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Quantum interferences in resonant multiphoton-ionization processes
for a strongly coupled atomic system
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The resonant multiphoton-ionizatidMPI) 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 paramet®rL: the product of atom density and interaction length. The MPI characteristics
exhibit a single-atom behavior revealing an Autler-Townes doublet in theNawregion. In the highNL
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 tihe_high-
region as a consequence of the strong coupling and the propagation [Sf250-294{6)01208-3

PACS numbgs): 42.50.Hz, 42.65 Ky, 32.80.Fb, 42.50.Gy

Many works [1] have been reported regarding interfer- |2) respectively, assuming focused intensities of 40 MW/cm
ences in multiphoton-ionizatioMPI) processes, including for both strong-coupling and two-photon excitation laser
ionization suppression, disappearance of MPI signals witfields[2,3]. The photoionization rate of sta@ far exceeds
increasing vapor pressure, and reappearance with retroreflgéS Spontaneous emission rate;, 1-6X108_3 (5], and the
tion of the pumping laser radiation. However, all these work ﬁc?y_ ra_test_of th? upper states are mainly governed by the
have been restricted to the interferences under weaiorolonization rates. .

. e i ; The optical responses of the atomic system can be calcu-
coupling conditions, where bare atomic wave functions can.

. T ed by obtaining the susceptibilities through the equations
describe the atomic eigenstates well. In the present paper, wg, time-varying single-atom probability amplitudes. The

extend the quantum interferences in the MPI processes to jp| rate may also be calculated as a loss rate of ground-state
strongly coupled atomic system, where atomic eigenstategtoms. As described in detail in R@#], linear and nonlinear

are described well by dressed atomic wave functions. Weyptical susceptibilitiesy &) and X(DN'-) and the photoioniza-
investigated these problems theoretically and experimentallijon ratel' P! are expressed using the dressed-state basis set
using atomic hydrogen as a test medium. as

Figures 1a) and 1b) illustrate the energy schemes for the

present MPI system in terms of two different basis-set ex:
pressionsi(a) the bare atomic basis expression gbi the o
dressed basis expression. In Figa)lthree levels of atomic A2 :
hydrogen—ground-state sland two upper statess2and iz Z Z Ly
3p—are denoted af), |2), and|3), respectively. Laser ra- 3p ;
diation with a wavelength of 656 nnay., was applied to the > Qs __|3d>=_sin9|2>+cos_9[3)
atom to strongly couple the metastable sfatavith state|3), 2s —y s . 92 92
leading to a pair of dressed sta{@sl) and|3d), which can 24 = cos712) +sin213)
be expressed as a linear combination of bare atomic bas
functions. Laser radiation with a wavelength of 243 nwp,
was used to couple the staf® with the ground statél) QA Q3 le Q3
through a two-photon excitation process. Due to the nonlin
ear sum-frequency generatig8FG process, the radiation
may be generated aiy=2w.+ ., 103 nm, which couples

?]_—‘3(10") Ar(ion)

the upper stat¢8) with the statg1) through a single-photon 1s 2 iy =|>
excitation process. The MPI processes may occur as phot

ionization processes from the upper two states with stron Bare State Dressed State

laser fields atw, and w.. Typical photoionization rates are (a) (b)

estimated to be 810° and 3<10° s* for bare state$3) and

FIG. 1. Energy scheme of atomic hydrogen for resonant
multiphoton-ionization processes under strong-coupling conditions
*Present address: Department of Physics, University of Torontopy two different basis-set expressior(s) the bare atomic basis
Toronto, Ontario, Canada M5S 1A7. expression angb) the dressed basis expression.
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09 and Q{9 are Rabi frequencies for thdd)-|2d) and  defined as linear combinations &f , andQ), 5, the amplitude
|1d)-|3d) transitions.A®,q and Aw,,4 represent complex and phase relation betweéh, and{),; may play a critical
frequency detunings for the dressed stdad) and |3d).  role in the MPI rate.

