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Source of metastable H„2s… atoms using the Stark chirped rapid-adiabatic-passage technique

L. P. Yatsenko,* B. W. Shore,† T. Halfmann,‡ and K. Bergmann
Fachbereich Physik der Universita¨t Kaiserslautern, 67653 Kaiserslautern, Germany

A. Vardi§
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~Received 13 August 1999!

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 ground 1s state to the metastable 2s state 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 found in the 2s state at the
end of the process.@S1050-2947~99!51112-8#

PACS number~s!: 42.50.Md
um
s
ffi
t

e
n
a
b

.
a
he

r
1

er
n

re
ic
on

em

id
-
al
le
ls
e
u
in

on
ic
-
per
for

lay
es
tire

er.
ple-
ith

ura-
at
the

too

for

the

en-
eri-
d
-
he
so-
ters,

he

hen
es a
in-

ify

ines
as

y

or

inc

tro
Control of population transfer between specific quant
states has been a major goal in atomic and molecular phy
during the last three decades. The recent availability of e
cient schemes for selective population transfer, such as
stimulated Raman adiabatic passage~STIRAP! technique,
have opened new directions in collision dynamics and sp
troscopy @1#. One important aim of selective populatio
transfer is to provide pure and dense sources of excited
oms. The preparation of hydrogen atoms in their metasta
2s state is of particular interest due to the long lifetime~pro-
vided the electric field is small! and high energy of this state
Furthermore, hydrogen lends itself to quantitatively accur
theoretical analysis. However, application of STIRAP to t
transfer of population from the 1s to the 2s state of hydro-
gen requires coupling to a higher electronic state. The
quired wavelength to access this state must be less than
nm. In this range, radiation with suitable intensity and coh
ence is not currently available. A prerequisite for the co
struction of a pure H(2s) source is the development of mo
efficient population transfer schemes, as current opt
population transfer methods are limited, by photoionizati
to an efficiency of less than 20%@2#.

Recently we have developed a population transfer sch
called ‘‘Stark chirped rapid adiabatic passage’’~SCRAP! @3#.
This technique builds on the well-known method of rap
adiabatic passage@4–8# in which a one- or two-photon tran
sition between two discrete-energy states is adiabatic
swept through resonance, thereby inducing a nearly comp
population inversion. Our method utilizes one laser pu
~the ‘‘pump’’!, tuned slightly away from resonance with th
two-photon transition between the states, and a second p
~the ‘‘Stark’’! that sweeps through the resonance by induc

*Permanent address: Institute of Physics, Ukranian Academ
Sciences, prospect Nauki 46, Kiev-22, 252650, Ukraine.

†Permanent address: Lawrence Livermore National Laborat
Livermore, CA 94550.

‡Present address: Blackett Laboratory, Imperial College, Pr
Consort Road, London SW7 2BZ, United Kingdom.

§Present address: ITAMP, Harvard-Smithsonian Center for As
physics, 60 Garden Street, MS 14 Cambridge, MA 02138.
PRA 601050-2947/99/60~6!/4237~4!/$15.00
ics
-

he

c-

t-
le

te

e-
20
-
-

al
,

e

ly
te
e

lse
g

a dynamic Stark shift. The result is similar to the populati
inversion reported by Loy@8#, who used adiabatic quasistat
pulses of;5-ms duration, to induce dc Stark shifts. How
ever, he induced two sequential population inversions
pulse~an excitation for the leading edge and deexcitation
the trailing edge of each pulse!, with the final result that no
net population transfer took place. In SCRAP a time de
between the ‘‘Stark’’ pulse and the ‘‘pump’’ pulse ensur
that only one transfer process occurs and that the en
population is in the excited state when the process is ov

Commercially available pulsed lasers enable the com
tion of the inversion process within a few nanoseconds w
the SCRAP method. Shaping quasistatic pulses of this d
tion is a much more difficult task. It may also be argued th
femtosecond chirping techniques could be used to sweep
resonance. However, the bandwidth of ns pulses is far
small to apply traditional short-pulse methods@9#.

