into context Fig. 1 shows
a desirable species for studying basic collision phenomenjlpﬁkage patterns for three schemes of laser excitatiah:

and so these states have been the subject of atomic be i N
studies of collision phenomena—e.g., collision-induced ionStraightforward resonant two-photon excitatignevitably

ization, reactive scattering, and molecular dissociation pro2cCOmpanied by photoionizatiprproduced by the single
cesses. Theoretical understanding and modeling of such eRuIS€P; (b) the SCRAP procedure using three laser pulses
periments using hydrogen are much simpler than for mult1: P2 qndS proposed earlief9]; and (c) the present pro-
electron atoms, for the quantum-mechanical properties of thBosal using two laser pulseB,andS.
hydrogen atom can be analytically treated. Nevertheless, ac- We note that other multifrequency proposals for similar
curate description of the collision cross sections betweepopulation transfer or inversion have been proposed. One
H(2s) and H1s) remains a challenge for theof¥]. Asource  proposal combined steady strong two-photon excitation with
of H(2s) would be of use for verifying theoretical predictions a second steady linkage to an autoionizing resonance in the
of cross sections for dissociative ionization and double exciphotoionization continuurfil 3]. A recent proposal, aimed at
tation transfer in K2s)—H(2s) collisions[6] and to verify  producing population transfer in sodium dimers, uses three
calculations of long-range (2s) - H(2s) interaction potential delayed pulses to produce rapid adiabatic passage while sup-
pressing photodissociation through laser-induced continuum
structure LICH 14]. The use of a two-pulse sequence, in the
*Permanent address: Institute of Physics, Ukrainian Academy oPrésence of a third “dressing” field, has been proposed as a
Sciences, prospect Nauki 46, Kiev-28, 03028, Ukraine. means of producing coherent control of dissociati@n

TPermanent address: 618 Escondido Cir., Livermore, CA 94550Photoionization products during adiabatic passage, i.e., sup-
USA. pression of one continuum while enhancing anofti&i.
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FIG. 1. Schematic diagram of energy levéts Rydberg$ show-
ing dipole-coupling linkages for possible excitation schemes for FIG. 2. The SCRAP procedurég) Pulse sequence of intensities
producing 2 population of hydrogen using laser pulsés. Reso-  showing long Stark-shifting pulsg and shorter two-photon excita-
nant two-photon excitation accompanied (dgtrimental photoion-  tion pulseP. (b) The energies of 4and X states subject to Stark
ization (\p=243.1 nn). (b) Using two different laser pulse®; and shifts induced by th& laser, showing times of resonance with two-

P, to produce a two-photon transitior(\p =399.5 nm)p, ~ Photon excitationidashed vertical lings

=174.8 nm), with a third Stark-shifting lase8(A\s=1064 nm. (c) A

single laserP used for the two-photon transitiopAp=243.1 nm, A. The SCRAP technique

with a second laserS producing Stark shifts and LICSAs Our proposed implementation of the SCRAP method is

