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Source of metastable H2s) atoms using the Stark chirped rapid-adiabatic-passage technique
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We propose the use of Stark chirped rapid-adiabatic-passage method, a technique in which the energy of a
target state is swept through resonance by a slowly varying dynamic Stark shift to induce complete population
transfer from the groundsdlstate to the metastables Atate of the hydrogen atom. Parasitic ionization pro-
cesses are strongly reduced by using a two-color excitation scheme. Our detailed numerical calculations show
that under judicious choice of pulse parameters, up to 98% of the population can be foundsrstate 2t the
end of the proces$S1050-2947@9)51112-9

PACS numbd(s): 42.50.Md

Control of population transfer between specific quantuma dynamic Stark shift. The result is similar to the population
states has been a major goal in atomic and molecular physi@gsversion reported by Lo§8], who used adiabatic quasistatic
during the last three decades. The recent availability of effipulses of~5-us duration, to induce dc Stark shifts. How-
cient schemes for selective population transfer, such as thever, he induced two sequential population inversions per
stimulated Raman adiabatic passa@IIRAP) technique, pulse(an excitation for the leading edge and deexcitation for
have opened new directions in collision dynamics and spedhe trailing edge of each pulsewith the final result that no
troscopy [1]. One important aim of selective population net population transfer took place. In SCRAP a time delay
transfer is to provide pure and dense sources of excited abetween the “Stark” pulse and the “pump” pulse ensures
oms. The preparation of hydrogen atoms in their metastablthat only one transfer process occurs and that the entire
2s state is of particular interest due to the long lifetifpeo- ~ population is in the excited state when the process is over.
vided the electric field is smallnd high energy of this state. =~ Commercially available pulsed lasers enable the comple-
Furthermore, hydrogen lends itself to quantitatively accuratdion of the inversion process within a few nanoseconds with
theoretical analysis. However, application of STIRAP to thethe SCRAP method. Shaping quasistatic pulses of this dura-
transfer of population from theslto the X state of hydro- tion is a much more difficult task. It may also be argued that
gen requires coupling to a higher electronic state. The refemtosecond chirping techniques could be used to sweep the
quired wavelength to access this state must be less than 12@sonance. However, the bandwidth of ns pulses is far too
nm. In this range, radiation with suitable intensity and cohersmall to apply traditional short-pulse methdds.
ence is not currently available. A prerequisite for the con- The SCRAP method was demonstrated successfully for
struction of a pure H(&) source is the development of more the 2s-3s transition in metastable heliuf@]. In this Rapid
efficient population transfer schemes, as current opticaCommunication, we present a theoretical study of the
population transfer methods are limited, by photoionization SCRAP scheme, as applied to produce metastable)-{2
to an efficiency of less than 2092]. oms by coherent population inversion from ground-state en-

Recently we have developed a population transfer schemgembles. The excitation scheme is modified from our experi-
called “Stark chirped rapid adiabatic passagSCRAB [3]. ment in H& to a two-color pump pulse in order to avoid
This technique builds on the well-known method of rapidunwanted ionization from the2state. We study the inver-
adiabatic passadd—8] in which a one- or two-photon tran- sion efficiency as a function of the relative intensities of the
sition between two discrete-energy states is adiabaticalliwo pump pulses and their detuning from two-photon reso-
swept through resonance, thereby inducing a nearly completegance, and show that by appropriate choice of parameters,
population inversion. Our method utilizes one laser pulsenearly complete population inversion is obtained.

(the “pump”), tuned slightly away from resonance with the  The SCRAP technique, as previously implemen{tatl
two-photon transition between the states, and a second pulgeoceeds by a one-color, two-photon excitation from the
(the “Stark”) that sweeps through the resonance by inducingground state with a fixed small detunino=w,— 2w,
wherew is the pump laser frequency amrg,=(E,s— Eqs)/
f is the atomic resonance frequency. The transition is then
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Sciences, prospect Nauki 46, Kiev-22, 252650, Ukraine. time-dependent dynamic Stark shift, thereby scanning the in-
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In brief, the two-level Hamiltonian for the system is

_h( 0 Q(t))
HO=21 a1 2a00) @

In the above()(t) is the two-photon transition rate adqt)
is the Stark-shifted detuning

A()=Ag—Ag(t), 2
where Ag(t) is the relative Stark shift, i.e., the time-
dependent difference between the Stark shifts of the two lev-

els. The two-level Schinger equation with the Hamil-
tonian of Eqg.(1) has two adiabatic solutions,

W _(t)=cosO(t)|1s)—sinO(t)|2s), (3a)
¥, (t)=sin®(t)|1s)+cosO(t)|2s), (3b)

given in terms of a mixing angl® (t) defined, modulo 7,
as

tan 20 ()= Q(t)/2A(t). 4

FIG. 1. Two-photon excitation schemes for SCRAP in hydro- The corresponding adiabatic eigenvalues are

gen: dashed arrows, one-color; solid arrows, two-color. The detun-

ing Aq is grossly exaggerated.

