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Quantum interferences in resonant multiphoton-ionization processes
for a strongly coupled atomic system

R. S. D. Sihombing, M. Katsuragawa, G. Z. Zhang,* and K. Hakuta
Department of Applied Physics and Chemistry, and Institute for Laser Science, University of Electro-Communications,

Chofu, Tokyo 182, Japan
~Received 11 March 1996!

The resonant multiphoton-ionization~MPI! processes in a strongly coupled atomic system have been inves-
tigated theoretically and experimentally using atomic hydrogen as a test medium. The characteristics are
described with a parameterNL: the product of atom density and interaction length. The MPI characteristics
exhibit a single-atom behavior revealing an Autler-Townes doublet in the low-NL region. In the high-NL
region, the Autler-Townes doublet is suppressed to almost zero. This phenomenon is shown to be due to
destructive interference between the excitation channels to the strongly coupled upper states. It is also shown
that a narrow Doppler-free MPI peak appears at the split center of the Autler-Townes doublet in the high-NL
region as a consequence of the strong coupling and the propagation effect.@S1050-2947~96!01208-5#

PACS number~s!: 42.50.Hz, 42.65 Ky, 32.80.Fb, 42.50.Gy
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Many works @1# have been reported regarding interfe
ences in multiphoton-ionization~MPI! processes, including
ionization suppression, disappearance of MPI signals w
increasing vapor pressure, and reappearance with retrore
tion of the pumping laser radiation. However, all these wo
have been restricted to the interferences under we
coupling conditions, where bare atomic wave functions c
describe the atomic eigenstates well. In the present pape
extend the quantum interferences in the MPI processes
strongly coupled atomic system, where atomic eigenst
are described well by dressed atomic wave functions.
investigated these problems theoretically and experimen
using atomic hydrogen as a test medium.

Figures 1~a! and 1~b! illustrate the energy schemes for th
present MPI system in terms of two different basis-set
pressions:~a! the bare atomic basis expression and~b! the
dressed basis expression. In Fig. 1~a!, three levels of atomic
hydrogen—ground-state 1s and two upper states 2s and
3p—are denoted asu1&, u2&, and u3&, respectively. Laser ra
diation with a wavelength of 656 nm,vc , was applied to the
atom to strongly couple the metastable stateu2& with stateu3&,
leading to a pair of dressed statesu2d& and u3d&, which can
be expressed as a linear combination of bare atomic b
functions. Laser radiation with a wavelength of 243 nm,ve ,
was used to couple the stateu2& with the ground stateu1&
through a two-photon excitation process. Due to the non
ear sum-frequency generation~SFG! process, the radiation
may be generated atvg52ve1vc , 103 nm, which couples
the upper stateu3& with the stateu1& through a single-photon
excitation process. The MPI processes may occur as ph
ionization processes from the upper two states with str
laser fields atve and vc . Typical photoionization rates ar
estimated to be 33109 and 33108 s21 for bare statesu3& and
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u2& respectively, assuming focused intensities of 40 MW/cm2

for both strong-coupling and two-photon excitation las
fields @2,3#. The photoionization rate of stateu3& far exceeds
its spontaneous emission rateG31, 1.63108 s21 @5#, and the
decay rates of the upper states are mainly governed by
photoionization rates.

The optical responses of the atomic system can be ca
lated by obtaining the susceptibilities through the equatio
for time-varying single-atom probability amplitudes. Th
MPI rate may also be calculated as a loss rate of ground-s
atoms. As described in detail in Ref.@4#, linear and nonlinear
optical susceptibilitiesx D

(L) and xD
(NL) and the photoioniza-

tion rateG~MPI! are expressed using the dressed-state basis
as

o,

FIG. 1. Energy scheme of atomic hydrogen for resona
multiphoton-ionization processes under strong-coupling conditio
by two different basis-set expressions:~a! the bare atomic basis
expression and~b! the dressed basis expression.
1551 © 1996 The American Physical Society
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V 12
(d) and V 13

