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Polarization dependence and interference in four-wave mixing with Rydberg levels
in rubidium vapor
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We have observed an interference in four-wave mixing involving two Rydberg states that play the key role
of near two-photon resonant intermediate levels. This interference, due to the coherence of the nonlinear
process, can be explained either classically or quantum mechanically and it depends on the lasers’ polarizations
and detunings. We have performed calculations that are in very good agreement with the experimental data.
Our results provide new information about the system, such as ionization rates of the Rydberg levels and the
ratio of reduced matrix elements involvg&1050-29478)12509-X]

PACS numbds): 42.50.Hz, 32.80.Rm, 42.65.Ky

The study of interference effects in multilevel atomic sys-induced in the medium, with a phase coherence created by
tems has been an active field of research in recent years atite FWM process. The quantum explanation is based on the
has allowed the observation of a variety of physical phenomfact that the signal can be generated via two separate indis-
ena in coherent and quantum optidg. Moreover, there has tinguishable quantum paths involving different Rydberg lev-
been considerable interest in the application of argls, resulting in an interference term. Moreover, theoretical
“interfering_pathways” scheme for coherent laser control of ana|ySiS reSU|tS il’l an exce”ent f|t Of the experimenta| data.
chemical reaction§2]. In some cases, the interference canhe adjusted parameters give new information about the sys-
occur as a result of the generation of a new eletromagnetifem and allow estimates of the ionization rates and ratio of
field in the medium, through a nonlinear interaction, as in théN€ coupling’s radial matrix elements involved.
cancellation of the multiphoton ionization due to the inter- 1 1€ experimental setup is sketched in Fig. 1. A Nd:YAG

ference between three-photon excitation and third—harmoniif"ser(puéSe t()jlu(rjatiog .10 ns datnd repetitign rlate 5 H_‘.izhfre-
generation{ 3]. In this phenomenon a difference of phase ofduency doubled and Is used to pump a dye faser with a wave-

180° between the transition amplitutes leads to a destructivléaggt(?m_cfc ﬁﬂgrg(slgatfvlﬁlh ?rgtzqugr:r;y)andc aﬁ b'::?l\j\gg;h ¢ OOf
. . ’ 1

interference. psually, the phenomena of |nterfereqce arfesonance with two-photon transitions from the ground state,
based on an induced phase relation between the fields i s to Rydberg levels ranging from $7%o 1% and 15l to
volved in the different channels that connect the same initia 7d. For the present experiment, only levelsiignd 1& are

and final states. This relative phase can be determined by thg|eyant. Part of the fundamental modR) of the Nd:YAG
probability amplitudes corresponding to each path and by thgyser is combined with the dye laser and the two copropagat-
polarizations of the driving fields. Using two fields with par-

allel polarizations, Bjorkholm and Lia¢4] demonstrated

fine-structure destructive interference on a resonant twa Beam
photon transition in sodium. Recently, Garret and ZBli Pl | o e i oo
used an internally generated interfering-pathways techniqu Laﬁ; U Rbgell chromator
to create a coherently controlled excitation in mixtures of Xe Lens
and Kr gases. - o

In this paper we report combined theoretical and experi- 532 nm Elootronics
mental results on the dependence of the four-wave-mixing .,

(FWM) signal with the polarizations of the two incident laser spiter
beams, using Rubidium as the nonlinear medium. By com

paring the FWM spectra for different polarizations we have

been able to observe an interference when two neighborin I:] Harmonic
Rydberg levels, 16 and 18&, play the role of near two- Generator
photon resonant intermediate levels. The four-level schem
investigated in this experiment is similar to that of Xia and
co-workers[1], but here the two upper levels are Rydberg
atomic states. Also, the interference is observed in the FWN
signal so it can be explained either classically or quantun Laser
mechanically. In the classical version, two polarizations are