=552.5 nm. In (b) and (c) the two photons are detuned from the pased on the coordinated interaction of the atom with two
1s-2s transition resonance, but by too little to be shown here.' Thesuitably delayed pulsed laser fields, ternfeénd S. The S
state labelg, € andb used in the present work appear at the right. |5ser tymically an infrared laser, induces Stark shifts of the
1s and 2 levels, while theP-laser field drives a two-photon
IIl. DESCRIPTION OF THE SUGGESTED TECHNIQUE transition between thesland 2 states. Thé laser is slightly
The preparation of metastable states of atoms, in particudetuned from the two photon resonance; the detuning is of
lar H(2s), by radiative excitation through a two-photon tran- the order of, but less than, the maximum Stark shift induced
sition, though highly desirable as a practical tool, suffersby theS laser.
from two well-known problems. First, the presence of a field ~ The Stark-shiftingS laser drives the $-2s transition fre-
of sufficient strength to produce appreciable populatiorfiuency twice through resonance with the two photons of the
transfer will inevitably cause other two-photon processes. I’ laser: first during the rise of th8 pulse and second when
particular, laser-induced Stark shifts are, like the desired twothe S-pulse intensity decreases. For optimum performance of
photon transition, directly proportional to laser intensity.the SCRAP technique thé-laser pulse should have a
These time-dependent shifts make it difficult to establish anglightly shorter pulse duration than tflaser pulse and
maintain the needed two-photon resonance conditions. ~ should be delayed so as to reach maximum intensity at a time
Second, because the metastable state is typically high¥hen the two-photon resonance condition is met. The result
excited, the absorption of a third laser photon may readilyof the combined action of the two pulses is a Landau-Zener-
ionize the target metastable stasee Fig. 1a)] thereby di- type adiabatic passage whereby the atom undergoes a transi-
minishing the resulting population transfer. tion from the 5 to the X state. Adiabatic passage occurs
Each of these individual handicaps has been separatefnly at one of the resonances, since Bwaser intensity is
overcome. The unavoidable dynamic Stark shifts that acconfoo small (ideally zerg at the other resonance. Figure 2
pany any conventional two-photon process can be countefhows the operation of this general idea applied to thed
acted by use of a second field, nonresonant, that producest@nsition.
carefully timed sweep of adiabatic energies. This procedure, In the previous implementation of the SCRAP technique
demonstrated experimentally and described theoretically, hd9], schematically indicated in Fig.(H), the excitation step
been termed Stark-chirped rapid adiabatic pass@@®RAP  used two concurrent puls¢B; andP,) of different frequen-
[9-12]. The photoionization loss that will inevitably accom- cies in order to reduce detrimental photoionization of tee 2
pany any laser field of sufficiently short wavelength has beegtate: a strong field of frequency too lofwavelength\p,
suppressed with the aid of laser-induced continuum structure 399.5 nm to produce photoionization loss, and a weak
(or “pseudoautoionizing statg”a technique that can, in prin- field whose frequency was sufficiently higlvavelength
ciple create a narrow transparency window in the variation oip,=174.8 nm that photoionization was into the continuum
the photoionization cross section versus frequency. well above threshold, where the photoionization cross sec-
The following subsections summarize these two indi-tion is small. With such an approach the desired two-photon
vidual mechanisms, SCRAP and LICS. We propose to comtransition is driven mainly by the strong low-frequency field,
bine them, using only two pulsed fields, as described in subwhile photoionization occurs only by the weak high-
sequent sections. frequency field. Simulations have predicted good population
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transfer(up to 98% when these two laser fields, plus a third The P field also photoionizes the bound stéteinto a con-
Stark-shifting laser, are us¢@]. However, there are practi- tinuum at energyE.=E,+#%wp, with the ratel'yp(t). As re-
cal difficulties implementing this scheme because it requiregjuired for SCRAP, we intentionally introduce an initial fre-
a very short wavelength lasét74.8 nm. Thus there remains quency mismatch, parametrized by the detunipgdefined
interest in finding an alternative procedure for efficiently by the equation
populating this metastable state.

ﬁAPZZﬁwp—(Ee— Eg) (1)

B. lonization suppression by LICS We introduce a second pulsed laser fi€df carrier fre-

The mechanism for suppression of photoionization at £UeNCY @s, o connect the continuum at enerdy, as
preselected frequency is based on creating a resonance strijgached by a three-photon process of héeld, to a par-
ture in the photoionization continuum such that there occurdicular bound staté, of energyE, (the 5 state for hydro-
at the chosen frequency, destructive interference betweedgn: The needed wavelength is around 552 nm. The detun-
various ionization pathways—an effect similar to that seen if"9 from tlhe resonance for this transition is defined through
autoionization and described by a Fano profi&]. This  the equation
laser-induced continuum structuldCS) has be_en discussed _ 1 Aps= fi(ws— wp) — (Eo— Ep). )
for 30 yeard17] and has been demonstrated in many experi-
ments[18,19. Numerous theoretical papers have presented he Sfield frequency is insufficient to photoionize statén
the complete theory for the effef20,21] and it has been a single step, but it can produce two-photon ionization, with
extensively reviewed22]. (For more recent references, seethe ratel’,q(t). The P andSfields can each photoionize state
Ref. [14].) Under favorable conditions it can substantially b, with ratesI',p(t) andI'p4t), respectively.
suppress the photoionization that would otherwise be pro- Laser pulses with the needed wavelengths and intensities
duced by the excitation lasgt9]. are readily obtained from commercial laser systems. Fre-

The possibility of using LICS to enhance two-photon ex-quency doubling of pulsed ns lasers conveniently provides
citation of the 3 state in hydrogen has been considered byl-2 mJ at a wavelength of 243 nm. Intensity of 2 GW#cm
Dorr et al.[23] who simulated the use of two laser pulses ofas required for thé field, is obtained by focusing this laser
different frequencies to transfer population from ttesiate  to a 100um-diameter spot. Th& laser, at wavelength 552
to the % state via the continuum. They predicted that, atnm, requires no frequency conversion. The needed wave-
most, 17% of the population could be found in thesfate at  lengths and intensities are readily obtained from commercial
the end of the pulse. In addition to the low efficiency of thislaser systems.
proposed approach, it would require an inconvenient laser
wavelength shorter than 90 nm. D. The Hamiltonian

As has been shown in theoretical treatments of L|2J
the continuum states can be adiabatically eliminated to pro-

We here describe how to implement a combination ofduce a three-state system in which there is no reference to
SCRAP and LICS using only two laser fields. We demon-the continuum. The state vector then has the expansion
strate, using numerical simulation, that this is a practical i )
scheme for efficient preparation of the metastalsistate of W(t) = exd —i4y(1)]Cy(t) g + ex— iZe() IC(t) e + exil
hydrogen, via single-frequency two-photon adiabatic transi- —iZy()]1CH(1) (3)
tion from the & ground state.