E¢=§[A(t)ivﬂ(t)2+A(t)2]- ®)

2(a)]: first by the leading edge of the pulse and next by its On adiabatically sweeping(t), via Ag(t), from a large
trailing edge. As a result, the entire population remains in theyegative value through the resonance to a large positive
1s state when the pulses are over. To avoid this double popusalue, the adiabatic eigenstate_(t) evolves smoothly from
lation transfer, a time delay is introduced between the Starkhe initially populated stat¢1s) to the target stat¢2s),

and pump pulsefsee Fig. 20)], rendering the second cross- with the final result that population is completely transferred

ing ineffective.
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FIG. 2. Comparison of coincident-pulse schef@eand SCRAP
schemeb) for the hydrogen &-2s transition. Shown are the Stark
and pump laser pulséspper tracg the two-photon transition rate
Q(t), the Stark-free detunindy,, and the Stark shifA g(t) (middle

trace; and the populations of the two levelewer trace.

to the target state. To maintain adiabaticity, the time deriva-
tive of the mixing angle®(t) must at all times be much
smaller in magnitude than the spacing between the adiabatic
energies of Eq(5). This requirement leads to the adiabaticity

condition,
10(t)|< V()2 +A(1)?, 6)

which must be maintained at all times. Equati@his easily
satisfied whem\(t) is large. However, on resonanc®(t)
=0, adiabatic evolution requires a sufficiently strong cou-
pling Q(t). We have previously showf3] that for time
delayed, Gaussian shaped pulses,

—t? —(t—7)?
Q(t)=Qqex ? A (t)=S,ex T

P S

Y

the condition set by Eq6)) translates to the following re-
quirements for the experimentally controllable laser param-
etersQo, Tp, Ag, Sy, Ts, andr,

-872 A /
ex 27 < 20 In i< 1. (8
TS 03T A

The inequalitieq8) imply that it is preferable to work with
large pump intensities and small detuning. However, for
large pump intensities, ionization rates are increased and
population is lost. Therefore, it is essential to obtain optimal
intensities for the pump pulses.

We have simulated the SCRAP process on the2& hy-
drogen transition. A potential difficulty in using SCRAP for
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TABLE I. Theoretical values for simulation. HefeS; andT';;
are the dynamic Stark shift of the energy of stiatel (1s) or 2(2s)
and ionization rate of this state produced by Igsél is the effec-
tive Rabi frequency for the two-photon transition from statetd
state 3; 14, |,, andl; are the intensity of uv, vuv, and Stark IR
lasers expressed in W/@mThe ionization rates, Stark shifts and
Rabi frequency are expressed in's