Nd: YAG

*Permanent address: Instituto désiEa, Universidade de”8a FIG. 1. Schematic view of the experimental apparatus with inset
Paulo, Caixa Postal 66318, 05315-97® $aulo, SP, Brazil. showing the relevant rubidium energy levels.
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ing beams are focused into a Rb vapor-cell heated to 180 °C. ap
The IR beam, with fixed frequenay,, is quasiresonant with i
the transition from the Rydberg levels back to tHe;6 level

(cf. inset in Fig. 1. A fourth photon is then generated at In order to avoid writing long subscripts we note the

frequencyw;=2w,— w, and brings the atoms back to the levels |5s), |6Psy), |16d), and |18s), respectively,

ground state. This fourth photon has a wavelength of ap . : b ;
proximately 420 nm and is analyzed in a monochromator ané‘”’ ). [c), and|d>._ The interaction Hamiltonian's matrix
elements are then given by=c or d)

detected by a photomultiplier tube. The focusing of the two

- %—[H ,p]+ (relaxation termp Y

beams in the middle of the cell enables us to have good K. E2 E
phase matching and a strong FWM generated signal is ob- o _lari, __ HivE2 2)
served. Four-wave mixing spectra are obtained by measuring S ho’
the intensity emitted as a function of the dye laser’s fre-
quency. where the effective two-photon coupling constént is
At first one would expect two peaks centered on the fre-
guencies corresponding to resonant two-photon excitation of K. :E MijMja &)
the 161 and 1& levels. Closer inspection reveals, however, a AT wij— ey’

third peak at an intermediate frequency between thib ekl

18s peaks. This third peak is associated with the resonandndu;; is the electric dipole matrix element between levels
three-photon transition from the ground state to tH&;6  andj.

state and the subsequent resonant emission back to the The EWM signal intensity is proportional to the polariza-

ground state. We will refer to it as thePg,, peak. The three-  tjon induced in the medium at the frequency 2- , deter-
photon transition from §to 6P3, has a two-photon contri-  mined by the density matrix elemepy,,

bution from the dye laser and one photon from the IR laser

(cf. inset in Fig. }. For this dye laser frequency, thedL&nd lewm™ | PP (2w1— @) |2 | papl 2. (4)

18s Rydberg levels, separated byl14.4 cmi'!, contribute

to the FWM signal in a quasiresonant way. As a matter ofSince there are two possible quantum paths, involving one or
fact, both levels contribute significantly to the signal at allthe other Rydberg level, the steady-state solution for this
intermediate frequencies between thed 1#nd 1& peaks. density matrix element will involve a sum of probability am-
Quantum mechanically, this means that there are two indisplitudes corresponding to each level. Applying perturbation
tinguishable paths leading to the same final outcome and wiheory, up to second order B, and first order irE, [6], we
expect interference between the probability amplitudes corebtain

responding to each path. In particular, we expect this inter-

ference to be important for the dye laser frequency corre- |Pab|2=|P;°b)+P(a(Q|2

sponding to the B3, peak.

As we noted before, this quantum mechanical explanation B |Vad|2|de|2I 1 N R?
has, in this case, a classical counterpart. Classically, the (y2,+A2) l[?’gdﬂAi)Z] (Y2 +A2)
FWM signal is due to polarizations created in the medium
that generate the field at 420 nm. Thus, the,6 peak ob- 2R(YagYactA147)
served will reveal an interference between the fields induced + T o[
by the two polarizations generated in the sample, at the same [(YaaYact A181)7+ (YadB 1~ YacA1)“]
frequency but with different phases corresponding to tree 16 (5)

