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Precision measurement of the oscillator strength of the cesium %5, ,,— 5 *D,, electric
guadrupole transition in propagating and evanescent wave fields
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Hyperfine-structure-resolved absorption spectra of tf® — 5 ?Ds, of cesium atoms have been observed
with a temperature-controlled cell and a diode laser. From a comparison with the absorption @ the
transition at the same atom density range, the oscillator strength of the electric quadrupole transition was
determined to b¢4.69+0.09 X 107’. Reflection spectra of the same transition have also been observed in the
partial and total reflection regimes with a reflection cell. An increase in the apparent oscillator strength was
observed for total reflection with an increase in the angle of incidence, by a factor up to B5 at
+83.8 mrad and 2.4 &.+107.5 mrad fos andp polarizations, respectively, whegg is the critical angle. The
observed enhancement is ascribed to the incidence-angle-dependent wave vector and polarization vector of the
evanescent wave.
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[. INTRODUCTION modifications were actually observed in attenuated total re-
flection (ATR) spectroscopyl11].

In this article, we present a detailed report of the precision
[reasurement of the electric quadrupole transition by absorp-
tion and reflection spectroscopy.

The oscillator strength of the electric quadrupole transi
tion (6 281,2—>n2D5,2'3,2) of cesium atoms was determined
by various methods in the 1960s and 1970s as shown i
Table 1[1-8]: e.g., by the light absorption method, by the
hook method by use of anomalous dispersion, and by the

it 2
t"."f)'phﬁton lonization lmeThOd' 'fzor: thezﬁ,h/f‘r’ Ds/, ”";‘]”' Il. DETERMINATION OF THE OSCILLATOR STRENGTH
sition the experimental values of the oscillator strength range BY ABSORPTION SPECTROSCOPY
from 4.43x1077 to 1.85xX10°% Theoretical calculations
give smaller values of4.37-4.60x 1077 [6,9]. All of these A. Experimental setup
values are with the hyperfine structufldFS) components Figure Xa) shows the experimental arrangement which
unresolved. consists of the setup for the absorption measurement of the

The recent development of diode laser techniques madegeg ., 62p_ ) electric dipole transitiorithe D, transition,
quantitative absorption observation possible even for weakso 11 nm and that of the S,,,— 5 2Dy, electric quadru-
absorption lines and therefore a determination of the oscillapme transition(684.89 nm. Figure 1b) shows the energy-
tor strength of an electric quadrupole transition. The accujg,g| diagram of the respective transitidii<].
racy of the Qsci!lator strength directly depends on that qf the For theD, transition measurement we use a tungsten fila-
atom density in the measurement. Since the oscillatOment |amp with a current of 1.2 A. The light from the lamp is
strengths of thed lines of cesium atom§6S-6P) are well  aqe approximately parallel by a lens and goes through a
determined, the oscillator strength of the electric quadrupol%y|indrica| Pyrex-glass absorption cell in which cesium at-
transition can be determined from a comparison of the abgyms are sealed. The absorption cell has a 100-mm-long op-
sorpt!qn intensities of thB lines and the electric qu_adrupole tical path length and a 20-mm-long leg connected to the side
transitions measured under the same atom density. wall of the cell body. The coldest point, which determines

The above development also made it possible to observge cesium vapor pressure, is on the leg of the cell. The
reflection spectra of weak transitions. The oscillator Strengtli'emperature at the coldest point is controlled in the range
of an electric quadrupole transition from the initial Sta}¢0  from 293.1+0.1 to 470.7+0.2 K and the main body is kept at
the final statef) is proportional tdé-(f|Qli) ‘k|?, where&is 5 gjightly higher temperature than the coldest point tempera-
the unit polarization vector of the lighQ is the quadrupole tyre. The heater wires are wound around the cell in such a
tensor, and is the wave vector of the lightL0]. Since the  way that the induced magnetic fields almost cancel in it. We
wave and polarization vectors of the evanesd@ttomoge-  monitor the electromotive force of three thermocouples on
neoug wave are different from those of the propagatthg-  the main body to keep the temperature uniform.
mogeneouswave in free space owing to the spatial localiza-  The light that passes through the cell is focused on the
tion of the light field, the magnitude of the oscillator strengthentrance slit of the spectrometét m focal length. The
may be modified in the evanescent wave field. Recently, suchpectrometer has a 1200-groove/mm grating and au®4-

entrance slit. The linear reciprocal dispersion near Ehe

transition is calibrated with the emission lines from an argon
*Present address: Department of Physics, Graduate School of Selischarge lamp to be 0.023 786+9.091440°\, where is
ence, Kyoto University, Kyoto 606-8502, Japan. the wavelength in meters. A color glass filté@ptima,
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TABLE I. The oscillator strength of the Cs’8,,,— 5 °Dy, transition.

