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Measurement of the excitation dependence of the Lorentz local-field shift
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We have experimentally investigated the resonant optical response of a partially excited high-density atomic
potassium vapor under conditions where local-field effects strongly influence the response. We have measured
the excitation dependence of the Lorentz local-field shift, and found it to be in excellent agreement with
theoretical predictiond.51050-2947®9)09601-§

PACS numbds): 32.70.Jz, 42.65.An

For dense matter the connection between microscopitinear optical response of a dense atomic vapor in the vicin-
electromagnetic properties like atomic and molecular polarity of its fundamental atomic resonance frequefgl
izabilities, and a macroscopic response function, such as a In addition, it has been predicted that the local-field shift
susceptibility, is highly nontrivial because of many-body as-of a dense atomic vapor should depend on its degree of ex-
pects. A widely used procedure to make this connection is taitation[7]. An indirect experimental indication of the exis-
introduce the concept of a local fielf],., as put forward by tence of an exitation-dependent line shift has recently been
Lorentz[1]. This field, which is defined at the position of a given[8]. This prediction has strongly stimulated the study
specific particle, is due to both the externally applied elecof a whole array of new nonlinear phenomena in dense
tromagnetic fieldE and the polarizatiorP of all the other atomic vapors such as mirrorless optical bistabiligy, ul-
particles. The relation betwedf),. andE is given by[1,2] trafast switching effectgl0], self-induced transparen¢g1],

piezophotonic switchind12] and lasing without inversion
Eioc=E+(4#w/3)P, (1) [12]. In the present paper, we report the results of an experi-
mental study of the excitation dependence of the Lorentz
assuming the virtual cavity to be spherical. Although thelocal-field shift in a dense atomic vapor.
local-field concept has been known for more than a century, The usual procedure to introduce the Lorentz local-field
the interest in the subject is still very much alij\&]. shift in the optical response of a dense atomic medium is first

If the material responds linearly to the driving field, one to evaluate the atomic polarizability(w) for a dilute vapor
can write P=NaE, for the polarization, wherd repre-  in the vicinity of the resonance frequeney. Then applying
sents the number density of particles antheir polarizabil-  the Lorentz-Lorenz relatiofEqg. (2)] yields a dielectric co-
ity. With the standard relation for the dielectric coefficient efficient ¢ whose real and imaginary parts are shifted to
e=1+4my, with y=P/E the macroscopic linear suscepti- lower frequencies, as compareddg, by an amount »?,

bility, we obtain the Lorentz-Lorenz relatidd] the Lorentz local-field shift in the zero-excitation approxima-
tion.

e=1+47Na et2 @) Using a quantum-electrodynamical calculation that does

3 /) not make the local-field approximation, Friedberg, Hart-

mann, and ManassdlY] showed that the Lorentz shift is
This form explicitly shows that the dense medium has arproportional to the fractional population difference between
enhanced dielectric response as compared to a rarefied nme ground and excited stategs=(Ny—0y/geNe)/N;7=1
dium for which e=1+47Na. The enhancement factdr  corresponds to zero excitation ame=0 to maximum exci-
=(e+2)/3is frequently called the local-field correction fac- tation. Heregy andg, are the degeneracies of the ground and
tor [5]. This factor plays an important role in nonlinear optics excited states, respectively, aNg andN, the corresponding
of dense media, where effects associated withritieorder  densities. For the dielectric coefficient the authors of R&f.
nonlinear susceptibility become enhanced by a factor'. found
The implications of the local-field ansdt&q. (1)] for the
resonantelectromagnetic response of a system, in particular kN7
for a collection of dipole oscillators, were already discussed €(w)=1+
by Lorentz himselfi4]. He showed that the resonance fre-
qguency of the dielectric coefficiert( w) of the ensemble is
shifted relative to that of the individual oscillator. This shift with Aw, =7Aw{ the excitation-dependent Lorentz shift
has become known as the Lorentz local-field shift. Experi-and Aw?=kN/3. The constank is given by k=fcrg\,
mental evidence for this shift came almost a century aftewherer, is the classical radius of the electrdrhe oscillator
Lorentz’ proposal, in an experiment on the linear and nonstrength of the transition, andthe transition wavelength. In
Eq. (3) Awy, represents a non-Lorentz contribution to the
line shift that does not appear in the theory of Héfl. but
*Present address: Physics Department, Texas A&M Universityyvas found experimentally6]. Its physical interpretation is
College Station, TX 77843-4242. subject to controversy6,13]. Our study of the excitation
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FIG. 1. Experimental pump-probe setup to measure selective-
reflection spectra on the fundamental resonance transitions in a
dense potassium vapor.

dependence of the line shift provides insight into this matter.
I'ses represents the self-broadened width of the liihal
width at half maximum For a dense atomic vapom(
~10Y cm3), 'y is proportional to the ground-state den-
sity, I'ser=kv09g/geNg. This shows that the self-broadened
linewidth is excitation dependeh8].