(d) are Rabi frequencies for theu1d&-u2d& and
u1d&-u3d& transitions.Dṽ2d and Dṽ3d represent complex
frequency detunings for the dressed statesu2d& and u3d&.
G2d and G3d are decay rates of the statesu2d& and u3d&. k
expresses the interference between decay channels fo
two dressed states andd is designated as the effective Ra
splitting of the two dressed states.V135m13Eg/\ and
V235m23Ec/\ are the respective one-photon Rabi freque
cies for the generated radiation~vg! and the strong-coupling
field ~vc!. V12 is defined as an effective two-photon Ra
frequency for the laser field atve , V125a12E e

2/\, where
a125(in1im i2/2\(v i2ve), and the termsmi j stand for the
pertinent matrix elements.Ee , Ec , andEg are the amplitudes
of the applied fields.V23 and V12 are chosen to have rea
positive values. As discussed previously@3,4#, the linear and
nonlinear susceptibilities reveal destructive and construc
interferences at the split center of the dressed states, res
tively. The destructive interference in the linear suscepti
ity is termed as electromagnetically induced transpare
~EIT! @6,7#. The total MPI rateG~MPI! consists of three terms
The first and second terms represent the MPI processe
duced from the two excitation channelsV 12

(d) and V 13
(d) via

the two dressed statesu2d& andu3d&, respectively. The third
term expresses a cross term between the two-excitation c
nels. Since the dressed Rabi frequenciesV 12

(d) and V 13
(d) are
the

-

e
ec-
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y

in-

n-

defined as linear combinations ofV12 andV13, the amplitude
and phase relation betweenV12 andV13 may play a critical
role in the MPI rate.

The amplitude and phase relation betweenV12 and V13
can be derived theoretically by solving the propagation eq
tion. As described in Ref.@8#, the amplitude of the generate
radiation including phase can be expressed using the dre
susceptibilities as

Eg5
1

2

xD
~NL!~2vg ,ve ,ve!

xD
~L !~2vg ,vg!

3H expF i
vg

2c
xD

~L !~2vg ,vg!LG21J Ee
2, ~5!

whereL denotes the interaction length between the medi
and laser field. Equation~5! illustrates that the amplitude o
the generated radiation can be calculated for the propaga
in the medium with a parameterNL, the product of the atom
densityN and the interaction lengthL.

Next we discuss the MPI characteristics for sufficien
long interaction length, where the exponential term of Eq.~5!
tends to zero because of the nonzero residual absorp
Im@x D

(L)#. The amplitudeEg reaches a stationary value e
pressed as,
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Eg52
1

2

xD
~NL!~2vg ,ve ,ve!

xD
~L !~2vg ,vg!

Ee
2. ~6!

Substituting Eqs.~1! and ~2! for Eq. ~6!, one can obtain the
relationship between the Rabi frequenciesV13 andV12 as

V135
1

2

~Dv2d2Dv3d!sinu

Dv2dcos2
u

2
1Dv3dsin2

u

2
1 i

G2

2

V12. ~7!

Here we examine the relationships at the dressed states
at the split center of the dressed states. At the dressed s
2d and 3d, the respectiveV13 expressions are obtained as

V1352V12cot
u

2
, V12 tan

u

2
, ~8!

where we neglect theG2 term, which is much smaller tha
the detuningDv3d ~Dv2d! term. It is readily seen from the
definition of the dressed Rabi frequenciesV 12

(d) andV 13
(d) in

Eq. ~4! that the aboveV13 expressions result in zero value
of the Rabi frequencies ofV 12

(d) and V 13
(d) at the resonance

positions for the 2d-1d and 3d-1d transitions, respectively
From this we may conclude that, with an increase ofNL, the
amplitude of the generated radiation rises to a value at wh
the single-photon channel exactly cancels the two-pho
channel in terms of excitation to the 2d and 3d states. Ac-
cording to this destructive interference, the MPI rate to
two dressed states may be suppressed to zero in the highNL
region.

At the split center of the two dressed states, wh
Dv2dcos2~u/2!1Dv3dsin2~u/2!50 is satisfied, theV13 value
can increase to a much larger value than theV12 value. The
stationaryV13 value is readily obtained from Eq.~7! as

V135 i
V23

G2
V12 ~9!

and the MPI rate at the split center is expressed as

G~MPI!5
uV12u2G31uV13u2G2

2uV23u2 . ~10!