Figure Xc) shows an idealized level scheme of the hydro-where ¢,(n=g,e,b) are the bare quantum states in the ab-
gen atom. A two-photon transition, involving a pulsed lasersence of laser fields and tig(t) are time-dependent phases
field P of constant carrier frequency, (and wavelength chosen to enable the rotating-wave approximation. The re-
near 243 nmlinks the ground statg of energyE, (the s sulting Schrédinger equation reads, in matrix form,
state for hydrogenwith a metastable excited stageof en-  (d/dt)C(t)=-iW(t)C(t), where the effective Hamiltonian is
ergy E. (the X state for hydrogenvia two-photon transition. (see the Appendix

C. Combining SCRAP with LICS: A three-level model

25,(t) + 2Ap Qp(t) 0
W(t) = 5 Qp(t) 25,(t) —ile(t) —iye - (i + g Qsat) : (4)
0 — (i +Qset)  25,(t) + 2Apg—iT(t) — iy

The detunings\p and Apg are defined by Eqgl) and(2).  The other quantities appearing here have the following
meaning.
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The quantityS,(t) is the dynamic Stark shift of state TABLE I. Theoretical values used in the numerical simulations
expressible as the sum of a contribution from each of the twéeported here. All valuetther tham) are in ns* for intensitiesl p
fields, andlgin GW/cn?.

t) = Sp(t) + Sigt), n=eqQ,b. 5
SO = Splt) + Syl) g (5) o r53. 5 o
Each contribution is proportional to the related time- Tes 0 Sys -1.4
dependent laser intensity and to a time-independent but T 0.48, S 8.8,

frequency-dependent polarizability.

The photoionization rates from levedsandb are sums of Lo 70s ) s 3995
contributions from the two fields, Leos 0.000 475 Sop 8.43p
QOp 4.63p Ss 44 1 4

Fe(t) = Tep(t) + Feag(t), (6) q -0.083

To(t) = Typl(t) + Tpgt). ) o B
Here each single-photon rate is proportional to a laser intengomplete population inversion of the atoms remaining un-

sity while the two-photon ionization rafé.,s is proportional lonized at the end of the pulse sequence. Our aim is to ex-
y P , . 2s 1S Prop hibit, using solutions of the time-dependent Schrodinger
to the square of th&laser intensity.

. i = > .

The excied siates and b can, in principle, decay by IS0 B R A NORRTIT ST S
spontaneous emission at ratgsand y,, respectively. How- either the final yo ulatio?ti> (oo)yin stateeg—the opulation
ever, in our discussion stagis metastablélifetime 0.12 3, pop € pop

and so its spontaneous emission decay is negligible. Furtheﬁr_agsfe\;\/—or thet_fln{ar:.p(_)pulatl_on 't?v?rr]s'?n bt(?tween states
more, the spontaneous emission rate of dtafifetime 352 andg. We quantify this inversion by the fraction

ns is much smaller than the photoionization rate, so it too Po(0) = P,()

can be neglected in the present modeling. n= —q—P () + P ()’ (8)
The strength of the coupling between stageand e is € g

parametrized by the two-photon Rabi frequerty(t). This For the simulations we take the and S pulses to be

is proportional to the intensity of thie laser. Gaussian functions,
The Hamiltonian of Eq(4) models the coupling between )

statese andb through two contributions: by a two-step tran- Ip(t) = Ip maXp(—t /7123)’

sition via resonant continuum statgthe termiQgg(t)], and

by Raman-type transitions through nonresonant intermediate () = lgmaeXxd - (t - ts)zlré] 9

discrete and continuum statfthe termgQsHt)]. The quan- ) _ o
tity Qgp(t) = \Tep(t)[p41) is an effective Rabi frequency and with durationst, and r, offset in time by the delays, and
the quantityq is the Fano parameter; its value may be calcu—Wlth peak intensitiesp max andls max
lated from wave functions for bound and continuum states,

see Eq.(A12) of the Appendix. The two-photon detuning A. Optimal conditions: Theory
Apgis relevant for the Raman coupling between statesd
e resulting from absorption of a photon from tRefield and
emission of a photon into ths field.