In our experiment we probe a dense atomic potassium
vapor in reflection. In a pump-probe experimental sésee
Fig. 1) we determine the reflectivity of the dielectric-vapor Frequency (GHz)
interface on theD; or D, resonance transitions when the

vapor is appreciably excited by the beam of a Ti:sapphirq/apor (N=2.3x10"7 cm3) on the D, transition. Curvega) and

pump laser, focussed to a spot size V_V'thfﬁm' diameter (b) show the reflectivity of the unexcited and excited vapor, respec-
(powers up to 500 mW The pump laser is tuned away from yiyery. curve(c) is the frequency-modulated reflectivity in the un-
the atomic resonance to avoid coherent effects and effeciscited case, and curvel) depicts the same for the excited case.
resulting from large inhomogeneities in the spatial distribu-The theoretically obtained frequency-modulated reflectivity spectra
tion of excited-state atom§l4]|. The probe laser is an for the unexcited and excited vapor are depicted in cutegand
external-cavity semiconductor laser which is scanned oveff), respectively. In all cases the pump laser is tuned 50 GHz at the
the full spectral line around the resonance transitions, and it®w-frequency side of the atomic resonance and produces 400 mwW
power (0.1 mW) and spot size diametdb0 xwm) are such of output power.

that saturation effects are negligitlé]. The vapor cell is

completely made of sapphire, which allows us to reach higlwill be shown below. One also sees immediately that the
vapor densitiesN~10'" cm™3. At this density the self- experimental linewidth ¢, defined as the frequency dif-
broadened linewidth is so largd {,~10 GH2 that hyper- ference between the two zero crossirigee Fig. 2, is 2.5

dR/dw (arb. units) dR/de (arb. units)
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FIG. 2. Experimental reflectivity spectra for a dense potassium

fine splitttings and the Doppler effect can be ignored. times smaller for the partially excited vapor as compared to
Typical experimental results are shown in Fig. 2 for athe unexcited vapor, in agreement with earlier resiéis
density N=2.3x 10" cm 3. Curve (a) shows the experi- Curves(c) and(d) of Fig. 2 are both very well described

mental reflectivity spectrunR(w) for an unexcited vapor, by the simple expression fa(w) [Eq. (3)]. This is shown
i.e., with the pump laser switched off. Cur{k) depicts from their excellent agreement with the calculated spdejra
R(w) when the vapor is excited by a 400-mW laser beamand (f), using the Fresnel formula for the interface reflec-
The zero on the frequency axis refers to the center frequendyvity with appropriate values for the spectral width and
wo Oof the absorption spectrum of a low-densityN (  population differencenN. This proves that the spectrum
~10% cm 3) potassium vapor. To improve the signal-to- does not become distorted as a result of the partial excitation
noise ratios we measured frequency-moduldféd) reflec-  of the vapor(apart from spectral shiftslt is then allowed 6]
tivity spectra that are shown in curvés) and (d), for the to relate the spectral shift and width to the zero crossings of
unexcited and excited cases, respectively In this case ththe FM spectra as introduced abdué.

probe laser is frequency modulated with a modulation depth Figure 3 shows the observed shiftve,, as a function of

of 100 MHz at a frequency of 400 Hz. Direct inspection of the pump poweP y,, for N=2.3x 10" cm3 (D, transi-

the FM spectra already yields an important result. With thetion). The circles and squares represent our experimental re-
line center defined as the average of the two frequenciesults for pump detunings of 50 and+50 GHz relative to
where the FM signal equals ze(see Fig. 2, one observes wg, respectively. The shiff we, is clearly power depen-
that the position of the line center differs for curygs and  dent and negativé.e., the spectral line is shifted to the low-
(d): when the vapor becomes partially excited, the center ofrequency side o). With increasing pump power the shift
the spectral line shifts a few GHz to the bludote that, becomes less negative implying that the line shifts back to-
except for a small fraction, this shift is not a light shift or ward resonancérelative blueshift We ascribe the differ-
dynamical Stark shift, since its values for both positive andence in shift for positive and negative pump detuning to the
negative detunings of the pump laser are almost the same &ght shift (an estimate of the light shift gives the proper
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FIG. 3. Experimental values of the shiftwe, of the D, line as FIG. 4. The population difference as a function of the nor-