When theuV13u value far exceeds theuV12u value, the MPI
rate at the center may be dominated by the second te
which is proportional touV13u

2. Under high-NL conditions,
the MPI characteristics at the split center are governed by
SFG characteristics, including propagation effect, and
spectral profile may be described by Eq.~7!. As seen from
Eq. ~7!, the spectral profile gives rise to a sharp peak at
center due to the EIT effect. The final limitation of its wid
is governed by the decay rate for the two-photon-allow
stateu2&, not for the stateu3&, because the resonance at t
center is inherently a two-photon resonance.

So far we have not explicitly involved the inhomogeneo
Doppler broadening that inevitably accompanies the real g
phase transitions. However, the formalism developed so
can be applied to the Doppler-broadened systems with
any change by assuming the coupling Rabi frequency tha
exceeds the Doppler width@7#, because such Rabi freque
cies can realize strong-coupling conditions for all atoms t
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have various Doppler shifts in the radiation fields. In treati
the optical responses systematically for the Doppl
broadened system, the susceptibilities must be numeric
calculated by convolving the Gaussian density of states
to the inhomogeneous Doppler broadening.

Figures 2~a!–2~e! display the numerically calculated MP
characteristics versus detuningDv21 for several of theNL
values. The results are drawn as solid lines. The experim
tal results are marked by black circles. These results are
cussed later. The coupling laser was assumed to be se
resonance to the 3p-2s transition. An effective Doppler
broadening was estimated to be 2.6 cm21 full width at half
maximum~FWHM! @9# and was involved in the calculation
for the generated radiation at 103 nm. The coupling and tw
photon excitation Rabi frequenciesV23 and V12 were as-
sumed to be 10 and 0.001 cm21, respectively. Here the cou
pling Rabi frequency far exceeds the Doppler width and
strong-coupling condition is well satisfied. As seen from t
figures, the calculations predict that, in the low-NL region,
the characteristics are well described by the single-a
characteristics: the two peaks appear at the dressed s
revealing the Autler-Townes doublet, and their profiles c
respond to the Doppler profiles. With the increase of theNL
value the doublet peaks are suppressed and at theNL value
of 3.131016 cm22 the doublet peaks almost disappear. Th
behavior clearly reveals that with an increase ofNL, V13
increases to7V12 at the doublet-peak positions for 2d and
3d, respectively, and that the excitation channels to thed
and 3d states are canceled due to the destructive inter

FIG. 2. Tuning characteristic for MPI spectra versus the f
quency detuningDv215v222ve for five differentNL values. Solid
lines denote the calculated characteristics and black dots corres
to the experimental results. The coupling Rabi frequencyV23 was
fixed to 10 cm21 for both the calculations and the experiments. A
effective Doppler width of 2.6 cm21 was involved in the calculation
for the 3p-1s transition at 103 nm.
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ences. At the split center, a single peak appears in the h
NL region and with the increase ofNL the peak rises to
produce a much narrower spectral width than the Dopp
width. The width is about 0.36 cm21 FWHM at
NL53.131016 cm22. This narrow width is an important con
sequence of the strong coupling. Since the Doppler tail
creases much more quickly with the detuning than
Lorentzian tail, theux D

(L)u behavior at the split center ca
basically be described by the behaviors of Lorentzian
dispersion tails under the strong-coupling condition. Th
the MPI profile at the center results in a narrow Doppler-f
profile, essentially expressed by Eq.~7!. As expected from
the theoretical considerations above, this sharp Doppler-
profile corresponds to a profile for SFG characteristics in
high-NL region presented in Fig. 6 of Ref.@4#. We assumed
a resonant-coupling condition for the 3p-2s transition in our
numerical calculations, but obviously the resonant coupl
is not an essential issue for observing these characteris
The same characteristics can be obtained for the detu
coupling case, if the laser intensity is strong enough to
isfy the condition ofu'p/2.