To ensure effective and robust population transfer to the
statee, the timings of the laser pulses and their static detun-
We use the usual nonrelativistic Pauli approximation forings have to be chosen to fulfill both the SCRAP criteria for

the wave functions of the hydrogen atom so all needetﬁ;omplete population transfg-12 and the LICS criteria for

: - PR efficient ionization suppression.
atomic parameterddipole moments, polarizabilities, and : ; . : .
photoionization cross sectionsan be calculated from ana- The SCRAP technique involves adiabatic evolution of the

lytic expressions with arbitrary numerical accuracy, as geState vector. In turn, this requires that the temporal Ageaf

scribed in Ref[24]. Table | presents the values needed forthe P pulse must be sufficiently large,

the numerical simulations reported here. o

I1l. NUMERICAL SIMULATION L .
In order that LICS produce effective ionization suppression

Two criteria are useful for quantifying the success of anythe S field must be large and almost constant when Ehe
excitation scheme involving probability losses: One is thepulse acts significantly, during the time intenfalzp, 7p].
fraction of theinitial population that is transferred to the This means that th@® pulse must be substantially shorter
target statee [i.e., the probabilityP4(«), often termed the than theS pulse,»< 7<. Adiabatic passage requires a mono-
excitation efficiency. The other is the fraction of thénal  tonic change of the Stark shifta chirp during the interval
population that is found in this state, i.e., the final population—7p, 7p]. The two-photon resonance condition must hold at
inversionafter the pulses cease. The two criteria have differsome moment during this interval. Therefore the time delay
ent uses. For example, even though a substantial fraction @ has to be larger than.. Although the SCRAP mechanism
the atoms photoionize, it may still be possible to achievecan succeed with either pulse delayed, in our implementation
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the P pulse must be delayed with respect3pulse to mini-
mize the two-photon ionization loss.

The detuning of theP-laser frequency from the two-
photon resonance due to Stark shifts changes roughly lin-
early with time, at a rate approximateMNs;,/ 27> Where

Astarc= S 1p) = §(7p) — [Su= 70) = §(=7p)]. (1D

For SCRAP to succeed this rate cannot be too large, meaning

A
0p(0)2 > =32k (12) . . .
TP 0 0.5 1 1.5 2 25 3

p [GW/em? ]

and the amplitude of changes cannot be too small, meaning

FIG. 3. Contour plot of the final excited-state populatiBg©),
for different peak intensitieks ,ax @andl g max Of the P and S pulses.
When these conditions are not satisfied the SCRAP proceé@e pube parameters atg=-3 ns,7p=1 ns, andrs=10 ns. For
fails to produce effective population transfer ehaCh par (l)f 'nltens'ge? thg set;n22$ aréd 1A55P are chosen to be

: . - . t t .

We estimate the optimal value of the-field detuning e optimal values defined by Eqd.4) and (15
from two-photon resonance by requiring that exact two-
photon resonance occurs at the maximum ofRHeeld, i.e., 7s=10ns, 7,=1ns, tg=-3ns. (16)

att=0. This choice produces the condition

Qp(0) < Astanc (13

For each choice ofp ax @nd Igma the detunings are the
Ap opt= S(0) — §,(0). (14) optimal ones defined by Eg&l4) and (15).
Figure 4 shows a contour plot of the inversignas a
Our simulation studies, discussed below, show that thigunction of the two peak intensitiek nay and lsmae The
simple expression satisfactorily describes the optimal condipulse duration and pulse delay are the same as in Fig. 3;
tion for maximizing population transfer and inversion. again the detunings were optimized for each choice of inten-
The metastable state undergoes population loss due tgty. Two local maxima are evident in Fig. 4, labeladand
photoionization by theP field. However, this one-photon B. These regions are also identified in Fig. 3, although there
ionization can be suppressed, via the LICS mechanism, byhe regionB has no local maximum.

proper choice of detuningsp=Asp o When all fields are The local maxima of regior in the two figures occurs
constant the choice for pulse areas of about In6 Because such a value does not
1 satisfy the criterion(10), the SCRAP mechanism does not
A =S.(0) = S.(0) = =T'.«(0 15 apply in this region. The absolute maximum of the final

sp op= %(0) = §(0) 2 »d0)d A9 population of levele (see Fig. 3, approaches 86% for the

. o . particular  choice Ipn=0.6 GW/cnt  and  Igpax
completely suppresses single-photon ionization. Our simulaz 5 4 c\w/cn? (region A). For these intensities the popula-
tion studies show that this expression provides a satisfactory, - inversion see Fig. s 7=0.993.

condition for maximizing population transfer with pulsed ex- RegionB is associated with larger pulse areas than region

citation. A. In Fig. 4 the local maximum of regioB occurs for the

_From Egs.(10) and (12) one might conclude that larger p_ise area of 53, a value consistent with applicability of
intensities provide more effective population transfer. How-

ever, two-photon ionization is present for the entire duration

. e 15 T T T v T
of the pulse. Therefore large intensities produce large two- / (
photon ionization losses, and hence smaller population trans- o1

07
0. B 0.99

fer, although the results become less sensitive to small
changes in pulse properties.

