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Direct detection of evanescent electromagnetic waves at a planar dielectric surface
by laser atomic spectroscopy
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The penetration depth and pseudomomenfuave vectoy of evanescent electromagnetic waves are mea-
sured at a planar dielectric surface by means of laser spectroscopy using Eheli@s with a wavelength of
852.1 nm. The same experimental setup is employed in all the experiments. The first result shows a sharp,
asymmetric absorption profile, which is explained in terms of the thin penetration depth, and the second shows
an actual transfer of the pseudomomentum of the surface electromagnetic mode to atoms via a resonance
interaction. The measured penetration depth and pseudomomentum agree with the natural interpretation of the
complex wave number characterizing evanescent waves at a planar dielectric-vapor interface. Direct excitation
of evanescent waves by excited Cs atoms has also been observed as atomic fluorescence emitted into the
dielectric material at the angle of total internal reflection. The results are in good agreement with the theoretical
predictions and exhibit the characteristics of excitation transfer or tunneling from Cs atoms into the surface
mode.[S1050-294{@7)07603-9

PACS numbeps): 42.50—p, 32.30-r

I. INTRODUCTION of these problems, but also to enable progress in the fields of
cavity QED and scanning near-field optical microscopy
c(JSNOM) [9].

In the present work, we experimentally demonstrate the
characteristics of the penetration depth and the pseudomo-
_ mentum of the evanescent wal&0,11] by means of laser
kj=konsing; , spectroscopy using thB, resonance line of Cs atomic va-

por. We also demonstrate experimentally the reverse process
@ in which a direct excitation of evanescent waves b i
y excited
—iko\ZSig —1 Cs atoms takes pla¢é?2]. In all the experiments, to demon-
K, =ikoyn“sing;—1, strate the nature of evanescent waves, we use the same ex-
perimental setup in order to ensure consistency of the physi-
wherek, is the wave number in vacuumn, the refractive  cal quantities measured.
index, andg; the incident angle. The natural interpretation of

An evanescent electromagne{iEM) wave at a planar
dielectric surface is described by the classical EM theory an
characterized by a complex wave numbgf

the complex wave number is the penetration depth Il. EXPERIMENTAL SETUP
(dpen=|k. |71 in the direction normal to the boundary and ) )
the pseudomomentunkk,) parallel to the boundary associ- The Cs-vapor cell consists of a Pyrex glass cylinder 2 cm

ated with the translational symmetry of the material systeniong with an inner diameter of 1.8 cm and a pyramidal glass
in the direction parallel to the boundary surface. These paPism with a right-angled apex which is attached to one end
rameters contain the problem of the light-matteielectrio of the cylinder(Fig. 1). This aIIows_ us to excite or measure
interaction. There have been many discussions on the méWO evanescgnt waves propagating along orthogona_l direc-
mentum of an EM field coupled to a material system andions tangential to the Cs-vapor—glass boundary, simulta-
various controversial points have yet to be clarifi@i3] ~ neously. The base of the prism is 2.2 &nand the apex is
such as the Minkowski-Abraham controversy. The light-cut off to form a 4-mnt flat surface in order to allow inci-
matter interaction is very complicated even in the classical or
the semiclassic_al domain. Therefore it is useful to analyzg Glass Cell
the characteristics of evanescent waves from the microscopic
viewpoint of the EM interaction of matter. In this work, we
experimentally study atomic interactions with evanescent Cs
waves at a dielectric-vapor interface. Vapor
Recently, the atomic interaction with an EM field near a -
material surface has been of interest both in cavity quantum Probe f
electrodynamicqcavity QED [4—7] and optical near-field Laser / ;NG
problems[8]. The physics common to these problems is the (.
many-body EM interaction confined within the atom-plus-
matter system in the sense that the material surface alters the
boundary conditions imposed on the relevant EM interac- FIG. 1. Cs cell with pyramidal glass prism. The refractive index
tions. Hence to clarify the nature of the evanescent wave at éf the prism isn~1.47 around a wavelength of 852.1 nm. The
planar dielectric surface is very useful not only for analysiscritical angle of total internal reflection ig,~42.9°.