The SCRAP method was demonstrated successfully
the 2s-3s transition in metastable helium@3#. In this Rapid
Communication, we present a theoretical study of
SCRAP scheme, as applied to produce metastable H(2s) at-
oms by coherent population inversion from ground-state
sembles. The excitation scheme is modified from our exp
ment in He* to a two-color pump pulse in order to avoi
unwanted ionization from the 2s state. We study the inver
sion efficiency as a function of the relative intensities of t
two pump pulses and their detuning from two-photon re
nance, and show that by appropriate choice of parame
nearly complete population inversion is obtained.

The SCRAP technique, as previously implemented@3#,
proceeds by a one-color, two-photon excitation from t
ground state with a fixed small detuningD0[va22v,
wherev is the pump laser frequency andva[(E2s2E1s)/
\ is the atomic resonance frequency. The transition is t
swept through resonance by the Stark pulse, which induc
time-dependent dynamic Stark shift, thereby scanning the
terlevel spacing~mainly by shifting the 2s level!. The inten-
sity of the Stark pulse should be sufficiently strong to mod
the atomic frequency by more thanD0 in order to sweep
through resonance. The situation is depicted by dashed l
in Fig. 1. If the Stark pulse is coincident with the pump,
with Loy @8#, the resonance is swept through twice@see Fig.
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2~a!#: first by the leading edge of the pulse and next by
trailing edge. As a result, the entire population remains in
1s state when the pulses are over. To avoid this double po
lation transfer, a time delay is introduced between the S
and pump pulses@see Fig. 2~b!#, rendering the second cros
ing ineffective.

FIG. 1. Two-photon excitation schemes for SCRAP in hyd
gen: dashed arrows, one-color; solid arrows, two-color. The de
ing D0 is grossly exaggerated.

FIG. 2. Comparison of coincident-pulse scheme~a! and SCRAP
scheme~b! for the hydrogen 1s-2s transition. Shown are the Star
and pump laser pulses~upper trace!; the two-photon transition rate
V(t), the Stark-free detuningD0 , and the Stark shiftDS(t) ~middle
trace!; and the populations of the two levels~lower trace!.
s
e
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rk

In brief, the two-level Hamiltonian for the system is

H~ t !5
\

2 S 0 V~ t !

V~ t ! 2D~ t !
D . ~1!

In the above,V(t) is the two-photon transition rate andD(t)
is the Stark-shifted detuning

D~ t !5D02DS~ t !, ~2!

where DS(t) is the relative Stark shift, i.e., the time
dependent difference between the Stark shifts of the two
els. The two-level Schro¨dinger equation with the Hamil-
tonian of Eq.~1! has two adiabatic solutions,

C2~ t !5cosQ~ t !u1s&2sinQ~ t !u2s&, ~3a!

C1~ t !5sinQ~ t !u1s&1cosQ~ t !u2s&, ~3b!

given in terms of a mixing angleQ(t) defined, modulo 2p,
as

tan 2Q~ t !5V~ t !/2D~ t !. ~4!

The corresponding adiabatic eigenvalues are

E65
\

2
@D~ t !6AV~ t !21D~ t !2#. ~5!

On adiabatically sweepingD(t), via DS(t), from a large
negative value through the resonance to a large pos
value, the adiabatic eigenstateC2(t) evolves smoothly from
the initially populated stateu 1s & to the target stateu 2s &,
with the final result that population is completely transferr
to the target state. To maintain adiabaticity, the time deri
tive of the mixing angleQ(t) must at all times be much
smaller in magnitude than the spacing between the adiab
energies of Eq.~5!. This requirement leads to the adiabatici
condition,

uQ̇~ t !u!AV~ t !21D~ t !2, ~6!

which must be maintained at all times. Equation~6! is easily
satisfied whenD(t) is large. However, on resonance,D(t)
50, adiabatic evolution requires a sufficiently strong co
pling V(t). We have previously shown@3# that for time
delayed, Gaussian shaped pulses,

V~ t !5V0 expS 2t2

Tp
2 D , Ds~ t !5S0 expS 2~ t2t!2

Ts
2 D ,

~7!

the condition set by Eq.~6!! translates to the following re
quirements for the experimentally controllable laser para
etersV0 , Tp , D0 , S0 , TS , andt,

expS 28t2

Tp
2 D !