Experiments were carried out using an atomic hydrog
apparatus and two single-longitudinal-mode pulsed dye
sers at 656 and 243 nm@10#. Here the experimental setup
described briefly. More details have been given in Ref.@4#.
The 656-nm laser beam with a pulse duration of 4 ns w
used for the coupling of states 3p and 2s and the 243-nm
laser beam with a pulse duration of 3 ns for two-phot
excitation between the 2s and 1s states. The 656-nm lase
was set on resonance to the 3p-2s transition. The MPI char-
acteristics were measured by scanning the 243-nm lase
the 2s-1s two-photon transition. Both laser beams for co
pling and two-photon excitation were loosely focused to
interaction region, leading to parallel beams with diamet
of 0.7 and 0.5 mm, respectively. Focused intensities of b
lasers were kept at 40 MW/cm2, which corresponds to the
Rabi frequenciesV23 andV12 of 10 and 0.001 cm21, respec-
tively. Hydrogen atoms were generated in a microwave d
charge of H2 gas at a pressure between 0.1 and 1 Torr.
atomic beam system was used for low-atom-density exp

FIG. 3. Schematic diagram of an atomic-hydrogen cell syste
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ments and a cell system for high-density experiments. In
atomic beam, the atom density was estimated using
method described in Ref.@11#. The interaction length was
varied by changing the number of nozzles. The cell system
schematically displayed in Fig. 3. The H-atom density w
estimated to be 131015 cm23 in the cell. The incident lase
beams enter the interaction region through a quartz wind
attached to the end of the Pyrex pipe. This pipe can
moved along the direction of laser-beam propagation, wh
enables variation in theNL value for fixed-atom-density con
ditions. On the other end of the Pyrex cell, a Pyrex wind
is attached, at the center of which a hole with a diamete
0.7 mm has been drilled. Two parallel aluminum plates
0.7-mm spacing were placed on the outside face of the Py
window. Photoions generated between the aluminum pla
were detected by applying a pulsed electric field between
plates with a suitable delay time after the incident la
beam.

The observed tuning characteristics are displayed as b

.

FIG. 4. MPI signal intensities versus the density-length prod
NL ~a! at the Autler-Townes peaks and~b! at the split center. Solid
lines denote the calculated characteristics and black circles co
spond to the experimental results.



e
er
le

n
ze

e

te
Th

k

d

5

-

ne

ne
ud

ex-
gly
me-
ibit
t in
e

per
pler-
er-
of
ec-
ive
ton

c
n
-
ac-

g

up-
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circles in Figs. 2~a!–2~e!, which satisfactorily reproduce th
predicted characteristics shown by the solid lines. Autl
Townes doublet peaks are clearly observed with Dopp
profile at the resonance positions for the dressed states i
low-NL region and the doublet peaks are suppressed to
with the increase of theNL value. The narrow Doppler-free
peak is observed at the split center of the Autler-Town
doublet in the high-NL region. Figures 4~a! and 4~b! show
the intensities of photoionization signals versusNL at one
peak of the Autler-Townes doublet and at the split cen
respectively. Solid lines denote the calculated results.
coupling Rabi frequencyV23 is fixed at 10 cm21. Both of the
results in Figs. 4~a! and 4~b! are normalized to the pea
values of the photoionization signal atNL5131011 cm22.
The MPI signal at the dressed-state position is suppresse
a factor of 40 by increasingNL to 3.131016 cm22, revealing
a good correspondence to the theoretical value of factor
The MPI signal at the center appears aroundNL5131015

cm22 and increases quadratically asNL increases. This be
havior is understood from the fact that for the low-NL region
the MPI signal arises from the two-photon excitation chan
through the 243-nm laser radiation, but for the high-NL re-
gion it arises from the single-photon excitation chan
through the generated radiation at 103 nm whose amplit
rises quadratically with the increase ofNL at the split center
@4#.
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In conclusion, we have investigated theoretically and
perimentally the resonant MPI processes for a stron
coupled atomic system using atomic hydrogen as a test
dium. It has been shown that the MPI characteristics exh
single-atom behavior revealing the Autler-Townes double
the low-NL region, but the Autler-Townes doublet may b
suppressed to zero in the high-NL region due to destructive
interferences between the excitation channels to the up
dressed states. It has also been shown that a narrow Dop
free MPI peak appears at the split center of the Autl
Townes doublet in the high-NL region as a consequence
the strong coupling and propagation effect. The narrow sp
tral profile we have demonstrated may offer an alternat
technique in laser spectroscopy for observing two-pho
resonances with Doppler-free resolution.
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