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Four-wave mixing with Rydberg levels in rubidium vapor: Observation of interference fringes
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We present new results on the coherent control of a four-wave mixing signal in rubidium vapor involving
Rydberg levels. By varying the relative polarizations of the laser beams responsible for the nonlinear process,
we control atomic excitation routes and thus quantum interference in the medium. We observed interference
fringes as a function of the relative polarizations and further developed a theoretical model based on the
density-matrix formalism that is in very good agreement with our experimental results.
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I. INTRODUCTION length and polarization of the incident beams. The interfer-
ence effect is clearly observed. To explain the polarization
The coherent control of the optical properties of atomicdependence of the FWM signal we have developed a theo-
media is made possible by interference effects that are infetical model, which is described in Sec. lll. The analysis of
duced (or probed by laser fields. In multilevel atomic sys- °Y results, mclu_dlng the interference fringes and_ the com-
tems, these effects are related to the observation of a varieRfISON Of experiment and theory are presented in Sec. IV,
of physical phenomena in coherent and quantum optic llowed by our conclusions.
[1—'8], and have attracted considerable interes_t in the appli- Il. EXPERIMENTAL SYSTEM AND EOUR-WAVE
cation to the coh_erent laser control of _cheml_cal reactions MIXING SPECTRA
[9—-11]. Some studies have explored nonlinearities of the me-
dium to observe interference between atomic polarizations The experiments are carried out in a vapor cell containing
that can be driven by the new fields produced in the mediunpoth ®Rb and ®’Rb at a pressure of 16 Torr. The cell,
itself [12—15 or induced by the incident beams. In particu- 5-¢m long and a diameter of 3 cm, is heated up to a tempera-
lar, Chappleet al. [16] used a four-wave mixingFwM)  ture of about 180°C and crossed by two copropagating and
process to observe interference in sodium vapor, when twdinearly polarized laser beams that interact with the atomic
photon resonances with theSBand 4D states are driven Medium. A diagram illustrating the basic experimental appa-
together, by an appropriate choice of the input laser waveratus with the relevant rubidium energy It_avels is displayed in
lengths. More recently, we observed an interference in g'% 1. One IOf the l_)?]amls_, of freﬁu?noy, |S_pI1)r;oduced(§)y a
FWM signal, when two neighboring Rydberg states play thetohuesesiggﬁ daiegrr\;wvgnic? '(;'fe\’:d;eg dgrging dggrggeytt?ijm-
trglﬁ [cifﬂtwo indistinguishable quantum pathways in the Sys'alumi'n.um-garnetNd:YAG) laser (pulse duration 10 ns and
In thi.s paper, we extend our previous experimental an(Lepetltlon rate 5 Hg Its wavelength is _tl_JnabIe around 602
. ' . S . m, corresponding to two-photon transitions from the ground
theoretical results by_mvestlggtmg th_e_polarlzanon dgpen-State B to Rydberg levels ranging from $6to 195, and
dence of the FWM signal, using rubidium as a nonlinear; 45 15 17D For the interference effect discussed here, only
medium. Briefly, interference in this system results from thejeyels 16 and 18 are relevant. The other beam has a fixed
existence of two or more indistinguishable quantum paths fofrequencyw,, corresponding to the fundamental mde-
the excitation of the atomic levels involved in the nonlinearfrared (IR)] of the Nd:YAG laser. This laser N\,
process. Four levels are explicitly considered here: the-1 064 um) is quasiresonant with the transition from the
atomic ground state, two Rydberg states almost resonamydberg levels back to theRg,, level (cf. inset in Fig. 1.
with a two-photon transition from the ground state, and anThe two beams are focused in the middle of the cell in order
intermediate state almost resonant with a single photoio have good phase matching. The generated signal at fre-
stimulated emission from one of the Rydberg levels. Sincguency w;=2w;— w, has a wavelength of approximately
all these states have internal structuidhse to, at least orbital 420 nm and is analyzed in a monochromator and detected by
angular momentum there are multiple quantum paths for a photomultiplier tube. The electronic processing of the sig-
each step of the nonlinear process. The probability amplinal is made by a boxcar and a computer. Spectra are obtained
tudes for each of these paths depend on Clebsch-Gordan doy measuring the intensity of the FWM signal as a function
efficients, which are intimately related to the input lasers’of the dye laser frequency.
polarizations. Hence one can manipulate almost at free will Typical FWM spectra are presented in Fig. 2, as a func-
the contribution of interference terms to the FWM signal bytion of the dye laser detuning,; = 2w, — w1 , With respect
controlling these polarizations. to the two-photon transition$—16D. The polarization of
The paper is organized as follows. In Sec. Il we introducethe IR laser is linear and kept fixed. For the lasers propagat-
our experimental system and describe how we control théng along thez axis, x andy are orthogonal directions with
lasers’ polarizations. We also present the results obtained fahe IR laser along the axis. The dye laser polarization is
the intensity of the FWM signal as a function of the wave-always linear but its orientation can be rotated by an adgle
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FIG. 1. Schematic diagram of the experimental apparatus. The A (cm'l)
symbols BS, P, and DFR stand for the beam splitter, Glan- 1