a function of the pump laser power for a dense potassium vapomalized Width"e/T' 3 Of the selective-reflection spectrum for
(N=2.3x10" cm™?). The detuning of the pump laser from reso- the potassiunD; line at a densitjN=2.3x 107 cm™3. The dashed
nance equals-50 GHz(circles and +50 GHz (squareswith re-  |ine corresponds to theory, as discussed in the text.
spect towg, the center of the low-density absorption spectrum. The
solid curves through the data have been drawn to guide the eye. o normalize the shift to its value for zero pump power
Awg,y. Figure 5 shows the normalized shiftweyp/ A wgy
order of magnitude This difference is small as compared to as a function of the experimentally obtained values of the
the total shiftA we (see Fig. 3, and will therefore be ne- fractional population difference for the D;- andD,- tran-
glected. sitions, respectivelyN=2.3x 10" cm™%). The dashed lines
Because the saturation behavior of a dense alkali vapor igre the results of a linear fit through the data points:
highly nontrivial, it is hard to determine the fractional popu- Awexpt/Angptzaﬂ+(l— a). Our results are clearly well
lation differences acurrately from the values of the pump described by this function, and we find that0.62 for the
power. Rather we determing, for each value of the pump D, line whereasp=0.82 for theD, line. This implies that
power, from a direct comparison between an experimental w,,; contains both an excitation-dependent part, which we
spectrum and a calculated spectrum while ignoring any speddentify with the Lorentz shift, and an excitation-independent
tral shift. To calculate the spectrum we use, as discussegart. Our results imply that the Lorentz shift is linear in the
above, the Fresnel formula for the reflectivity and the dielecdegree of excitationAw, = 7Aw;, in perfect agreement
tric function of Eq.(3); in the latter we use the experimental with theoretical prediction§7]. Our experimental values for
value for the linewidtH",,;, deduced from Fig. 2. The com-
parison directly yieldsy. To check the internal consistency

of our method to determing, in Fig. 4 we plot the resulting 10 [ Dyline ®.
values of » versus the experimental linewidth fdd= . o08F Q’Q
2.3x10" cm® (D, line) because the width is expected to & | o

depend linearly ony [8]. Note that, sincey is thefractional s ¢ P

population difference, the width,,,; has been normalized to 3& 0.4 | @c’

its value in the limit of zero excitatioﬁgxpt. The dashed line N e

in Fig. 4 shows the expected result based on a quasistatic g r

picture of the dipole-dipole collisions; such a picture applies 0.0

at this density[8]. The excellent agreement between this 1.0 | D, -line _Q__,.Q
model and our experimental data, obtained without any fit 0.8 [ o Q- Q.-
parameter, increases our confidence that our method to de- % I Q.0

termine 7 is reliable. Note that the atomic ground state be- “z 06 | @g ”

comes strongly depleted in the present experiment: at the < 0.4 b ©

highest pump power that was used the fractional population % = [

difference reaches a valug=0.23. In this case the fraction g o2f

of atoms that resides in the ground state is less than half 0.0 [ . . . ; ;

(Ng/N~0.42). Radiation trapping plays an important role in 0.0 0.2 0.4 0.6 0.8 1.0

achieving such a strong depletion of the ground sfag.

The excited-state atoms are statistically distributed over the

two fine-structure levels of the exciteg 4tate. FIG. 5. The normalized shifh e/ A w3, as a function of the
We will now discuss our key result, namely, the observedtractional population difference; for the potassiunD; and D,

excitation dependence of the spectral shifbe,,. To do S0  lines (N=2.3x 10" cm™3). The dashed lines represent linear fits.
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« are in excellent agreement with the rath)E/Awexpt for shown that the Lorentz local-field shift depends linearly on
the potassiunD, andD, transitions as found by Maldt al.  the degree of excitation, in perfect agreement with theoreti-
[6] in an experiment ap=1; this confirms our identification Cal predictiong7]. We have also confirmed the existence of
of the excitation-dependent part of the normalized shift withd non-Lorentz(excitation-independentcontribution to the
the Lorentz shift. spectral shift, and made plausible that this is not a collisional
Following the same argument, the excitation-independenghift. The present experiment underlines that the local-field
part of A weyy is identified with the non-Lorentz shifiwy, ~ ansatz of Lorentz provides an excellent quantitative descrip-
which was previously observed in the zero-excitation limittion of the optical response of a high-density atomic vapor
and attributed to van der Waals interactions between groundzround resonance. It provides solid footing for theoretical
state atom§6]. Recently this interpretation was rejected, andpredictions of exciting phenomena in nonlinear optics based
an alternative interpretation put forward. This involves theon the excitation dependence of the Lorentz shift. Apart from
interaction between the atoms and the wall and the shofirrorless optical bistability9], experimental confirmation

penetration length of the incident laser field at high atomicof these nonlinear phenomefiB0—14 has not yet been re-
densitie 13]. In view of our result that\ wy,_ is essentially  ported.

excitation independent, the latter interpretation is deemed to . ] ]
be more plausible. This work is part of the research program of the “Stich-

In conclusion, we have measured the reflectivity of a parding voor Fundamenteel Onderzoek der Materie,” and was
tially excited atomic potassium vapor for densities wheremade possible by financial support from the “Nederlandse
local-field effects are important. We have experimentallyOrganisatie voor Wetenschappelijk Onderzoek.”
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