Prism

]
Pump Laser
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~. s Herewv , -selected atoms are obtained by VSHP and the interaction
LD2 time with the evanescent probing field determines the penetration
depth.

10"“ K and 1A of the preset values, respectively. A short-
term frequency excursion of the line center of the diode la-
sers about its mean of less than 1 MHz is maintained during
FIG. 2. Basic experimental setup for measurement of the physithe scanning time for frequencies greater than 1 GHz across
cal characteristics of evanescent waves: LD1, pump laser; LDZhe hyperfine spectrum of the excited states of theDGs
probe laser; PD, photodetector; PBS, polarizing beam splitter. Thi§ne  An optical chopper is used to modulate the intensity of
setup is espec_:ially used for me_asurement _of the penetration depth. pump laser at 80 Hz, and the intensity changes of a probe
In other experiments, the setup is changed in some désaisteXt  |aser or a fluorescence induced by the pump laser is sensi-

_ o tively detected by a lock-in amplifier. The details of each
dence of laser beams in a direction normal to the vapor-gla5§xperiment are described in following sections.

interface. The refractive index of the prismns-1.47 for
light with a wavelength of 852.1 nm, and so the critical angle
for total internal reflection isf.=sin"}(1/n)~42.9°. A
double thin ceramic-coated heating wif€erama-Wirg is In this section, we treat a measurement of the penetration
wound directly onto the glass cell to control the temperaturglepth of the evanescent waves. The principle of measure-
and pressure of the Cs vapor, and the current in each wirgent is shown in Fig. 4. One of the ground hyperfine states
flows in an opposite direction in order to cancel the influenceof Cs atoms, for example, the’6,,, F=4 state, is velocity-
of the magnetic field produced by the current. The effect ofselectively pumped with respect tg using a pump laser
the geomagnetism of about 0.3 G at our laboratory in Japaihcident normal to the glass surface from the flattened apex
on hyperfine pumping of Cs atoms can be ignored, becausgf the glass prism, where, is the velocity component of an
the Zeeman splitting at 0.3 G is of the order of 1 kHz andatom normal to the glass surface. Velocity-selective excita-
much smaller than a natural linewidth of Cs atoms. tion described by the relatiom,= wo(1+v, /c) based on
Figure 2 shows the basic experimental setup used in exhe Doppler effect clearly occurs, because both the natural
periments. The light sources are frequency-controlled singleinewidth of ~5 MHz and the laser spectral width 6f10
mode AlGaAs laser¢Mitsubishi Electric Corp., ML340L  MHz are much smaller than the inhomogeneous Doppler
The frequency of lasers is tuned to the Bs line at 852.1  proadening of the CB, line, which is about 400 MHz. Here
nm. The energy diagram of hyperfine splitting of the Csy  is the pump frequencyy, is the resonance frequency of
D, line is shown in Fig. 3. Precise control of the laser fre-the CsD, line, for example, from the 8S,,, F=4 state to
quency is achieved by stabilizing the diode temperature anghe 62P,, F’'=3 state, andc is the velocity of light.
injection current electronically to reduce fluctuations within yvelocity-selective excited atoms in the?Bs, F' =3 state
decay into the ground hyperfine states, theSg, F=3 and

Oven

Ill. PENETRATION DEPTH

=5 F=4 states. Repeating such a cycle, atoms are velocity-
251.8MHz selectively pumped from the %,,, F=4 of ground state to
=4 the 62S,, F=3 state. This technique is referred to as
P02OMHE velocity-selective hyperfine pumpiry SHP). The velocity-
reMEL selectively pumped atoms in one ground state interact with
1 =2 the frequency-locked evanescent probing field, and the re-
852 1inm sulting intensity change in the probe laser due to the absorp-
F=4 tion by the velocity-selective pumped atoms is measured as a
_{9192,@“{2 function of pump frequency. Since the wave vector of the
67S, ), Fos pump laser is orthogonal to that of the probe laser, the spec-

trum of the pumped atom is seen by the probe laser as the

FIG. 3. Energy diagram of hyperfine splitting of the Ds line.  Gaussian velocity distribution. Therefore the probe laser may