and 18& levels. The coherence between these polarizations is
guaranteed by the coherence of the FWM process itself. where
It is not easy, in principle, to detect this interference be-
cause there are not that many parameters that can be varied. ~ VacVep ®)
On the other hand, variations in the interference signal "~ VadVap'
should be expected if one can change the relative contribu-
tions of the 1@ and 1& levels. This can be done by chang- In Eq. (5) we have defined the detuningd;=2w,
ing the polarization of the dye laser. For a linear polarization— wac, A1=2w;—waq and A,=2w;1— w,— w,p, and in-
we expect to have similar contributions from both Rydbergtroduced as well the relaxation rateg,, 7ya.c. and yaq.
levels. However, if the dye laser is circularly polarized, se-Fine and hyperfine structures and the Doppler broadening,
lection rules forbid two-photon excitation from the ground which are unresolved by the lasers, are neglected and we
state to the 18level. In this situation, there is no longer any consider that only the {5 state contributes to the two-photon
interference because only one quantum path is accessible t@nsitions between the ground state and the Rydberg levels.
the system. Even for dye laser linear polarization we will see This simple theory can be readily applied to predict the
below that the interference can vary from destructive to conshape and dependence of the FWM signal as a function of
structive depending on its polarization relative to the IR la-the dye and IR polarizations. In order to do so, it is necessary
ser’s fixed linear polarization. to take into account the Clebsch-Gordan coefficients when
We have developed a simple model to understand oucalculating the effective couplings. Actually, some of the
spectra based on the density matrix formalism applied to a@onstants defined above are agtriori so well known in our
four-level system. The density matrix operator obeys Liou-system. For example, the relaxation rates of the Rydberg
ville’s equation levels and even of theR;;, state are not purely radiative. As
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periment is clearly observed. The fit is actually made only
for one polarization and the same parameters are used to
compare the theory with the data for the other two polariza-
. tions. This proves the consistency of the whole treatment.
perpendicular 18 s The data we used to perform the fit was for perpendicular
i polarization because, in this case, all three peaks have com-

parable intensities.

The parameters ajusted are yg=(0.252
+0.008) cm?, y,5=(0.178-0.010) cm! and the ratio
of the reduced matrix elemeni&=5.1+0.5, given by

6P3/2

=)

, _ (5plIr||16d)(16d]|r||6p) -
circular ~ (5pl[r|18s)(18s][r[[6p) °

The ratioR reflects the spatial overlap of thep5and 6
~ levels’ wave functions with the excited 4&nd 1@l levels.
This value forR can be compared with a numerical calcula-
tion using a method based on the diagonalization of the en-
ergy matrix[7]. For the levels of Rb involved we obtainR
parallel 4.2, in relative agreement with the fitted value, thus showing
the consistency of our analysis based on the four-level sys-
, tem. In this model we have not considered absorption effects.
o }& x2 In fact, we expect a stronger absorption when the dye laser is
0 e tuned to the @3, three-photon transition than when either of
the Rydberg states are two-photon resonant. This may lead to
-5 0 5 10 15 -
-1 a decrease of the fitting value & and a better agreement
Al (Cm ) with the numerical calculation. The values for the relaxation
o _ _ rates indicate that ionization is the dominant mechad8m
FIG. 2. Four-wave-mixing intensity as a function of the detun- Fythermore, from these values we can estimate photoioniza-
ing A, for different dye laser polarizations. Note that the signals fortjon cross sections, at the dye laser frequensy0(15 Ry
Eara;llel a(rjldSpeg)endllcular po?rllz;ltlrns are trnult_ltplled, r:SDEC;'VeWabove threshold of o,6=25X10"%8 cm? and oyg=17
><y108 3\;‘/ 2 ye_sisfég avr\‘// 2 ﬁer 't” enst :jes V‘{ g™ X 10~!8 cn?, with an error of 30% due to the uncertainty in
=4.4% 1054 atoms/cri, The soI(i:d lines aereatk?;lfeticzrﬁiltz bva\g:]d on € dye laser intensity. Note also thafe;>oyes, WhICh is
_ : " e not surprising if we compare these with the photoionization
Eqg. (5) with the respective Clebsch-Gordan coefficients. . . -
cross sections obtained for lower-lying staf@$ and theo-