I',q and T4 are decay rates of the stat@d) and|3d). « The amplitude and phase relation betweep and ()3
expresses the interference between decay channels for tan be derived theoretically by solving the propagation equa-
two dressed states artiis designated as the effective Rabi tion. As described in Ref8], the amplitude of the generated
spliting of the two dressed stated);s=u,E /A and radlatlor_1 |_nqlud|ng phase can be expressed using the dressed
O3,k are the respective one-photon Rabi frequen-Susceptibilities as

cies for the generated radiatién,) and the strong-coupling

field (w,). O, is defined as an effective two-photon Rabi 1 x5 (— 0y, we,we)

frequency for the laser field ab,, Q;,=a;,E /%, where 9= 3 XD (—wg.wg)

a15= 2 Vi il 2h (0 — we), and the termgu;; stand for the
pertinent matrix element&,, E., andEg are the amplitudes
of the applied fields(),; and (),, are chosen to have real,
positive values. As discussed previougdy4], the linear and

nonlinear susceptibilities reveal destructive and constructivg narel denotes the interaction length between the medium
interferences at the split center of the dressed states, respegq |aser field. Equatiof®) illustrates that the amplitude of
tively. The destructive interference in the linear susceptibilhe generated radiation can be calculated for the propagation
ity is termed as electromagnetically induced transparency, the medium with a paramettL, the product of the atom
(EIT) [6,7]. The total MPI ratd" ™" consists of three terms. densityN and the interaction length.

The first and second terms represent the MPI processes in- Next we discuss the MPI characteristics for sufficiently
duced from the two excitation channels!y and Q{9 via long interaction length, where the exponential term of &y.

the two dressed stat¢8d) and|3d), respectively. The third tends to zero because of the nonzero residual absorption
term expresses a cross term between the two-excitation chatm[y )], The amplitudeE, reaches a stationary value ex-

nels. Since the dressed Rabi frequen¢ds) andQ (Y are  pressed as,

X —1] E2, (5)

%9
eXF{IZ_cXD (—wg,wg)L
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Substituting Egs(1) and (2) for Eq. (6), one can obtain the (a) S '_NL:IXIO“cm'Z
relationship between the Rabi frequencieg and(),, as H
1 (Awyg—Awsg)sing z <,
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Here we examine the relationships at the dressed states and Z © NL=3 X 10 Mem 2
at the split center of the dressed states. At the dressed states P e e e
2d and 3, the respective),; expressions are obtained as g X
| RN W
0 0 .g
Oq5= —lecotz, Q45 tani, (8) £
where we neglect th&, term, which is much smaller than © | rw=saxi0tem?
the detuningAwsy (Aw,y) term. It is readily seen from the x1/2
definition of the dressed Rabi frequenci@$?d and Q{9 in ‘
Eq. (4) that the above,; expressions result in zero values

of the Rabi frequencies dR{¥) and Q{¥ at the resonance T 0 10 20
positions for the A-1d and 3d-1d transitions, respectively.

From this we may conclude that, with an increas&af, the
amplitude of the generated radiation rises to a value at which ) -
the single-photon channel exactly cancels the two-photon F'C- 2. Tuning characteristic for MPI spectra versus the fre-
channel in terms of excitation to thed2and 3 states. Ac-  duency detunind\w,;= w,— 2w, for five differentNL values. Solid
cording to this destructive interference, the MPI rat.e to th lines denote the calculated characteristics and black dots correspond

. . eto the experimental results. The coupling Rabi frequefigy was
:\ggigr:essed states may be suppressed to zero in theNtigh- fixed to 10 cm* for both the calculations and the experiments. An

. effective Doppler width of 2.6 cm' was involved in the calculation
At the split center of the two dressed states, whergg, ihe 3p-1s transition at 103 nm.