D0

V0
2TS

Aln
S0

D0
!1. ~8!

The inequalities~8! imply that it is preferable to work with
large pump intensities and small detuning. However,
large pump intensities, ionization rates are increased
population is lost. Therefore, it is essential to obtain optim
intensities for the pump pulses.

We have simulated the SCRAP process on the 1s-2s hy-
drogen transition. A potential difficulty in using SCRAP fo
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this transition is that there may be significant losses due
ionization of the H(2s) atoms by the pump photons~whose
energy is of the order 3/8 Ry, greater than the 2s ionization
energyEion

(2s)51/4 Ry!. To overcome this difficulty, we pro
pose a two-color excitation scheme, as depicted by solid
rows in Fig. 1. Two coincident excitation pulses are us
with carrier frequenciesv1,Eion

(2s)/\ and v25va2D0

2v1, and intensitiesI 1 and I 2. Becausev1 is too small to
induce a single-photon transition from 2s into the con-
tinuum, it is possible to minimize ionization by increasin
I 1, while concomitantly decreasingI 2 , thereby maintaining a
fixed two-photon transition rate, which is proportional
AI 1I 2. The wavelengths of the excitation lasers were take
be 399.4 nm (25034.4 cm21, uv! and 174.75 nm
(57223.8 cm21, vuv! for v1 and v2, respectively. This
choice nullifies the dynamical Stark shift induced by t
strong uv pulse, which would make it difficult, if not impos
sible, to guarantee adiabatic evolution. We have previou
shown @3# that in order to maintain adiabaticity, this shi
should be no greater than the two-photon transition rateV.
BecausedDS /dn1 at n1525 034.4 cm21 is 0.0426I 1 cm/s
and V is 11.49AI 1I 2 s21 ~where I 1 and I 2 are in units of
W/cm2), the frequency of the uv laser should be kept with
an interval of V/(dDS /dn1)5269.7AI 2 /I 1 cm21 around
n1 . Therefore, for the characteristic intensity ratios
I 2 /I 1;1024 used in our calculations, the required uv fr
quency is 25 034.462.7 cm21. The wavelength of the Star
laser was 1064 nm.

The radiation needed for the uv laser pulse at 399.4
can be provided by frequency-doubling the output of a t
able laser~e.g., a titanium sapphire laser or an optical pa
metric oscillator!. The vuv pulse at 174.75 nm can be ge
erated by resonant frequency-difference mixing of t
strong laser fields in a rare-gas or metal vapor@14#.

The possibility of ionization by twov1 photons at highI 1
was also considered. Calculated two-photon ionization ra
from the hydrogenic 2s level @10# at the relevant wave
lengths (;400 nm! and intensities (;109 W/cm2) are of the
order of 105 s21, amounting to negligible losses of orde
0.01% for a ns pulse. Two-photon transition rates, dyna
Stark shifts and ionization rates were calculated as descr
in Ref. @11# and are given in Table I. We have simulated t
time evolution of the SCRAP process as a function of
pump and Stark pulse fluences and of the Stark-free de
ing. The width of the Stark-shift laser pulse was taken to

TABLE I. Theoretical values for simulation. Here\Si j andG i j

are the dynamic Stark shift of the energy of statei 51(1s) or 2(2s)
and ionization rate of this state produced by laserj; V is the effec-
tive Rabi frequency for the two-photon transition from state 1s to
state 2s; I 1 , I 2, and I 3 are the intensity of uv, vuv, and Stark IR
lasers expressed in W/cm2. The ionization rates, Stark shifts an
Rabi frequency are expressed in s21.