B. Optimal conditions: Simulation

To demonstrate the success of our proposed method we
integrated the time-dependent Schrédinger equation to obtain
the % population at the conclusion of pulseg,(«), for a
variety of conditions. This section presents some of those 5 s : s : 55 3
results. T I, [GW/em?] ’

Figure 3 shows a contour plot &f(), the final popula- Pmax
tion in statee, as a function of the two peak intensitigsyax FIG. 4. Contour plot of the population inversiopfor different
andlsmay For these and the following calculations the pulseintensities ofP and S pulses. Pulse parameters are the same as in
durationsrs, 7o and pulse delays are Fig. 3.
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TABLE Il. Parameters for maximizing inversion for region A
/ and region B.
9 0.1
T:‘ 5 Parameter Region A Region B
=
210 Ip max 0.6 GW/cn? 1.96 GW/cni
< I's max 2.4 GW/cn? 9.1 GW/cn?
1 Ap=Ap opt 96 ns?t 360.7 nst
20 AspzAsp opt -9.2 ns_l -35.2 n§1
g5 9 % 100 o ] ) ] ] )
AP [ns™'] variation of the inversion; with these detunings, for inten-

sities that maximize the inversion, as expressed by(Eg).

FIG. 5. Contour plot of the final population of levelas a  Table Il gives the values of the intensities that maximize
function of detunings\p andAsp The intensitieschosen to maxi-  iNversion in Fig. 4. This table also gives the optimal detun-
mize population transfer in region A of Fig.),3are lpma  NYS calculated from Eqg¢14) and(15) for these intensities.
=0.6 GW/cn?, Igma=2.4 GW/cnf. The other parameters are The numerical values for the detunings which maximize
those of Fig. 3. population transfer in Fig. 5 and inversion in Fig. 6 are very

close to the calculated values. The difference is less than
the SCRAP procedure. Thus the lettéksand B in Figs. 3 1 ns™.
and 4 denote regions in which conditions for SCRAP are
violated and obeyed, respectively. The association of regions
A andB with the failure or success of SCRAP are confirmed C. Doppler effect
by an examination of the time evolution of the state vector Examination of Fig. 5, which corresponds to regignsf
viewed in an adiabatic basis, as shown below. The contoursigs. 3 and 4 where SCRAP fails, or of Fig. 6, which corre-
in regionA, where SCRAP is not effective, are more closely sponds to regions where SCRAP succeeds, shows that the
spaced than those of regi@) where SCRAP contributes to range of detunings which allow good population transfer via
population transfer. This indicates that population transfer iSCRAP is substantially larger than the range of detunings
less sensitive to the variations of intensities when theyhich are effective without SCRAP. These observations also
SCRAP mechanism acts, i.e., the SCRAP mechanism conead to an estimate of the influence of Doppler broadening on
tributes to robustness of population transfer. the efficiency of population transfer. For a hydrogen atom

The_re is a large range of i_ntensities in the SCRAP regiormoving with the velocityv the two-photon detuningp has
B of Fig. 4 where the inversion exceeds 90%. In the COIMe3y pe replaced by the effective detuniE@:Ap—(Aw/Ap)v

spondingB region of Fig. 3 the population transfer is greater ~
than 60%. The inversion approaches 99.998% lfof,,, ~ &"d Aps by Aps=Apst(27/Np—2w/Agv. Then from the

=1.96 GW/cm and s nm=9.1 GW/crd. The final popula- contour plots on Figs. 5 and 6 we conclude that for the

tion of level e in this case is 64%. SCRAP region the velocity interval of effective population
The contour plots of Figs. 5 and 6 confirm the suitability ©f the level e (larger than 50% is about Av=400 m/s

of the optimal detuning, Eq$14) and (15). Figure 5 shows (meaning a bandwidth of 1.7 GHz for tifelase) whereas

the variation of the population transféo statee) with de- O region A, where SCRAP fails, it is much smallefv

tuningsAp and Agp for intensities that maximize the popu- = 100 m/s(meaning &-field bandwidth of about 0.4 GHz

lation transfer, as expressed by Et). Figure 6 shows the

IV. UNDERLYING POPULATION DYNAMICS
A. Adiabatic states

It is instructive to examine in some detail the time depen-
dence of the populations in various levels to understand the
concerted operation of the two mechanisms, SCRAP and
LICS, in the excitation process. For this purpose we intro-
duce three adiabatic statés(t) and the associated eigenval-
ues g,(t), defined as instantaneous solutions to the time-
dependent Schrddinger equation