Thompson polarizer, and double Fresnel rhomb, respectively. The FIG. 2. FWM spectra as a function of the detunilgof the dye
inset shows the relevant rubidium energy levels, withrijesub-  laser, for several angles between the incident polarizations. The
levels. generated signal is analyzed with para(@l and perpendiculah)

polarization relative to the IR beam. Dye laser and IR laser inten-
relative to the IR beam polarization, using a double Fresne?mes. were_ldye=5><107 Wien?, 1p=2.6x10" Wienr. The
rhomb. At the output ofpche cell we can gnalyze the polar-atomic density wa|=4.4x10** atomsfcr
ization of the generated signal with a Glan-Thompson polar-

izer. The generated signals with parallel polarizatioy) or Ill. THEORETICAL MODEL

perpendicular polarizationi () relative to the IR beam po- The FWM signal intensity is proportional to the square of
larization are shown in Figs.(@ and 2b), for some values the polarization induced in the medium at the frequengy
of 6 between 0° and 90°. =2w;— w,. The lowest order of perturbation theory that can

As in Ref.[17], we observe three peaks in each spectrumdescribe this process requires us to keep terms up to second
The origin of each can be unders_tood quite simply. The proorder in the dye laser fiel&;(w,), and first order in the IR
cess corresponds to the absorption of two dye laser photofeld, E,(w,). The nonlinear atomic polarizatiof®(w3)

followed by a stimulated emission of one IR photon and aglong thei (i =x,y) direction, is then given byin mks unit$
parametric emission of a photon of wavelengiy

~420 nm. Naturally the signal is amplified each time one of ) .
the intermediate states becomes resonant with the lasers. P, (603)2602I<I X By (02)E (@) (01), (1)
Therefore we expect two peaks corresponding to the two- :

photon resonances with the levelsDl@nd 18& and a third  \yhere the third-order susceptibility contains the microscopic
peak corresponding to a three-photon resonant transitiopyformations about the atomic system. The subscripts of the
from the ground state to theRg,, state. _ nonlinear tensor)(i(jil)(— w3;01,01,— w,) are related with
Other features in Fig. 2 call_our aftention. Analyzing thethe polarization components of the incident and generated
component of the generated signal parallel to the IR pOIarfieIds For an isotropic medium, as the Rb vapor, only four
ization[Fig. 2@)], we note that the 1B line presents a great eIeménts are different from zeré and, in view of the proper-

variation with the angle between incident polarizations. In; f h | h oth
particular, for a specific angledE 55°) the 1® peak disap- ties o:)groui iymTE;rmg]Alczd?;Z rt%attheg :z?(;:r(i:mg;te\r/vgy

pears completely and, fa#=0° (parallel incident polariza- “xxx “xxyy  “yxxy “yxy i o

tions a maximum intensity is observed. Th@%, line also ~ assume that the fielf;(w,) has a fixed polarization along
presents a dependence with the incident polarizations, whill1€X axis, while the fieldE,(«w,), that drives the two-photon.
the 185 line is almost constant. For signal polarization per-2PSorption, can have linear polarization in any direction in
pendicular to the IR polarizatiofFig. 2b)], the 18 line e Xy plane. In this case, the generated FWM polarization
vanishes completely, while the other lines present a depenill have two components, parallét) and perpendiculafy)

dence with the incident polarizations. to the IR beam’s polarization:
In order to fully understand all these features we have PO)(ws) = ey E|[E.|2 2
developed a theoretical model, which we describe in Sec. IlI. X 3 oXxIE, I 1

063406-2



FOUR-WAVE MIXING WITH RYDBERG LEVELS IN . .. PHYSICAL REVIEW A63 063406

3 _ 2 _ _ . . .
pf/ )(ws)_ éoXy|E2||El| ' (3 Xy Xy 0. If the 1@ level is gn mtgrm_edl.at_e stgte, the
sum over them, sublevels contains six indistinguishable
. N . S a a
where the effective susceptibilitigg and x, are rolutes, WhICIIh (Ijead t(j meh— -3 é(xx{y— nylyx— Xy These
_ . relations only depend on the orbital angular mom&my D,
XX_XxxxxCOSZ( 0)+Xxxyy5|nz( 0), (4 of the intermediate levels, so they are the same obtained by
_ Yuratich and Hann§19] and Bethung20].
Xy= (X T X,y €O O)SINO), 5 Taking into account the respective Clebsch-Gordan coef-

ficients for each excitation route, we obtain, for the effective
and@ is the angle between the polarizations of EyeandE, susceptibilities:
incident fields.