Aw,gCOS(02)+ Awzysir’(6/2)=0 is satisfied, the) 5 value
can increase to a much larger value than@hg value. The have various Doppler shifts in the radiation fields. In treating

Aw, (cm)

stationary(),5 value is readily obtained from Eg§7) as the optical responses systematically for the Doppler-
broadened system, the susceptibilities must be numerically
Qo3 calculated by convolving the Gaussian density of states due
Qg=i r_2 Q1 © to the inhomogeneous Doppler broadening.
Figures 2a)—2(e) display the numerically calculated MPI
and the MPI rate at the split center is expressed as characteristics versus detuniidgy,, for several of theNL
values. The results are drawn as solid lines. The experimen-
[(MPY_ Q15 °T5+]Q14°T, 10 tal results are marked by black circles. These results are dis-
- 2|Q,4? cussed later. The coupling laser was assumed to be set on

resonance to the B2s transition. An effective Doppler

When the|Q, 4 value far exceeds thi),,| value, the MPI  broadening was estimated to be 2.6 ¢nfull width at half
rate at the center may be dominated by the second ternrmaximum(FWHM) [9] and was involved in the calculations
which is proportional tdQ,4°. Under highNL conditions, for the generated radiation at 103 nm. The coupling and two-
the MPI characteristics at the split center are governed by thphoton excitation Rabi frequencig3,; and Q,, were as-
SFG characteristics, including propagation effect, and theumed to be 10 and 0.001 cth respectively. Here the cou-
spectral profile may be described by E@). As seen from pling Rabi frequency far exceeds the Doppler width and the
Eq. (7), the spectral profile gives rise to a sharp peak at thetrong-coupling condition is well satisfied. As seen from the
center due to the EIT effect. The final limitation of its width figures, the calculations predict that, in the Idi- region,
is governed by the decay rate for the two-photon-allowedhe characteristics are well described by the single-atom
state|2), not for the statd3), because the resonance at thecharacteristics: the two peaks appear at the dressed states,
center is inherently a two-photon resonance. revealing the Autler-Townes doublet, and their profiles cor-

So far we have not explicitly involved the inhomogeneousrespond to the Doppler profiles. With the increase oflitie
Doppler broadening that inevitably accompanies the real gasralue the doublet peaks are suppressed and afl thealue
phase transitions. However, the formalism developed so faof 3.1x10 cm 2 the doublet peaks almost disappear. This
can be applied to the Doppler-broadened systems withouiehavior clearly reveals that with an increaseNdf, (5
any change by assuming the coupling Rabi frequency that feincreases tor(),, at the doublet-peak positions fod2and
exceeds the Doppler widflv], because such Rabi frequen- 3d, respectively, and that the excitation channels to tte 2
cies can realize strong-coupling conditions for all atoms thabnd 3 states are canceled due to the destructive interfer-
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FIG. 3. Schematic diagram of an atomic-hydrogen cell system.

(b)

ences. At the split center, a single peak appears in the high
NL region and with the increase ®L the peak rises to
produce a much narrower spectral width than the Doppler
width. The width is about 0.36 cmt FWHM at
NL=3.1x10' cm 2. This narrow width is an important con-
sequence of the strong coupling. Since the Doppler tail de-
creases much more quickly with the detuning than the
Lorentzian tail, the|y)| behavior at the split center can
basically be described by the behaviors of Lorentzian and
dispersion tails under the strong-coupling condition. Thus

-
1

0.1

L vl
—e—
—e—

0.01

Photoionization Intensity (arb. units)

the MPI profile at the center results in a narrow Doppler-free 1

profile, essentially expressed by HF). As expected from 0001 . . . . . .
the theoretical considerations above, this sharp Doppler-free 10" 10 10® 10" 10" 10" 10"
profile corresponds to a profile for SFG characteristics in the NL [Cm-Z]

high-NL region presented in Fig. 6 of Rd#]. We assumed

a resonant-coupling condition for thg3s transition in our

numerical calculations, but obviously the resonant coupling FIG. 4. MPI signal intensities versus the density-length product
is not an essential issue for observing these characteristicL (&) at the Autler-Townes peaks arlo) at the split center. Solid
The same characteristics can be obtained for the detune#pes denote the calculated characteristics and black circles corre-
coupling case, if the laser intensity is strong enough to satsPond to the experimental results.

isfy the condition of6~mx/2.