310 320 330 340 350 360 370 W(t)q)n(t) - Sn(t)q)n(t) . (17)

ns™!
AP [ns”1 These adiabatic states coincide with bare states in the ab-
FIG. 6. Contour plot as in Fig. 5 but for regidd and with ~ sence of the laser fields, and so we label them using indices
intensities, I p max=1.96 GW/cn, Isma=9.1 GW/cn? chosen to  indicative of this connectiobeforethe arrival of the pulses.
maximize the inversion in region B of Fig. 4. Using such states we write the statevector as the expansion
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=]

(a) of the P pulse(solid line) and the aS pulse (dashed ling
These pulses induce time variation in the real and imaginary

parts of the adiabatic eigenvalueg(t), as shown in Figs.

7(b) and 7c), respectively. Two of the adiabatic statdgy(t)

and ®(t), undergo slow probability losgof at most

0.12 ns?'), while ®,(t) undergoes rapid probability logthe

I [GW/cm?]
H

(=]
-
L
b
N
4
-
+
o

= 360 loss rate is about 35 nY. This difference in loss rates is a
'g manifestation of the coherent population trapping effect that
:ﬂ 340 underlies LICS: the coupling of two discrete states through
g the continuum leads to the formation of “dark” and “bright”
x 320 eigenstates with very different ionization losses. In an ideal

case, when conditiofiL5) is fulfilled for all times, the prob-

ability of ionization of the dark state decreases to zero. The
existence of this dark state underlies the possibility for ion-
ization suppression by LICS and population transfer through

W
[«
o

e
(=]

-~ the continuuni18,20. In our case one more discrete state is
g involved in the interaction. As a result we have two eigen-
Q= 04 states with small ionization loss and one with large loss.
1 The adiabatic stat@(t), which undergoes relatively slow
- o001 probability loss, is connected with the ground staiefor
1E-3 early times and with the excited stafg for late times[see
Fig. 7(f)]. Thus if the time evolution is adiabatic there are no
1.0 ~ — transitions between adiabatic states and an atom which was
- / (d) initially in the ground state will be found in the excited state
5 %% after the interaction—the SCRAP process is active. The
B osl population transfer is not complete because of the complex
'§ 04l nature of the eigenvalues of the effective Hamiltonian. In the
ol adiabatic limit the populatiodBy(t)|? of the adiabatic state
02r 3y Dy(t) is given by
0.0Lt o 1 1 I\ L L t
AR B Bg(t):Bgad'aw(t):exp[—i f sg(t’)dt’}Bg(— ).
FIG. 7. Time dependence of the intensities of Bhpulse(solid (19

line) and S pulse (dashed ling (a), as well as the realb) and
imaginary(c) parts of adiabatic eigenvalues(n=g,e,b). The con-  The consequent maximum excitation probability is
tribution of bare stateg, in statedg, as measured by the projection o

(®g(t) | |2, is shown in(d). The bare states are solid lige the Pe max= exp{— 2f Im gg(t)dt] )

dashed linee, dotted lineb. The pulse parameters are given in Table —o0

Il (region B.

(20)

The conditions for adiabatic evolution can be met more eas-
ily, i.e., with lower laser power, when the pulses are long, but
W(t) = By(t)Dy(t) + Bo()Pe(t) + Bp(t)Pp(t).  (18)  the maximum transfer becomes smaller with an increase of

Because the Hamiltonian is not Hermitian, the eigenvalue&® time interval during which Img(t) provides the domi-
are complex valued. Furthermore, the eigenvectors are né@nt contribution to the exponent of EQ0). Hencean in-
orthogonal and therefortB,(t)|2 is not the probability of ~crease of the population transfer comes at the cost of de-
finding the system in the adiabatic stdbg(t) at timet; even ~ €réasing robustness _ S
if the state vectorF(t) coincides withd®4(t), there is some Figure 8a) shows the time dependence of the adiabatic

H 2 2
probability to find an atom irby(t) or ®y(t). This fact does state populatlc;ns as measured [By(t) . "?md [Bot). The
not affect the mathematics we use here. values of|By(t)|? are all too small to be visible hetkess than