Author Value(10™7) Density (m™3) Method Year
Shrumet al? (Unspecifiedl Emission spectroscopy 1927
ProkofieV 18.5 ~10%3 Hook method 1929
Gridneva and Kasob6v ~ 17.7 4.9< 1071 Emission spectroscopy 1965
Warnef 4.37 Theory(Coulomb approximation 1968
Hertel and Ross 17.6 (Unspecified Electron impact technique 1969
Sayeret al! 5.07 16-3x 1072 Absorption spectroscopy 1971

4.60 Theory(Coulomb approximation 1971
Extor? 5.46 (Unspecified Absorption spectroscopy 1976
NiemaxX' 5.65+0.28 18-5x 1073 Absorption spectroscopy 1977
Glab and Nayfeh 4.43+0.32 ~10% Two-photon ionization with buffer gas by pulsed laser 1981
This work 4.69+0.05 8.9% 10'°-1.46x 107! Absorption spectroscopy by cw laser 2004
(F=4—F') 4.69+0.06
(F=3—F’) 4.68+0.06
®Referencd1]. 'Reference6].
bReferencd3]. 9Referencd7].
‘Referencd4]. _hReference{Z].
‘Referencd9]. 'Referencd8].

*Reference [5]. They observed it in an unresolved 255,2
—52Dy, 5/ transition.

JB450, which cuts light of wavelength below 430 nm, is Research, Model 5204with respect to the frequency modu-
placed in front of the slit to eliminate the higher-order dif- lation. The output of the lock-in amplifier is registered by a
fracted light. A liquid-nitrogen-cooled charge-coupled devicedigital recorderKeyence, Waveshot 20p@gether with the
(CCD) camera(Princeton Instruments, CCD-1100Pi5 lo- direct output of the photodiode, the light intensity reference,
cated on the focal plane of the spectrometer. The size of thend the frequency marker.
pixel is 24X 24 um. The exposure time is 20 s.

For the absorption measurement of the electric quadru-
pole transition, we use an external-cavity diode |d4&DSI, B. Results and discussion
Model 2010 of the output power up to 6 mW and the spec- Figure Za) shows examples of the transmission spectra
;cral Iml_evxltd;h of 1 MH.Z ‘:‘t thg \éva\gﬁleng'ltP of 685|_nr(rj1.tTP1E measured for th®, transition. The HFS in both the upper
aser light frequency 1S tuned by the voltage applied 1o e,y e states is unresolved in any spectrum because the
piezoelectric element of the external cavity. The sinusoida pectral resolution of 6.627 GHz determined by the pixel

voltage from a function generat@iwatsu, SG-411)Lis su- size of the CCD camera is insufficient to separate the HFS

perimposed on the swegping voltage for Fhe burpose Of.lasesrplitting of the lower state, 9.193 GHz. We made a measure-
light frequency modulation. The modulation frequency is 1

. . ment with the heater current cut off just before the measure-
kHz. The modulation amplitudes are 30.1+0.2 MHz near thement. No appreciable change was detected. Thus, we elimi-

F=4—F'=2,3,4,5,6 transitions and 32.4+0.1 MHz near the ; C e :
F=3—F'=123.45 transitions, respectively. Ezzcejrpczsrfgf effects by the magnetic field induced by the

After passing through an optical isolatdisowave, P :
[-6070-CM), a part of the laser beam is incident on aeqEis;%mﬁ?j?;ed(:f::;}dagzorpuon intensity, we calculate the
wavemeter(Burleigh Instrument, WA4500Dfor the light
frequency monitor. Another portion of the laser beam is led
to a Fabry-Pérot interferometéiropel, Model 216. The W, = [ [1-T(»)]dw, (1)
free spectral range is 299.2+0.2 MHz. The output of the in- line
terferometer is used as a frequency marker. The main part @fhereT(v) is the transmission spectrum. This width is inde-
the laser beam goes through a half-wave plate and a Glafrendent of the spectral resolution of a spectrometer and