The third-order susceptibility can be calculated using the N [(4/49Rf(6) 1/9
density-matrix formalisni18] applied to a four-level syst X< (3,7 T T Y
y ormalisni18] applied to a four-level system. (Ao=iyap)| (A1—iva0) (Ai—a—iyaq)

Each element of the nonlinear susceptibility contains prod-
ucts of four matrix elements of the electric dipole operator N (2/15Rg(0)
Q=er, of the form (nlm|Q|n’I'm/), which connect the XY A= 1van) | (A1—iva0) | ®

initial and final atomic states through a chain of three inter- ) ) )
mediate states. For the present experiment, two neighboririgére R is the ratio between the reduced matrix elements,
Rydberg levels (1B and 18), play the role of on or near 9diven by

two-photon resonant intermediate states. Thus, each nonlin- ) (6P|r|16D)(16D|r|5P)

ear susceptibility element has a general form — (9)

(6P|r|18S)(189r|5P)

N I
Y. => { HabMbctenfina and the functions that describe the angular dependence with
ikl 3bn eth(Az—i'yab) ¢ (A= iyad)(@pc— 1) 0 are
S Fabihakdntna } © f(6)=cog(0) 3 sir?(0), (10
T (A~ a—iyag)(wpg— 1))’ _

g(6)=cog 6)sin(9). (11

where the subscripts b, ¢, andd stand for, respectively, the

sublevels of the S, 6P5,, 16D, and 18 of the rubidium IV. RESULTS AND DISCUSSIONS

atom. These sublevels must be summed over in order to give

the total contribution to the nonlinear susceptibility. The sum The theory developed in the last section allows us to un-
over odd-parity statem accounts for all possible intermedi- derstand the spectral features observed in Fig. 2. First let us
ate states in the two-photon transition from state c or d. consider the behavior of the $8ine. For signal polarization
The 9, are the electric dipole matrix elements between levparallel to the IR polarizatiofFig. 2@}, the intensity of the
els 7 and p, in the direction of the applied fields, and we 18S line is practically constant. This is in good agreement
assume that the axis of quantization is along the direction o¥ith the predictions of Ec(7), where the term resonant with
the propagating beams. We have defined the detunings the 1& level (A;=a) does not depend of. For the signal
=2w;— wae aNd A,=(2w;— w,) — w,p, and introduced as poIarlzat_lon per_pend|cular to the IR polarizatifdfig. 2(b)],
well the relaxation rate/,,, ¥ac, and yaq. The quantity the 185 line vanishes completely for all angles, in agreement

a~14.4 cmlis the separation between thell@nd 1&  With Eq. (8). This behavior can also be seen from E@®.
Rydberg levels and the atomic density is given byand (5), using the fact that the Clebsch-Gordan coefficients,

N (atoms/m). for all quantum paths of the FWM process involving the

The electric dipole matrix elements can be factorized intontermediate 18 level, give x  =x andx =x
two parts: one containing the angular dependence and the 0. In this case, the interference is determined by the polar-
other that contains the radial matrix element. For this calcuization relation between the two photons absorbed in the
lation we neglected the fine and hyperfine structures and thieansition 55— 18S, and it is independent of the dye laser
Doppler broadening, which are unresolved by the lasers ipolarization. Since, for the present experiment, these two
the experiment. We also consider that only the &ate con- photons have the same frequency, we are very far from the
tributes to the two-photon transitions between the groundP resonance leveld; — wsp~3.000 cmi'l) and the fine-
state and the Rydberg levels. In this case, the angular part sfructure splitting is negligible. For this situation, a construc-
the matrix element is given by the Clebsh-Gordan coeffitive (destructive interference is obtained when these two
cients associated to each pathway. When th® [&8el cor-  photons have parall€perpendicular polarizations, in con-
responds to an intermediate state, the sum over all degendrast with what is observed in Ref21], where the single
ate sublevels with different m; contains four photon energy is in between the fine-structure leveB (5
indistinguishable quantum paths. Considering the deperand SPg).
dence of the phase between these pathways with the In order to analyze the intensity of the D6line as a
incident-beam polarizations, we obtain that the susceptibilitfunction of the angled, we plot this dependence in Fig. 3 for
elements satisfy the following relationsgmf)(Xxyy and parallel and perpendicular signal polarizations. We can im-
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FIG. 4. The interference “contrastP, as a function of the
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FIG. 3. Intensity of the 1b line as a function of the angle b=l
between the incident polarizations. The interference fringes are ob- L(0)= Y 1L , (12)