10™%). The values ofBy(t)|? is very close to the ideal case of
) _ adiabatic following[short dash curve, calculated using Eq.
B. SCRAP regime, region B (19)], whereagBq(1)|? is very small(less than 4« 107?). This
We first illustrate the dynamics during the interaction asmeans that the system can be represented very well by the
deduced from examining the adiabatic eigenvalues. As aadiabatic stat&b(t).
example we consider the SCRAP regitnegionB of Figs. 3 The decrease of the population transfer efficiency for in-
and 9, choosing parameters of laser pulses that producereasing pulse amplitudes, when SCRAP becomes dominant,
maximum inversion. The pulse parameters are given in Tableesults from an increase of the imaginary part of the corre-
I. sponding eigenvalue. There are two reasons for this increase.
Figure 1a shows the time dependence of the intensitiesFirst, two-photon ionization by thgfield increases. Second,
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— 1.0
G 8 (a)
o
L2
% 4 o8t
: 0 1 1l 1 | N T L =
S
‘S 0.6} [N
1.0 (b) 3 AN
0.8} a tin
S ! \
0.6 a 0.4} 1 \
Q_ T Il \
=
A o4r . \
0.2l o \
1
00 [ B B ) | P ] \\
0.0t
1.0 0.95 1.00 1.05 1.10 1.15 1.20
Tt IS max /]S opt
0.8 P
= 0.6l FIG. 9. The final population of the excited staf,(«), as a
a 0.4l function of the intensity of th&laser in units of the optiméd-laser
! _ intensity for fixedP-laser intensity and fixed detunings as given in
0'2_' ‘.' ‘.‘ Table Il. The full line is regiom, where SCRAP fails, dashed line
0.0b— bl b L L is regionB, where SCRAP succeeds.

64-202 46

Time [ns] shift9). The difference in robustness for the regions where
SCRAP succeeds and where it fails is evident in Figs. 3 and
FIG. 8. Time dependence of the intensities of Bhpulse(solid 4. There we observe a narrow maximum for efficient popu-
line) and S pulse(dashed ling(a), as well as the time dependence |ation transfer in region A and a broader dependence in re-
of the adiabatic states populatiof(t)|” (solid line) and [Be(1)I>  gion B, The difference in robustness is evident also in Figs. 5
(dotted ling for (b) regionB where SCRAP succeeds af@lregion 514 6: the interval of detunings where appreciable population
A where SCRAP fails. The short dash line shows the ideal case qf5nsfer exists is substantially different for the two regions.
adlab'atlc fpllowmg calculated using E@.9). The pulse parameters It is important to note that in the calculations shown in
are given in Table Il. Figs. 3 and 4 the detunings were adjusted to their optimal
value for each pulse. In any experiment the pulse intensities
complete coherent suppression of ionization through LICS ijyctuate from pulse to pulse, so it is useful to see the influ-
possible only for static fields and detunings. Using pulsetbnce of these fluctuations on the robustness of the population
fields with Iarge intensity we increase the range of values Ofransfer_ For both regionA andB a Change of intensities
the Stark shifts, and thereby increase the ionization rate. ith fixed static detunings will, because of the incremental
Stark shifts, take the atom away from the condition for two-
C. Regime where SCRAP fails, region A photon resonance. Therefore the intensity fluctuations de-

Figure 8b) illustrates the regime in which SCRAP fails. crease the population transfer. Figure 9 shows the population
of the excited state as a function of the intensity of e

This figure shows the time dependencéRyt)|? and|Bq(t)|? _ ; : : ; :
for the mensies and detuings gen  Tavesgon A, 5510 Uhie f e cplrebieser el 7 e
One can see here that transitions occur among adiabatl?: Y gs > S QIVe
P . In Table Il. We see that the population transfer efficiency is
states primarily during thé pulse, ite sensitive to fluctuations of the laser intensity. The de-
At the conclusion of heP-field interaction there is little qiureg Sst?ib?“t ?)f ?helfgsuearl Oulzeoenef ais;eaboi E?‘Vy.Not: theat
difference between the computed populations and the ide e robustngss with re aEd to intengi{ fluctuatior(l).s is larger
adiabatic following of|By(t)|?, because the pulse intensities €9 y 9
o i for the SCRAP region than for the region where SCRAP
have been chosen to maximize population transfer. OU{a”S
simulations show much more pronounced differences be-"
tween the actual and the ideal adiabatic following when the
intensities are far from these optimal values. Thus an in- V. CONCLUSIONS
crease of laser intensities leads to more robust population

transfer, but this is accompanied by an increase of population We have shown by numerical simulation studies that
loss due to imperfect LICS. population transfer from the ground state of hydrogen to the

metastable & state can be as high as 86%, and that popula-
D. Robusiness tion inversion betweer) theszand Is can be as high as 99%,

' although the two achievements do not occur for the same

For small intensities the time evolution is not adiabatic.pulse conditions. The successful population transfer results

Nevertheless, it is possible to find some intensities whicHrom the concerted action of the mechanism of Stark-chirped
maximize the population transféthis is an analog of ar  rapid adiabatic passag€CRABP for population transfer and

pulse but for a lossy system affected by dynamic Starkhe suitable implementation of laser-induced continuum