62S,, and 62P,, are the ground and excited states of the hyperfinebe tuned to anywhere in the Doppler-broadened absorption
energy structure, respectively. line.
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The spectral profilee(w, ,ws) given by the probe absorp- the red-detuning and blue-detuning pumping conditions re-
tion due to the pumped atom as a function of the pumgsults in the asymmetry of the signal.
frequencyw, and the probe frequenays is written as Next, we consider the interaction between the evanescent
probe laser and the hyperfine pumped atoms of the density
+oo +oo N at red detuning 4 w,<0) of the pump frequency. Atoms
a(wp*ws):‘fsﬁw dv\\fﬁ@ dv p(v,) with [v, |<dgen/7sp interact with the evanescent probing
field over the period required to maintain the natural line-
XLp(wp,v)é(ws,v,0 )W(v,v,), (2 \{vid'Fh in the absorption sign_al. Hergy, is thg spontaneou§
lifetime of the atom andie, is the penetration depth. This
relationship is valid for relatively small red detuning of the

Y . :
p(v)=N W (3)  pump frequency. Atoms withy | |>dpe,/ 75, are considered
INTIRLITL to have a decay constant due to a relatively short transit time
mw=(k, ||v.]) 7%, and the number of atoms interacting with
Lo(wp,0.)= N 4) the probe laser decreases by the fagtQv (yn+ |k ||v.]).

The actual density of the atom measured by the probe laser is
given by Nyy/(yn+ K |lv.|) as shown in Eq(3). This is
1 Ko, | true for relatively Iarg.e red_ detuning of the pump frequency
7 (e gt K2+ ( Tk 0.2 and has a close relationship to the sharpness and asymmetry
R INTIRLITVL (5  Of the spectrum with respect to the resonance frequency
of the pump laser.
In Eq. (5), the width of the normalized Lorentzian
, (6) és(ws,v,v,) is broadened by the effective linewidth and
the transit effect due to interaction with the thin evanescent
probing field, and the width depends on the veloaity.
whereky,= wqg/c, u is the average thermal velocity, is the ~ When atoms with velocity, cross the evanescent field,
electric dipole momentg= 7| u|?w¢/3sofic is the absorp- which decays exponentially with decay constékt|, the
tion cross section of the probe laser at the center of the resaccurate spectral shape due to the transit effect may be
nancee is the dielectric constant in vacuum, angh2is the  slightly different from pure Lorentzian; however, as the first-
effective absorption linewidth, which is the sum of the natu-order approximation, we here assume the shape as Lorentz-
ral width of the CsD, line, 5 MHz, and the linewidth of the ian with a width ofAw=yy+|k,||v,], i.e., the sum of the
pump laser, 10 MHz. Herp(v ) is the number of pumped effective linewidth and the transit width.
atoms measured by the evanescent probe lagéi, ,v ) is In order to evaluate the effect of penetration depth on the
the normalized spectral line shape of the pumped atom, angbserved spectrum in the red-detuning region, it is informa-
és(ws,v,v,) is the normalized spectral line shape of atomstive to use an approximated form of(w,,»s) due to the
interacting with the thin evanescent probe laser. The poweboppler limit approximation, yy+I|k, ||v,|<wp
broadening of both line shapes due to the pump and probg=kyu+/In2, half of the Doppler width
lasers is ignored because the width does not influence the

™ (wp— wo+ kov )2+ ¥R’

Es(ws,v),v,)=

2 2
U”‘i‘Ul
2

1
W(UH ,UJ_)= W—uzexp( - u

profile of a(w,,ws) under the experimental condition. ( ~cd 1+ 1 Aw, -t
W(vj,v,) represents the Gaussian velocity distribution of A Wp,Ws)™ s Yo dpen/C
the atoms.