served when the generated signal has par@ednd perpendicular
(b) polarization relative to the IR beam. Solid lines are theoreticalwhere || and |, are the FWM intensities for parallel and
results based on Eq7) and Eq.(8) with the respective Clebsch- perpendicular signal polarization&igs. 3a) and 3b), re-
perpe gnal p
Gordan coefficients. spectively. The experimental values d# () for the dye
laser frequency resonant with the two-photon transiti@ 5
mediately recognize interference fringes for both polariza— 16D are displayed in Fig. 4. The solid curve is the theo-
tions. In particular, we observe that the parallel componentetical calculation obtained using expressi¢risand (8) for
of the 1@ line [Fig. 3@] can vanish for an angle® A;=0 (16D line). This result shows that for the rubidium
=cos 1(1/y/3). Fringes result from the fact that tieinter- ~ 16D_line it is possible to varyP,(¢) continuously from
0, — 0 I 1
mediate level has a degeneracy greater than one. In othé%ltgoé tquto 100f/.°' corresgondw:g g;f.mczﬁ't”l%w;gmr?s;_
words, there are multiple quantum paths for the intermediatfF10| oef Itﬂgrn%rnelir;]%earns?gr?; and a very effici
uantum path depends on the polarzation relation betweeg, T 1ESuls Obtained for the Seand the 16 lines are
the incident beams. So, the observed behavior of the genes ite general. For the FWM process considered her

d sianal with th larizati b d d line of an arbitrary alkali atom will exhibit the same be-
ated signal with the polarization can be understood as ag,yior with ¢, since it does not depend on the specific dipole

interference between the different quantum pathways, due tQ,oment. In fact, we have observed the same behavior for the
the several atomic sublevels, and the different beam po- 15p and 1B lines in rubidium. In Fig. 5, we show the FWM

larizations. By varying the angle between the incident beamgpectra for these lines, as a function of the detuning of the
polarizations, we are able to control continuously the relativeuye laser with respect to the two-photon transitioS 5
phase between the different excitation routes accessible to,15D, for three specific values of the angle between the
the system. incident polarizations §=0°, 55°, and 90°). Again we ob-
The solid lines in Figs. @ and 3b) represent the theo- served two peaks corresponding to the two-photon reso-
retical results of Sec. Il{multiplied by a single adjustment nances with the levels T5and 15 and a third peak corre-
parameter. The intensity dependence of thell@ine with  sponding to a three-photon resonant transition from the
the parametem is given directly by functionsf?(6) and  ground state to the B, state. We can see that the same
g%(#), for parallel and perpendicular signal polarizations, re-critical angle ¢#=55°) destroys completely the FWM signal
spectively. We consider here only orbital angular momentunfor the 1D line. This gives us confidence in the validity of
but taking the fine structure into account does not change theur model but does not allow one to obtain specific informa-
results. We observe very good agreement between theotion about the system.
and experiment except for values arouid 90° for parallel Information about the system can be obtained by turning
signal polarizatior[Fig. 3[&@]. We still do not fully under-  our attention back to the interference observed on tRg.6
stand the origin of this discrepancy. It may be related with dine. Recalling the results from Reff17], this line depends
nonlinear absorption in the medium, in view of the fact that,on the excitation via 18 and 1® levels. Since the intensi-
for this line, the theoretical imaginary part of the susceptibil-ties of these lines vary as a function of the angé is more
ity changes from negativi@bsorption to positive(gain) asé  reasonable to study a relative intensity. We weigh tRg6
varies from 0° to 90°. line intensity by the sum of the intensities of theDL&nd
The interference “contrast” as a function of the angle  18S lines. Since the 18line vanishes for signal polarization
can also be measured using the quarfity[22] defined as  perpendicular to the IR polarization, we analyze only the
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FIG. 6. Relative intensity of the B, line as a function of the
angle between the incident polarizations. The interference fringe is
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1
5 10 15 20 tive to the IR beam. The solid line is a theoretical fit based on

Detuning (cm 1) £a. (7).
from the Clebsh-Gordan coefficients. In this case, the polar-
FIG. 5. FWM spectra for By, 15D, and 1B rubidium lines,  ization relation between the incident fields is responsible for
as a function of the detuning of the dye laser, for a few anglesa three-photon transparency, similar to the previously re-
between the incident polarizations. The generated signal is analyzgabrted two-photon transparency in two color experiments in
with parallel polarization relative to the IR beam. sodium[24].