V 11.49AI 1I 2
G11 0 S11 21.44I 1
G12 0 S12 22.30I 2
G13 0 S13 21.34I 3
G21 0 S21 21.44I 1
G22 2.563I 2 S22 4.65I 2
G23 0 S23 253.01I 3
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about 1.5 times the width of the pump pulses. This is
realistic assumption, since often the latter radiation is
tained by frequency up-conversion from the infrared rad
tion, and the pulse width is shortened by the conversion p
cess.

The results of a time-delayed SCRAP scheme in wh
the pump pulses precede the Stark pulse, are plotted in
2~b!. The resonance is swept through twice by the St
pulse but, due to the time-delayed pulse sequence, the se
crossing takes place when the pump pulse is essentially
and is therefore ineffective. As a result, population is be
transferred adiabatically from the ground state to the exc
state. Ionization is minimized by the two-color pumpin
scheme to less than 2%, resulting in a total transfer efficie
of 98%.

While ionization losses are generally low, they becom
more significant on increasing the pump pulse intensities
is particularly important to maintain a low intensity of th
vuv (I 2), laser which is capable of one-photon ionizatio
from the 2s state. On the other hand, the adiabaticity con
tion of Eq. ~8! implies that strong pump intensities are r
quired to obtain efficient population transfer. These cont
dicting requirements suggest that there is an effec
optimal pump intensity for which the inversion yield is max
mized. In Fig. 3 we plot the final populations of the tw
states, as a function of the vuv fluenceF25ApI 2Tp , at four
different values of the uv fluenceF15ApI 1Tp . As ex-
pected, the 2s population increases with increasing the v
fluence until a maximum is reached. Any further increase
this fluence would only enhance the one-photon ionizat
rate and reduce efficiency. WeakerI 2 intensities are required
in order to obtain the same efficiency for increasingly stro
ger I 1. This is simply due to the fact that the populatio
distributions are dependent only on the overall rateV that is
proportional toAI 1I 2.

FIG. 3. Final populations in the 1s and the 2s states as a func-
tion of vuv fluence, at 25 J/cm2 ~1!, 50 J/cm2 ~2!, 100 J/cm2 ~3!, and
150 J/cm2 ~4! uv fluence. The Stark pulse fluence is 1 J/cm2 and its
duration is TS51.5Tp . The time delay between the pulses ist
51.2Tp and the Stark-free detuining isD05215/Tp .
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It is also of interest to study the effect of the Stark-fr
detuningD0 on the efficiency of SCRAP. As depicted in Fig
4, at low values ofD0 the couplingV(t) at the crossing
point is not sufficiently strong to induce population transf
This may be viewed as a violation of condition~8! due to the
high value ofAln(S0 /D0). On the other hand, whenD0 ap-
proachesS0, the two crossing points get closer, the res
nance is swept through twice at comparable pump-pulse
tensities, and the efficiency decreases and oscillates

FIG. 4. Calculated two-photon line shapes for three values
uv-pulse fluence: 50 J/cm2 ~1!, 100 J/cm2 ~2!, and 150 J/cm2 ~3!.
The vuv-pulse fluence is 0.01 J/cm2 and the IR~Stark! pulse fluence
is 1 J/cm2. The Stark pulse duration isTS51.5Tp and the time
delay ist51.2Tp .
e
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respect toD0. Finally, whenD0 is larger thanS0, the Stark
pulse is too weak to sweep through the resonance and
population transfer takes place. The two-photon bandwi
increases for increasingly larger pump intensities.

The SCRAP method, as applied in this article for t
1s-2s transition in hydrogen, is an efficient mechanism f
population inversion. In fact, the entire ensemble of ato
can be converted from the ground state (1s) to the meta-
stable state (2s). Possible applications include the produ
tion of a much needed, intense Lyman-a source@15# with a
near unity conversion efficiency~compared with 1024 con-
version efficiencies of frequency-mixing techniques in ra
or metal-gas vapors@15#!. The two-color excitation schem
may also serve for probing hydrogenic Bose-Einstein c
densates@12# by two-photon spectroscopy@13#. The total
detection efficiency of the currently used scheme@16#, lim-
ited to ;1025, may be greatly improved.