The quantityN in Eq. (3) is proportional to the excess (at Awp<0 andlAwp|<wD), (7)

population of velocity selective pumped atoms in the rel-

evant ground hyperfine state in the interaction region withwhereCs= o (NIn2/(mwpWp4) is constant anevp,=wp and

the evanescent probing field and depends strongly on theps=wpnsing are the Doppler widths in relation to atoms
sign of the pump detuning) w,= w,— wq. Atoms withv | with v, and v, respectively. Therefore the penetration
approaching the surfacev (<0) interact with the red- depthd,.,can be calculated from the gradient of the inverse
detuned propagating pumping field. Then a significant popuef a(w,,ws) with respect to red detuningyw,<0 around
lation difference due to VSHP is steadily established bethe line center. For blue-detuned pump frequencies, the in-
tween the ground hyperfine states before the selected atorteyaction process is limited by the pumping time aid )
interact with the evanescent probing field. kor<0 at red is close to zero as mentioned previously. Therefore the spec-
detuning A w,<0), N is considered to be constant since thetral width is given byyy, and the sharp edge shows the
VSHP saturates the population difference in the steady statesual Doppler-free spectrum &w,>0. Thus the overall
When the pump frequency is blue detuned, atoms with  spectral profile depends on the pump detuning with respect
departing from the surfacev(>0) leave the evanescent to the atomic resonance frequeney.

probing field within a typical pumping time of 1 us, which In the experiment shown in Fig. 2, a relatively high cell
is the time required to establish the saturation of a populatiotemperature of up to 410 K results in a Cs-vapor density of
difference in the VSHP process when the pump intensity ifN,~1x 10** cm™3, which is necessary for absorption mea-
~1 mW/cm?, which is typical to the present experiments. surements using evanescent waves with very small penetra-
Forv, >0 at blue detuning4w,>0), N can be approxi- tion depths. The propagating pump beam, which has a power
mated to zero, since atoms leave the evanescent region eveh500 W and a diameter of 2 mm, is incident normal to the
with insufficient pumping. Therefore the difference betweenglass-vapor interface. The frequency-locked probe laser,
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FIG. 6. Experimental scheme for the pseudomomentum. The
Doppler broadening of absorption profile is observed using an eva-
) nescent wave probe laser. The pseudomomentum is estimated from
L | the spectral width and is larger than the photon momentum is
vacuum.
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FIG. 5. Probe absorption versus pump frequency of thédgs flle. The penetration depttle, can be estimated from the
line (62Sy, F=4—62Ps,). The probe frequency is locked at the Shape of the spectrum obtained with red detunihg,,<O0.
transition from 62S,,, F=3. The dashed line shows the observed The broad background seen in Fig. 5 might be due to veloc-
spectrum including the hyperfine componeRts=3, 4, and 5. The ity mixing of the pumped atoms due to collisions at the prism
solid lines show the red wing slope estimated theoretically in thesurface. The pumped atoms still maintain a population dif-
near-resonance regime. Incident angles of the pump and probe Iference in the ground state.
sers arefyme="0° and byqpe=47°, respectively. It is remarkable that in Fig. 5 the Doppler-free spectrum

in the probe laser resonating with th¢%,,, F=3 is also
which has a power of 1OQW and a diameter of 2 mm, is observed at the pump resonance frequency from [?'@1/5
incident at an angle of total internal reflectiof,~47°, E=4 to the 6°P3, F'=5. The existence of this Doppler
which is Sllghtly Iarger than the critical angle 42.9°. The free Spectrum at the transition froh=4 to F'=5 cannot
corresponding penetration depth of the evanescent wave iscplain from the consideration of a dipole transition, because
dpen:O.34/.Lm. The averaging time for lock-in detection is 1 the spontaneous transition from tlfe =5 to the 6281/2
s, and the sweeping rate of the laser frequency is about 209= 3 s forbidden due to the selection rudF=0,+1, and
MHZ/min W|th an aCCUracy |eSS than the natural ||neW|dththe hyperﬁne pump|ng t6=3 does not occur by using the
The experimental scheme is shown in Fig. 4. The signal duﬁump laser at the resonance frequency frém4 to
to absorption of the evanescent probing field by thep'—5 jn VSHP experiments. Mixing of the excited hyper-
v, -selected atoms is recorded as a function of the pumpne states in the 8P, state is one possible cause of this
detuning. . anomalous VSHP resonance. An extensive study, both ex-