a matter of fact, the three levels can be ionized directly byetical calculation$10] at threshold, fon<20. _
one- and two-photon transitions induced by the dye and IR !N principle, the interference effect could be seen by sim-
lasers. Instead of estimating the ionization cross sections iRly comparing the intensities corresponding to thez6
each case, we prefer to use E§) leaving these parameters peak for the three different polarlzatlp_ns. The intensity of
(as well as the reduced matrix elemerfiee to fit the ex- each peak should reflect the probability of observing that
perimental data. peak for the given experimental conditions. However, as we
Our experimental results were obtained for three differenfa@n observe in the spectra of Fig. 2 the whole signal changes
dye laser polarizations, always maintaining a fixed linear IRIN intensity when we switch from one polarization to an-
laser polarization and assuming the axis of quantization iffther. So, in order to compare the relative intensities of the
the direction of the propagating beams. The three polarizalPs2 peak, it is necessary to somehow normalize it. We
tions are linear parallel to the IR polarization, linear perpen1ave chosen to divide its intensity by the sum of the inten-
dicular to the IR polarization, and circular polarization. We Sities of the 16 and 18 peaks in each case. We can call this
shall refer to them simply as parallel, perpendicular, and cirduantity ¢ and express it as
cular. Experimentally we can switch from one configuration
to the other by means of a half-wave plate and a Fresnel | = 1(6P312) @)
rhomb situated in the dye laser beam path. The FWM spectra 1 (16d) +1(18s)
obtained for each polarization represent an average over four _
independent scans of the dye laser in order to minimizédur results give {\)=0.04, 1{&9=0.09, and {})=0.14. We
noise. The results are depicted in Fig. 2, together with theoare therefore observing destructive interference for parallel
retical fits corresponding to each case. We consideryhgat polarization, constructive interference for perpendicular po-
is given by the width of the By, peak (=1.5 cml), larization and no interferend@s expectedfor circular po-
which is limited by the linewidth of the IR beam. To take larization. One should note that the value obtained for circu-
into account the finite linewidth of the dye laser, we performlar polarization lies exactly in the middle of the other two.
a convolution with its measured Gaussian line shape. Thé&his indicates a way to observe interfereridagesin this
theoretical curves are then obtained by numerical integratiosystem. All that is necessary is to measuyg for several
of Eg. (5). An excellent agreement between theory and exdifferent dye lasefinear polarizations.

FWM signal (arb. units)
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These results agree with the predictions based on#q. ency[4]. In our case, if we tuned the IR las@r if we used
taking into account the appropriate Clebsch-Gordan coeffithe dc Stark effect to shift the Rydberg levelge should be
cients. Actually, for perpendicular polarization the interfer-able to cancel the B, peak, in the parallel polarization
ence _is constructive when twice the frequency of the dy%pectrum, forA,/A;=—R and A,=0. The maximum of
laser is tuned in between the two Rydberg levels and destrugyestryctive interference will occur over the§, peak result-
tive outside; while for parallel, the opposite is true. Th'sing in a three-photon transparency.

behavior, involving three-photon absorption, is similar 10 “, -,nclusion, we have observed constructive and/or de-
what happens in two-photon transition interferefiég We structive three-photon interference in FWM with Rydberg

can also use the quantiy [11], defined as levels in Rb vapor and we have extracted new information

(@) about the system from our data. Future experiments to ob-
L= % , 9) serve the same kind of interference in multiphoton ionization
|§e?+|£e|) in this system are presently being prepared. In this case, the

. . ., nature of the interference will be purely quantum mechani-
to measure an interference “contrast.” For the present ex-

perimentP, is of order of—56%. Measurements &f; from cal.

+ 100% to—100% have been obtained in two-photon, two-  The authors acknowledge very useful discussions with
color polarization experiments in sodiurbh2] and rubidium  Professor D. Kleppner and Professor S. Haroche and compu-
[11,13. In this case, wherP = —100%, the interference tational assistance from Dr. N. Spellmeyer. This work was
between the two paths for the two-photon excitation is ressupported by CNPq, FINEP, CAPES, and FACE®Eazil-
sponsible for the previously reported two-photon transparian agencies
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