To conclude, we have shown that large populations
metastable hydrogen in the 2s state may be obtained from
ground-state ensembles, via the SCRAP technique. We
pose a two-color pump scheme that keeps ionization los
low while maintaining a high overall rate. Optimal popul
tion transfer efficiencies of 98% are predicted for pulse
tensities that are sufficiently high to maintain adiabatic
throughout the process but not so large that substantial
ization occurs.
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@2# M. Dörr, O. Latinne, and C. J. Joachain, Phys. Rev. A55, 3697
~1997!.

@3# T. Rickes, L. P. Yatsenko, S. Steuerwald, B. W. Shore, N
Vitanov, and K. Bergmann~unpublished!.

@4# L. Allen and J. H. Eberley,Optical Resonance and Two-Leve
Atoms~Wiley, New York, 1975!.

@5# D. G. Grischkowski, Phys. Rev. Lett.24, 866 ~1970!; D. G.
Grischkowski and J. A. Armstrong, Phys. Rev. A6, 1566
~1972!; D. G. Grischkowski, E. Courtens, and J. A. Armstrong
Phys. Rev. Lett.31, 422 ~1973!; D. G. Grischkowski, Phys.
Rev. A 7, 2096~1973!.

@6# M. D. Crisp, Phys. Rev. A8, 2128~1973!.
@7# E. B. Treacy, Phys. Lett. A27, 421 ~1968!; E. B. Treacy and

A. J. DeMaria,ibid. 29, 369 ~1969!.
@8# M. M. T. Loy, Phys. Rev. Lett.32, 814 ~1974!.
@9# J.-C. Diels and W. Rudolph,Ultrashort Laser Pulse Phenom-

ena: Fundamentals, Techniques, and Applications on a Fe
tosecond Time Scale~Academic Press, San Diego, 1996!.

@10# W. Zernik, Phys. Rev. A135, 51 ~1964!; W. Zernik and R. W.
Klopfenstein, J. Math. Phys.6, 262 ~1965!.

@11# L. Yatsenko, R. Unanyan, K. Bergmann, T. Halfmann, and B
.

.

,

-

.

W. Shore, Opt. Commun.135, 406 ~1997!.
@12# D. G. Fried, T. C. Killian, L. Willmann, D. Landhuis, S. C.

Moss, D. Kleppner, and T. H. Greytak, Phys. Rev. Lett.81,
3811 ~1998!.

@13# C. L. Cesar, D. G. Fried, T. C. Killian, A. D. Polcyn, J. C
Sandberg, I. A. Yu, T. J. Greytak, D. Kleppner, and J. M
Doyle, Phys. Rev. Lett.77, 255 ~1996!.

@14# R. Hilbig and R. Wallenstein, IEEE J. Quantum Electron.17,
1566~1981!; G. W. Faris and M. J. Dyer, inShort-Wavelength
Coherent Radiation: Generation and Applications, edited by
P. H. Bucksbaum and N. M. Ceglio~Optical Society of
America, Washington, DC, 1991!, p. 56.

@15# S. A. Meyer and G. W. Faris, Opt. Lett.23, 204 ~1998!; R.
Mahon and Y. M. Yiu, ibid. 5, 279 ~1980!; H. Langer, H.
Puell, and H. Roehr, Opt. Commun.34, 137 ~1980!; J. P. Ma-
rangos, N. Shen, H. Na. M. H. R. Hutchinson, and J. P. Co
nerade, J. Opt. Soc. Am. B7, 1254 ~1990!; C. E. M. Strauss
and D. J. Funk, Opt. Lett.16, 261 ~1991!; K. Hakuta, L.
Marmet, and B. P. Stoicheff, Phys. Rev. Lett.66, 596 ~1991!.

@16# T. C. Killian, D. G. Fried, L. Willmann, D. Landhuis, S. C.
Moss, T. H. Greytak, and D. Kleppner, Phys. Rev. Lett.81,
3807 ~1998!.