Figure 5 shows a spectrum measured using a pump freserimental and theoretical, should be carried out to account
quency swept through three hyperfine transitions fron¥oy this phenomenon as a characteristic of atomic interac-
6%Sy, F=4 to 6”Pg, F'=3, 4, and 5 and a probe fre- tions with the optical near field. This experimental technique
quency locked to the peak transition from the pumpedcan be used not only for measurement of the penetration

ground hyperfine state 5, F=3 to the excited state depth, but also to investigate atom-surface interactions
62Pg,. Since the hyperfine splitting in three excited stateg13,14.

of 62Py, is less than the Doppler width, the frequency-
locked probe laser is resonant simultaneously with the upper
hyperfine stateB’' =2, 3, and 4. The spectra as a function of
the frequency of the pump laser shown in Fig. 5 are clearly As stated in the Introduction, an evanescent wave results
separated in three sharp hyperfine components @36  from coupling of an EM field with a material system at a
state and asymmetrical with respect to the resonance frgslanar dielectric interface. Because of the discontinuity at the
quencies corresponding to the transitions to th&P§, interface, the spatial translational symmetry of the system is
F’=3 and 4 states, even though the axis of the pump laser igstricted. This results in a complex wave number, and the
perpendicular to that of the probe laser. Here the evanescerdal part corresponds to the pseudomomentum or wave vec-
probing field isp polarized(TM mode. The spectral profile tor, which is a conserved quantity under parallel displace-
measured using astpolarized(TE-modeg probe is the same ment of the system. Both the EM and material momentum
as that for thep-polarized probe. In addition, the experimen- contribute to the pseudomomentum, the magnitude of which
tal result for sweeping the probe frequeney shows the s larger than that of the EM momentum in vacuum at the
usual Doppler profile when the pump frequenay, is  same frequency. It is therefore useful to demonstrate the role
locked, for example, at the peak of the transition from theof the pseudomomentum as a conserved quantity in resonant
62S,;, F=4 to the 6°P5, F' =3 and agrees with Eq2). interactions between atoms and evanescent waves, in which
The slopes indicated by the solid lines in Fig. 5 showthe energy transfer from the EM field to atoms is governed
theoretically predicted values in the near-resonance regimiey a quantum transition in the atomic states.
calculated using Eq.7) for the penetration depth of The principle of measurement is shown in Fig. 6. In ex-
dpen=0.34 um under the conditions used in this experiment.periments, the Doppler shift of the atomic resonance is
The results are in good agreement with the experimental prcelosely related to the pseudomomentum. The Doppler shift is

IV. PSEUDOMOMENTUM
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explained on an atomic scale as compensation for the change T r r
in kinetic energy of atoms due to momentum transfer asso- —_ 6°S1/oF=3—6°P3,F'=2,3,4
ciated with photon absorption. In the case of photon absorp-
tion in vacuum, the momentum of the atom-plus-photon sys-
tem should be conserved, and so the Doppler shift of the
atomic resonance is equal to the photon momentum times the
atomic velocity divided by Planck’'s constant, i.e.,
[(hwg/c)v]/hi=wgv/c. In contrast, in the case of atomic
interactions with evanescent waves, the conserved quantity is
the pseudomomentum of the system, so that when a photon
with energy Ziwg is absorbed, the associated momentum
transfer ish k), which is larger thart wy/c. The excess mo-
mentum transfer is from the dielectric. An atom is a simple 600[ | . .
microscopic system, and so the pseudomomentum of a 0.7 08 0.9
many-body system is transferred at the surface to atoms as a sint;
real momentum. Therefore the demonstration of pseudomo- . ,
mentum conservation in resonant absorption also gives ap Fcl:Gb7'|_FWE'2A of lt:hf 3Do%pzlgr-broadenf1ed e_nbsorfpt;]on_ pr%ﬁle of
indication of the dynamical effect of an optical near field on "¢ CSP2 lin€ (6"Sy, F=3—6"P5)) as a function of the incident