Thompson prism, which are used for adjustment of the lasegqual to that calculated from the absorption coefficketw)
light intensity. After going through a 0.5-mm-diameter aper-5g

ture, a part of the laser beam power is detected by a photo-
diode (Hamamatsu, S1336-5KRas the light intensity refer-
ence. The laser beam is incident onto the absorption cell. The
intensity of the laser light is 0.19 mW/nfnand the trans-
mitted laser light is detected by another photodiode. The sigwherel is the absorption length. The absorption coefficient is
nal of the photodiode is lock-in amplifig@rinceton Applied  given asK(v)=2mv Im[x(v)]/[cn(v)], wherec is the speed

W,= | {1-exd-K®)I]}dv, 2)

line
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FIG. 1. (a) The experimental setup. LD, laser diode; FPI, Fabry-d. :[rh; tOSdCIIIatorthstrErII:gsth tOft anfelec:[[ﬂctQIptc;:e ]E.ranSIttlont IS
Pérot interferometer; PD, photodiode; GTP, Glan-Thompson prism IStributed over the states from that in the fine structure

FG, function generator; DAC, digital-analog converter; W—Iamp,SCheme according to the relatipb3]

tungsten filament lamp; CCD, CCD cameth) Energy-level dia- , J E |2
grams of the Cs 6S,,,— 6 ?P,, (left) and 6°S,,,— 5 D/, (right) fF=(2F+1)(2F" +1) Eo1 oy fo, (4)
transitions with the HFS splitting.

whereL,L" andSS' are the orbital and spin angular momen-
of light in vacuum. 7(») and x(») are the real part of the tum quantum numberd,J’ are the angular momentum quan-
refractive index and the electric susceptibility of the atomictum numbers of the fine structurejs the nuclear spin an-
vapor, respectively. gular momentum quantum numbers, afd is the 6j
In the case where the difference gfv) from unity is ~ symbol. Here J=1/2, J'=3/2, andI=9/2. The oscillator
negligibly small, which is the case in our experimental con-strengthfy, is expressed as
dition, we can approximate the absorption coefficient to be  damgy, -
fo=——=2 [(fr[)f,
m

o (5

27y
K(v) = T'm[X(V)] wherem shows a magnetic sublevel of the final statgijs
the resonance frequency between the initial and the final
states, andg is the statistical weight of the initial state
[14,15.

We calculate the equivalent width of tH®, transition
with the HFS splittings included. The oscillator strength is
0.7149[16]. The Lorentzian width includes the resonance
collision broadening y,o=(1.15+0.12x 107N Hz [17].

_ o . The solid curve in Fig. @) is the calculated equivalent
whereN is the atom density in the vapa/s the elementary wjdth as a function of the atom density. The open circles in
charge, ¢ is the dielectric constant of vacuum, is the  the figure show the experimental results. In this case, the
electron massf’ and F are the total angular momentum atom density is evaluated from the temperatures of the cell
quantum numbers of the upper and lower HFS states, respegpdy and the coldest point with the empirical vapor pressure
tiVely, VE' E is the resonance frequency of the transition fromagainst the coldest point temperatl'[@]_ A reasonable

F to F’, fF'F is the relevant oscillator strengttg is the agreement between calculation and experiment is seen,

_ Néiin2 f fFFLr,
2n¥%egmecAc St Jo (v =2+ (31)°

V= v e\ 2
xexp{—4|n 2(J) }dv’,
Ag

3
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FIG. 3. An example of raw data for the transmission spectra
measurement of the %, ,,— 5 °Dy, electric quadrupole transition.
The temperatures of the coldest point and the main body of the cell
are 470.7 and 477.5 K, respectively. The lock-in amplified signal
of the laser light intensity transmitted through the cgi), the trans-
mitted light intensity,(iii) the light intensity reference, arl@) the
frequency marker(i), (i), (ii), and (iv) correspond to those in
Fig. 1(a).

Residue

Intensity [rel. units]

which suggests that the relation between the vapor pressure
and the coldest point temperature is reasonable and that the 7 8 9 10 1 12
present temperature measurement is adequate. However, Frequency Detuning [GHz]
since the difference between experiment and calculation in
the atom density reaches 20% in the high-density region oéz
the experiment, we determine the atom density not from the