Experiments were carried out using an atomic hydrogemments and a cell system for high-density experiments. In the
apparatus and two single-longitudinal-mode pulsed dye laatomic beam, the atom density was estimated using the
sers at 656 and 243 nfi0]. Here the experimental setup is method described in Refll]. The interaction length was
described briefly. More details have been given in R&f.  varied by changing the number of nozzles. The cell system is
The 656-nm laser beam with a pulse duration of 4 ns waschematically displayed in Fig. 3. The H-atom density was
used for the coupling of statepp3and % and the 243-nm estimated to be 10" cm 3 in the cell. The incident laser
laser beam with a pulse duration of 3 ns for two-photonbeams enter the interaction region through a quartz window
excitation between thes2and Is states. The 656-nm laser attached to the end of the Pyrex pipe. This pipe can be
was set on resonance to thp-2s transition. The MPI char- moved along the direction of laser-beam propagation, which
acteristics were measured by scanning the 243-nm laser f@nables variation in the L value for fixed-atom-density con-
the 2s-1s two-photon transition. Both laser beams for cou-ditions. On the other end of the Pyrex cell, a Pyrex window
pling and two-photon excitation were loosely focused to thds attached, at the center of which a hole with a diameter of
interaction region, leading to parallel beams with diameter®.7 mm has been drilled. Two parallel aluminum plates of
of 0.7 and 0.5 mm, respectively. Focused intensities of botld.7-mm spacing were placed on the outside face of the Pyrex
lasers were kept at 40 MW/cmwhich corresponds to the window. Photoions generated between the aluminum plates
Rabi frequencie$),; and{();, of 10 and 0.001 cr, respec-  were detected by applying a pulsed electric field between the
tively. Hydrogen atoms were generated in a microwave displates with a suitable delay time after the incident laser
charge of H gas at a pressure between 0.1 and 1 Torr. Arbeam.
atomic beam system was used for low-atom-density experi- The observed tuning characteristics are displayed as black
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circles in Figs. 2a)—2(e), which satisfactorily reproduce the In conclusion, we have investigated theoretically and ex-
predicted characteristics shown by the solid lines. Autlerperimentally the resonant MPI processes for a strongly
Townes doublet peaks are clearly observed with Doppletoupled atomic system using atomic hydrogen as a test me-
profile at the resonance positions for the dressed states in thgum. It has been shown that the MPI characteristics exhibit
low-NL region and the doublet peaks are suppressed to zeingle-atom behavior revealing the Autler-Townes doublet in
with the increase of th&lL value. The narrow Doppler-free the lowNL region, but the Autler-Townes doublet may be
peak is observed at the split center of the Autler-Townegyppressed to zero in the high: region due to destructive
doublet in the higfNL region. Figures @) and 4b) show jpterferences between the excitation channels to the upper
the intensities of photoionization signals verduk at one  jressed states. It has also been shown that a narrow Doppler-
peak of the Autler-Townes doublet and at the split centereoa MPI peak appears at the split center of the Autler-

respectively. Solid lines denote the calculated results. Th?ownes doublet in the hightL region as a consequence of

coupling Rabi frequenc§l,; is fixed at 10 cm®. Both of the i " )
resuls in Figs. & and 4b) are nommalized to the peak 1 ST (TR CR 500 ORI B e T
values of the photoionization signal BtL=1x10' cm 2 P y

The MPI signal at the dressed-state position is suppressed Bzchnlque In I_aser spectroscopy for. observing two-photon
sonances with Doppler-free resolution.

a factor of 40 by increasinyL to 3.1x10'® cm™2, revealing "
a good correspondence to the theoretical value of factor 50.
The MPI signal at the center appears arolid=1x10"
cm 2 and increases quadratically Bl increases. This be-
havior is understood from the fact that for the IdW- region
the MPI signal arises from the two-photon excitation channe
through the 243-nm laser radiation, but for the high-re-
gion it arises from the single-photon excitation channe
through the generated radiation at 103 nm whose amplitud
rises quadratically with the increase Nt at the split center

[4].
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