. . .angleg; of the probe laser. The solid curve indicates the theoretical
atoms. If the pseudomomentum is conserved in the atomig * -
interaction with evanescent waves at total internal reflection, '
then the Doppler shifA wp of the atomic resonance fre-

quency is proportional to the real part of the complex wave The results of the FWHM are shown in Fig. 7. The en-
numberk as hancement of the Doppler width due to the near-field effect

° is dependent on the incident angle. The FWHM of the
Awp= ik”vH:i—Ov“ nsing, , (8) line profile calculated using Eq9) taking account of the
c three hyperfine components is shown by the solid line in Fig.

. . 7. The measured spectral width is in good agreement with
where, is the angle of the incident plane wave. The DODP-he  theoretical curve. This point is relevant to the

pler shift is observed simply as inhomogeneous broadeninﬂ/linkowski-Abraham controversy regarding the momentum
or Doppler broadening of the atomic absorption line due to

R of the EM field in a material medium of refractive index
the thermal velocity distribution along the wave vector of the

Th | profile of a sinale ab .-[2,17,18. According to the formulation by Minkowski, the
gvar]esc_ent wave. The spectral profile of a single absorptio omentum isnE/c; in contrast, Abraham’s result B/nc,
line is given by[11,15,14

whereE is the energy of the light. The result obtained here
oo o shows not the photon momentum transfan,/c, but the
a(wg)= NoUsf dv”f dv, é(ws,v,v )W(v,v,), pseudomomentum transfet ¢q/c)nsiné due to the atomic
m - absorption of a photon from evanescent waves. The experi-
© mental fact that the pseudomomentum is transferred to the
atom in the EM interaction near the material surface may be
consistent with the Minkowski’s result.

In addition to the present experiments, we have demon-
trated the pseudomomentum transfer using a spectral hole
urning technique and saturated absorption spectroscopy, in

which counterpropagating evanescent waves with different
wave numbers are used as the pumping and probing fields.
W‘Ehe results indicate splitting of the crossover resonance ac-
cording to the difference between the wave numbers of the
pumping and probing fields. These results will be published
elsewhere[19]. From the experimental results, it is con-

cluded that the pseudomomentum is conserved in atomic in-

incident at an angle of total intemal reflectiof),. The in- ractions with evanescent waves and that its magnitude is
tensity change due to absorption of the reflected probe beaFﬁ . 9
related to the penetration depth.

is measured for frequencies swept through the Doppler-
broadened absorption spectrum of the @sline from the
62S,, F=3. The full width at half maximun{FWHM) of V. DIRECT EXCITATION OF EVANESCENT WAVES

the Doppler-broadened absorption spectrum is measured as a

function of 6;, which is larger than the critical angle, . In this section we report the observation of direct excita-
Both the signal-to-noise ratio and the reproducibility of thetion of evanescent waves by excited atoms, i.e., photon emis-
observed spectrum are sufficient to discuss the enhancemesion from excited atoms into the evanescent mode of a di-
of the Doppler broadening with an accuracyfl0 MHz.  electric surface. This is the reverse of the absorption process.
We simultaneously use a setup for saturated absorption spethe principle of measurement is shown in Fig. 8. According
troscopy of the CD,, line in order to monitor the accuracy to Fresnel’s formula and Snell’s law, a light wave traveling
of the swept frequency. from a dielectric medium of refractive index can be trans-