1
[4)]
o

o . V. CONCLUSIONS
parallel polarization component of the FWM signal. The ex-

perimental results are plotted in Fig. 6. The solid line corre- In this paper new experimental results were reported on
sponds to the theoretical curve of the relative intensity of thehe dependence of the FWM signal with the relative polar-
6P, line, calculated from the maximum intensity of each izations of the incidentIR and dye laser beams. Interfer-
line, for different values of). For this, we first do a theoret- ence effects were observed for theD1618S, and &, ru-

ical fit of the FWM spectra showed in Fig(é@. We consider  bidium levels, where the different quantum pathways lead to
that the ratey,;, is given by the half-width of the B, line  distinct behaviors. For the Bine, the interfering pathways
(=0.7 cm1), which is limited by the linewidth of the IR do not change with the dye laser polarization. So, only a
beam. The free parameters in this fit are the relaxation ratesompletely destructive or constructive interference could be
vac and y,4 of the Rydberg levels. The value of the ratio obtained. However, interference fringes were observed for
between the reduced radial matrix elemefiEg. (9)], R  the 1@ line. In this case, the different quantum pathways
=4.2, is obtained by a numerical calculation using a methodre due to the several atomic sublevels and the different
based on the diagonalization of the energy mai#ig]. To  beam polarizations, in such a way that we are able to control
take into account the finite linewidth of the dye laséi ( continuously the relative phases between the different exci-
=0.65 cm1), we perform a convolution with its measured tation routes accessible to the system. Moreover, tHe 16
Gaussian line shape. The theoretical curves are then obtainatid 1& Rydberg levels contribute as near two-photon reso-
by numerical integration of Eq7). The best fit of the FWM  nant intermediate states for the FWM signal corresponding
spectra give y,.=0.130-0.004 cm! and y,4=0.090 to the 6P3, line. Again, interference fringes were observed
+0.005 cm?, in agreement with Ref{17]. Although the and information about the parameters of the system could be
values ofy,. and y,4 are smaller than the laser linewidth, obtained. The present results show it to be possible to obtain
they are basically determined by the intensity relation bea maximum contrast of the interference fringes and a very
tween the observed lindsee the Appendjx The fit is made  efficient coherent control of the nonlinear signal. A simple-
only for one polarizationd=90°, where all three peaks have theoretical model, taking into account the lasers’ polariza-
comparable intensities, and the same parameters are used fiems gives a good description of the experimental results.
all the values off. A good agreement between theory and

experiment is observed. We obtain a constructive interfer- ACKNOWLEDGMENTS

ence in the region aroun@=90° and a completely destruc-  The authors acknowledge very useful discussions with J.
tive interference ford=43°. This maximum of the destruc- \y R. Tabosa and D. Kleppner. This work was supported by
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APPENDIX The resulting intensity is a Voigt profile, i.e., the convo-
lution between Gaussian and Lorentzian profiles.

The interferometric term in EGA3), for the 1® and 1&
esonant frequencies, is negligible. So, for th® lgeak in-
tensity, we have

The intensity of the FWM signal is calculated from the
convolution between the atomic line shape and the spectral
profile of the dye laser and it can be written as

o0

a0 [ 18008 -Eas, (A

- 1 = exd —2(A1)% 83
whereg(A;—A,) is given by a Gaussian function: l1e0(A1=0)= (Y2+A2) 5J (Y24 A2)

1 p[—zml—zoz
X

g(Al_Zl): \/—6 € 52
a
! ! where the Lorentzian function involving the relaxation rate
andl (A,) corresponds to the atomic line shape given in Eqs(vap) of the intermediate B3, state was taken outside of the

1>

(A5)

. (A2)

(7) and(8) as integral, since it is larger than the laser linewidth in the con-
volution (ya,> 81). The final integral is known and involves
| N? [ (1/9)? . (4145)°R?*t2( 9) the error function®(x) [25]:
oC
DA [ (A—a)?] (R+AD)
, (U9 (4ADRK(O) Yagac+ Aa(A1- a)]] fweﬂztz e e - A6
’ t e
(Vg (Ar— 2] Y2t A7) gt zge el (40

(A3)

wherex=Bu=\2y../8,, is the relevant parameter in the
. (A4) determination of the peak intensity for the Rydberg levels.
The intensity for 18 peak is similar to Eq(A5).

N2 [ (2115°g%(6)
(Yar+tAD| (Ya+ad)
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