c

Q 1149111, 2

Fll 0 Sll _1441 =

FlZ 0 812 _2302 8‘

F13 0 813 _134'3 o
Fz]_ 0 SZl _144'1
Ty 2.56x1, S 4.69,
" 0 Sys —53.015

this transition is that there may be significant losses due ti
ionization of the H(3) atoms by the pump photorie/hose
energy is of the order 3/8 Ry, greater than ttei@ization F [J/sz]
energyE{?Y=1/4 Ry). To overcome this difficulty, we pro- 2
pose a two-color excitation scheme, as depicted by solid ar- FiG. 3. Final populations in thesland the 2 states as a func-
rows in Fig. 1. Two coincident excitation pulses are usedtion of vuv fluence, at 25 J/ch(1), 50 J/cn? (2), 100 J/cm (3), and
with carrier frequenciesw;<E@Z9/h and w,=wa—A, 150 J/cnd (4) uv fluence. The Stark pulse fluence is 1 and its
— w4, and intensitied; and|,. Becausew, is too small to  duration isTg=1.5T,. The time delay between the pulsess
induce a single-photon transition froms2nto the con- =1.2T, and the Stark-free detuining i$q=—15/T,.
tinuum, it is possible to minimize ionization by increasing
I1, while concomitantly decreasirg, thereby maintaininga about 1.5 times the width of the pump pulses. This is a
fixed two-photon transition rate, which is proportional to realistic assumption, since often the latter radiation is ob-
J111,. The wavelengths of the excitation lasers were taken tdained by frequency up-conversion from the infrared radia-
be 399.4 nm (25034.4cnt, uv) and 174.75 nm tion, and the pulse width is shortened by the conversion pro-
(57223.8cm?, vuv) for w; and w,, respectively. This cess.
choice nullifies the dynamical Stark shift induced by the The results of a time-delayed SCRAP scheme in which
strong uv pulse, which would make it difficult, if not impos- the pump pulses precede the Stark pulse, are plotted in Fig.
sible, to guarantee adiabatic evolution. We have previousl@(b). The resonance is swept through twice by the Stark
shown[3] that in order to maintain adiabaticity, this shift pulse but, due to the time-delayed pulse sequence, the second
should be no greater than the two-photon transition §€ate  crossing takes place when the pump pulse is essentially over
BecausedAg/dv, at v;=25034.4 cm! is 0.0426, cm/s and is therefore ineffective. As a result, population is being
and Q is 11.49/1,1, s (wherel; and |, are in units of transferred adiabatically from the ground state to the excited
W/cn?), the frequency of the uv laser should be kept withinstate. lonization is minimized by the two-color pumping
an interval of Q/(dAg/dv,)=269.72/1,/1, cm™* around Scheme to less than 2%, resulting in a total transfer efficiency
vi. Therefore, for the characteristic intensity ratios of of 98%.
1,/1,~10"* used in our calculations, the required uv fre- While ionization losses are generally low, they become
quency is 25 034.4 2.7 cn L. The wavelength of the Stark more significant on increasing the pump pulse intensities. It
laser was 1064 nm. is particularly important to maintain a low intensity of the
The radiation needed for the uv laser pulse at 399.4 nnyuv (I2), laser which is capable of one-photon ionization
can be provided by frequency-doubling the output of a tunfrom the X state. On the other hand, the adiabaticity condi-
able laser(e.g., a titanium sapphire laser or an optical paraion of Eq. (8) implies that strong pump intensities are re-
metric oscillatoy. The vuv pulse at 174.75 nm can be gen-quired to obtain efficient population transfer. These contra-
erated by resonant frequency-difference mixing of twodicting requirements suggest that there is an effective
strong laser fields in a rare-gas or metal vaicH. optimal pump intensity for which the inversion yield is maxi-
The possibility of ionization by twaw, photons at high, ~ Mized. In Fig. 3 we plot the final populations of the two
was also considered. Calculated two-photon ionization ratestates, as a function of the vuv fluergg= \rl, T, at four
from the hydrogenic & level [10] at the relevant wave- different values of the uv fluenc&, =zl 1Tp. As ex-
lengths (400 nm and intensities € 10° W/cn?) are of the ~ pected, the & population increases with increasing the vuv
order of 1§ s™!, amounting to negligible losses of order fluence until a maximum is reached. Any further increase in
0.01% for a ns pulse. Two-photon transition rates, dynamidhis fluence would only enhance the one-photon ionization
Stark shifts and ionization rates were calculated as describg@te and reduce efficiency. WeaHerintensities are required
in Ref.[11] and are given in Table |I. We have simulated thein order to obtain the same efficiency for increasingly stron-
time evolution of the SCRAP process as a function of theger I;. This is simply due to the fact that the population
pump and Stark pulse fluences and of the Stark-free deturglistributions are dependent only on the overall @t¢hat is
ing. The width of the Stark-shift laser pulse was taken to beproportional toy/11 5.
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1.0 e

— : r —T T3 respect taAy. Finally, whenAg is larger thanS,, the Stark
pulse is too weak to sweep through the resonance and no
population transfer takes place. The two-photon bandwidth
1 . increases for increasingly larger pump intensities.

The SCRAP method, as applied in this article for the
i 1s-2s transition in hydrogen, is an efficient mechanism for
06} . population inversion. In fact, the entire ensemble of atoms

E A can be converted from the ground states)(1o the meta-
1 A stable state (. Possible applications include the produc-
04k A tion of a much needed, intense Lymarsource[15] with a
i i near unity conversion efficiendcompared with 10* con-
version efficiencies of frequency-mixing techniques in rare-
or metal-gas vaporgl5]). The two-color excitation scheme
may also serve for probing hydrogenic Bose-Einstein con-
densate§12] by two-photon spectroscopyl3]. The total
S, o detection efficiency of the currently used scheh6], lim-
0'935 ' _3'0 o5 20 15 10 B 0 ited to ~10"°, may be greatly improved.
AT To conclude, we have shown that large populations of
0°p metastable hydrogen in thesXtate may be obtained from

FIG. 4. Calculated two-photon line shapes for three values Opround-state ensembles, via the SCRAP tec_hm_qug. We pro-

uv-pulse fluence: 50 J/@(1), 100 Jicrd (2), and 150 Jich (3). pose a two-color pump scheme that keeps ionization losses

The vuv-pulse fluence is 0.01 J/émnd the IR(StarK pulse fluence low while maintaining a high overall rate. Optimal popula-
is 1 J/c?. The Stark pulse duration §s=1.5T, and the time tion transfer efficiencies of 98% are predicted for pulse in-

delay isr=1.2T,. tensities that are sufficiently high to maintain adiabaticity
throughout the process but not so large that substantial ion-

. . ization occurs.
It is also of interest to study the effect of the Stark-free

detuningA, on the efficiency of SCRAP. As depicted in Fig.  This work was supported by the German-Israeli founda-
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