©
(=]
o

@ : EXPERIMENT

: THEORY
800

700

SPECTRAL WIDTH A v (MHZz

where the Lorentzian {(ws,v),v;) and Gaussian
W(v,v,) profiles and the absorption cross sectiopare
those in Eq(2), andNy is the density of Cs atomic vapor. In
Eq. (9), the Lorentzian broadening due to the transit effec
for atoms with nonzereo , is taken into account as shown in
Eqg. (5). The absorption signal of the (3, line actually
consists of three Doppler-broadened hyperfine spectra.
The whole experimental setup is the same as that sho
in Fig. 2 except for removing the pump laser, the chopper
and the lock-in amplifier. Ap-polarized diode laser beam
with an intensity of~100 uW and a diameter of 2 mm is
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FIG. 8. Experimental scheme for the direct excitation of evanes- éa A
cent waves. Spontaneous radiation from an atomic dipacited g --------- ’ :K
in the direction normal to the dielectric surface is observed at the 3 |><x
angle of total internal reflection in order to measure the direct ex- | P e o -
0

citation of evanescent waveﬁ.indicates a vector atomic dipole.
DETECTION ANGLE ¢ , (DEG)

m':tedtto a m(TdI:Jm otfh refrt?‘]Ctlve.t.lndlemz Tlgh?:[ tth?r.mtl FIG. 9. Maximum intensity at the central frequency of the fluo-
Onﬂy a' an $ﬂge ess r?n e Crf' IC?. ?\ng € .0 .0 afln ernatescence excitation spectrum as a function of the detection angle
reflection. IS Is not the case for light emission from aned. HereP, excitation indicates that the atomic dipole is excited

_excited_atom in th(_e OPtica' ne_ar-field r_egime_, i_n which theby an electric field polarized in the direction normal to the dielectric
interaction of atomic dipoles with the dielectric interface af- g ace.

fects the energy transfer.

The whole experimental setup is the same as that used fafuding the interaction of excited atoms with evanescent
the pseudomomentum measurements except for the additiamaves(both classical and quantynthe interaction between
of a photodetector used to observe the spontaneous emissiercited atoms and image dipoles, which is usually used in
passing through the prism in the direction orthogonal to thecavity-QED treatments, or the many-body interaction of at-
evanescent waves. The cell temperature of 305 K results in @ms with surface polarizations.
Cs vapor density oNy~1x 10" cm™3. An exciting laser We theoretically calculate the angular distribution of the
beam with a power of 50@W and a diameter of 2 mm is spontaneous radiation from an oscillating dipole near a di-
incident on the glass prism of the Cs cell at a total internaklectric surface by using the calculations described by
reflection angle of,~50° and tuned to the transition from Carnigliaet al. [20,21] and Burgmant al. [22], assuming
the ground sate of #S;, F=3 to the excited state of that atomic dipoles are initially excited in the direction ver-
62P3,. The corresponding penetration depth 4s0.26 tical to the dielectric surface by the exciting evanescent wave
um. Atoms withv, ~0 are also selectively excited becauseof the TM-mode incidence. Carnigliet al. have calculated
the absorption spectrum for atoms with large is broad- the angular distribution from the quantization of the evanes-
ened significantly due to the short interaction duration withcent wave, and Burgmaret al. also have calculated it by
the thin evanescent exciting field. The spontaneous radiationsing the angular spectrum representation of a dipole field.
from Cs atoms in the 8P, state excited by the interaction Their results indicate the same angular dependence of the
with evanescent waves is detected using a photomultiplier ofluorescence intensity. The calculated res{f8] are also
the dielectric side. The radiation emerges from the facet irshown in Fig. 9 by a solid line fop polarization of the
the direction orthogonal to the laser incident facet of thefluorescence and a dashed line $ogpolarization. In the cal-
pyramidal prism via direction selector apertures, each ofulation, we take account of the hyperfine coupling due to
which consists of two slits 1 mm wide, separated by a disthe fact that the optical transitions in atomic Cs take place
tance of 25 cm, and provides a geometrical angular resolusetween hyperfine states, in which the atomic orbital angular
tion of ~+0.5°. The emission intensity is measured as amomentum couples with the electron and nuclear spins due
function of the angle of detection in the plane perpendiculato internal magnetic interactions, and also assume that aver-
to the incident plane of the exciting laser beam. age atomic dipoles lie at the position of the penetration depth