033418-8
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structure (LICS) for the suppression of detrimental photo- + D A (Dexp(—iE tA)|n) (A3)
inization processes. Because SCRAP requires a suitably n#g.eb

crafted Stark shift but the creation of pronounced LICS suf-

fers from Stark shifts, the laser parametgrsak intensities,

pulse delay and detuningnust be chosen carefully. If that is +> f dEAe () exp(— iEt/A)|E k), (A4)
done, the optimal contributions of SCRAP and LICS to the j

transfer process can be realized with only two laser pU|5e\§/here|E,k> is a continuum state with enerdg The labelk

and with intensities readily available from commercial lasefjyantifies different possible continua having the same energy.

systems. Starting from the time-dependent Schrédinger equation

we adiabatically eliminate all amplitudes except those of the

particular stateg, e, b[21,22,25,26 In so doing, we obtain

effective interactions, and dynamic energy shifts, expressible
L.P.Y. and V.I.R. acknowledge support from the Deutschen terms of a polarizability tensd25],

ForschungsgemeinschafGrant No. 436 UKR 113/46)9 e

B.W.S. acknowledges support by funds from the Max- Q. (w)= > (mjd{k)k|d]m) + | dED (m|d[E,j)(E,j|d[n)

Planck-Forschungspreis 2003 awarded to K.B. k Exk—En—To k E-Ep-fio
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(A5)

APPENDIX: THE LICS EFFECTIVE HAMILTONIAN whered is the dipole-moment operator. The continuum inte-
gral includes the resonance enekyE,,+7%w», whose singu-
larity is dealt with by breaking the integration into a nonsin-
gular principal value partdenoted byP) and a resonant part
(yielding the transition rate of a Fermi golden ryle

We consider an atom interacting with two laser field® a
laser with amplitudesp(t), intensity Ip(t), and carrier fre-
quency wp, and anS laser with amplitudesg(t), intensity
I4(t), and carrier frequencys. The total electric field is

(mid}j){jldm)
E(t) = Reeses(t)exp(- iwg) + epep(t)exp(- iwpt)], ReQmi(w) = X E | “E 1 f|L
j BiTEmT o
(A1)
. : . o : (m|d[E,k)E,K|d[n)
whereeg; is a unit vector prescribing the polarization of field +P | dEX ECE —7o
k m

j. We express the state vectdr(t)) of the atom as a com-
bination of three particular bound statesg, e, b, with en-
ergies{Ey, E¢, Ep}, together with a sum over all other bound Im Q\(w) = > w{m|d|E = Epy+ i, KYE = Epy + o, k|d|n).

states and an integral over continuum states, using the Dirac k
picture: (A6)
W (t)) = 2 Ch(t)exp(— iE t/)|n) (A2) The adiabatic elimination yields a three-state time-evolution
n=g.e,b equation, which may be writtef22]
|
Cy(t) i 25/(t) +2Ap Qp(t) 0 Cy(t)
pm Cd) | = =3 Qp(t) 25(1) —iTe(t) — e = (i + ) Qspt) Ce®) |. (A7)
Cp(t) 0 - (i +9)Qsdt)  25,(t) + 2Apg—iT(t) =iy || Cylt)

The theoretical ionization ratds,(t) and Stark shiftsS,(t) : T
appearing here are obtainable by summing partial rates and () = £|5a(t)|22k [(nle, - d[E = fiw, — En, k),
shifts: “

(A9)
and#S,,(1) is the dynamic Stark shift of the energy of state
T= 2T, S(H=2 S0,  (As) nproduced by lasew:
k,a a
! 1 *
hSﬁa(t) == Z|5a(t)|2ea ) [an(wa) + an(_ wa)] : ea'
(A10)

wherel“ff{(t) is the ionization rate from stateto continuum
k caused by laset, The quantity

033418-9
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o
Qsplt) = TEMOTELD (A11)

is an effective Rabi frequency for the two-step transition , . ) _

from the state to the stateb with intermediate population of Eduation(A7) is usable for any two excited states; hence

the continuum stateks with energyE =fiwp+E,~hws+E, ~ [NEre appears a constant loss rgjefor each state, express-

The Fanog parameter appearing here can be evaluated frori{!9 the rate at which spontaneous emission removes popula-

the expressiofi21,22] tion from staten. o _
The effective Hamiltonian implied by EqA7) requires

dynamic Stark shift§,(t), photoionization ratef'(t), spon-
taneous emission rates,, an effective Rabi frequency
QOgt), and the Fano parametqr In principle, all of these
quantities can be calculated if the atomic wave functions are

hilps= filwp — wg) = (Ep— Eo). (A13)

1 *
A2sp(t) = S|ERDESD)]E, - [Qet(wp) + Qoel~ w9)] - €.
(A12)

The two-photon detuningpgis given by

known, as they are for hydrogen.
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