The maximum intensity at the central frequency of theof the excitating evanescent wave from the surfac®.26
fluorescence excitation spectrum is plotted in Fig. 9 as a«m). In the figure, the peaks of theoretical curves are fitted
function of the detection angle, which is varied around theto the experimental data a&.. The calculated results are
critical angle of total internal reflection. The radiation pat- almost in good qualitative agreement with the experimental
terns are observed for both(TM)- and s(TE)-polarized results, for bothp ands polarizations, athy=6.. The dif-
fluorescence. Each point of data shown in Fig. 9 is an averference between experimental data and theoretical curves at
age of the measured intensity. Experimental data obtained ifiy< 8. may be due to two reasons. First, atoms absorbing
repeated experiments scatter about 10% around each datee original spontaneous emission reemit the photon at the
and the error is mainly caused by an uncertainty of the geoposition out of the penetration depth and the reemitted pho-
metrical angle of detection. As seen in Fig. 9, the spontanetons can be added at the position out of the penetration depth
ous radiation from Cs atom is observed even for detectiomnd the reemitted photons can be added to the original signal
angles greater than the critical angle of total internal reflecat 64,<6.. The reemitted photons out of the evanescent
tion, 64> 6.~42.9°. Thus the direct excitation of evanescentmode cannot observed &> .. Second, atomic dipoles are
waves, which is the reverse process of absorption, is demoimitially excited in the direction not only vertical, but also
strated. The results can be interpreted in several ways, irparallel to the dielectric surface because the actual polariza-
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tion of the EM field of the exciting evanescent wave has thdation of the complex wave number characterizing evanes-
component of the polarization not only vertical, but also par-cent waves; i.e., the real part is related to the pseudomomen-
allel to the surface. The existence of the parallel componertum and the imaginary part is related to the inverse of the
of atomic dipoles enhances mainly the radiationfgt< 6, penetration depth. The techniques developed in the present
[1,20-23. However, these effects are not included in thework provide a useful basis both for further investigation of
calculation, since we are mainly interested in the excitatioratomic interactions in optical near fields and for manipula-
of evanescent waves &> 6. . tion and control of atomic states and motion using a confined
Burgmanset al.investigated a transient excitation processEM field.
in which atoms depart from a glass surface under excitation It would also be interesting to demonstrate the penetration
by propagating laser light at normal incideri@2]. In terms  depth and pseudomomentum for a general configuration of
of a generalized cavity-QED concept, this corresponds to théhe optical near-field interaction of atoms in terms of the
modified spontaneous emission from atoms near a boundagngular spectrum representatid@6]. For example, the
surface or material system. The maodification of the EM in-pseudomomentum becomes very large at a highly corrugated
teraction due to the dielectric surface makes it possible fodielectric surface, and therefore significant enhancement of
atoms to radiate into evanescent mode of the dielectric suthe Doppler shift and the associated atomic recoil occurs.
face. This remarkable phenomenon has been effectively used We have also demonstrated the direct excitation of eva-
to investigate atomic or molecular interactions with surfaceshescent waves by atoms in the excited state as spontaneous
such as the emissid20] and Raman scatterifg@4,25 from  radiation at the angle of total internal reflection. We dis-
molecules at a dielectric surface and the van der Waals antlissed the excitation transfer or tunneling features related to

Casimir-Polder forces exerted on atofis$,14. this phenomenon. A study of these characteristics from the
viewpoint of the atomic radiation characteristics is a cavity-
VI. CONCLUSION QED problem. These characteristics are much more pro-

) . nounced when the material surface exhibits resonance char-
We have demonstrated experimentally the physical charycteristics, and optical near-field interaction problems then

acteristics and consistency of the penetration depth anghyolve physics related to materials of subwavelength size
pseudomomentum of an evanescent EM field at total internalg].

reflection by means of resonance interaction measurements

of the CsD, line. The penetration depth affects the narrow-
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