—

FIG. 4. The absorption spectrihe first derivativg for (a)
S]ﬁZ(F:4)—>52D5,2(F’:2—6) and (b))  6%S,,(F=3)
5“Dg,(F'=1-5 transitions. The temperatures of the coldest
: e . r‘Boint and the main body are 445.5 and 462.3 K, respectively. The
Wldth'fOI’ the determlnatlpn of the oscillator strength of theOlensity is 5.31 10° m-3. The solid and dashed curves show the
elec_trlc quadrupole transition. experimental and calculated results, respectively.
Figure 3 shows an example of the raw data for the mea-
surement of the electric quadrupole transition. The tempera-
tures of the coldest point and the main body of the cell are fo= 7"me”oz & (f|Qli) - k2. (6)
470.7 and 477.5 K, respectively. The atom density evaluated Q (-
from the equivalent width of thd®, transition isN=1.42
X 10?71 m™3. The Lorentzian width", is determined by the The oscillator strength is distributed over the HFS states
lifetime of the 5°Dy, state to be 129.8 kHAL9] because the from that in the fine structure scheme according to the rela-
resonance collision broadening of the electric quadrupoléion
transition is negligibly small; it is of the order of 100 Hz. )
Due to the frequency modulation, the spectrum of the output fFF = (2F + 1)(2F" + 1) J | F ¢ o
from the lock-in amplifier is the first derivative of the trans- Q Fr2J| @
mission spectrum. When we changed the intensity of the
incident laser light from 0.02 to 0.30 mW/nfmno appre- Here,J’=5/2. In thecalculation we convolute the theoretical
ciable difference was observed in the spectra in any respespectrum with the experimental function. Excellent agree-
except for statistical fluctuations. Thus, our experiment wagnent between the calculation and the experiment is seen in
confirmed to be free from any saturation effect. We also conFig. 4 and the residue is very small. Both spectra are found
firmed no possible effects by the magnetic field induced byto be asymmetric owing to the asymmetric HFSg. 1(b)].
the heater current. The two structures in Fig. 3 correspond tf we fit the spectrum with a single Gaussian function, the
the HFS splitting of the ground state’8, ,,. The splittings of ~ residue increases greatly by a factor of 5 at the maximum.
the upper levels are too small to be separated in the preseftius, we clearly observed the effect of the HFS splittings of
experiment owing to the Doppler width of 594.1 MHz at the upper level in the spectra.
477.5 K. By using the trace$) and(ii) we calibrate the gain Figure 5 shows the oscillator strength evaluated at several
of our system. The scan points are converted into the lighétom densities. The dominant part of the uncertainty
frequency detuning with the use of the frequency marker. comes from that in the density determination from the
The solid curves in Fig. 4 are the transmission speiia equivalent width(0.93r). Other factors are due to the detec-
first derivative thus calibrated. The dashed curves in thetor noise(0.340), the uncertainty in the modulation ampli-
figure are calculated ones from E@). Here the oscillator tude(0.1Qv), and the fitting accurac0.060). We determine
strength of the electric quadrupole transition is given aghe overall uncertainty by following the error propagation
[14,15 procedure. Taking the average, we determine the oscillator
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FIG. 5. The oscillator strength determined at several atom den-
sities. For the 6S;,,(F=4)—5°D;,(F'=2-6) transition, the ex- FIG. 6. (a) The experimental setup. LD, laser diode; FPI, Fabry-
perimental values are shown by the closed circles and the fitteBérot interferometer; GTP, Glan-Thompson prism; PD, photodiode;
value is shown by the solid line. For the 28 ,(F=3) FG, function generator; DAC, digital-analog converter; BS, beam
—52D,,,(F'=1-5 transition, the experimental values are shown splitter. (b) The geometry of the reflection cell which includes the
by the closed triangles The experimental value by Glapen  Prism cell and the cover cell.

square [8] is also shown. ) L . L.
of the laser light is incident on the reflection cell which in-

cludes the prism cell and the cover cell. A drop of cesium
9 o . was sealed in the prism cell under #@orr of vacuum. The

=5 [735/2(': ‘2’23’4’5'6 transition and to bé4.68£0.08  main hody of the prism cell and the 1680 mm long on the

X 107" for the 6°S)(F=3)—5"Dy,(F'=1,2,3,4,5 tran-  opposite side to the prism, which are covered by a cover cell,
sition. These values are shown in Table I. The result agreegre heated independently, so that the temperature of the main
W|th the eXperimental Value Of Reﬁ8:| and the theoretical body is uniform and the |eg Served as the Co|dest point_
value of Ref. [6] within eXpeI’imental uncertainties. Other Throughout the measurement’ temperatures of the |eg and
experiments give larger values. In these latter experiment$he main body of the cell are kept at 560 and 603 K, respec-
rather high atom densities were used for the purpose of olyely. The heater wires are wound in such a way that the
taining sufficient signal intensities. In a high-density vapor,induced magnetic fields almost cancel in the cell.

even the molecular density would be substantial alkali-metal atoms tend to contaminate and corrode the
(>10'* m™). In this case, the collision-induced dipole tran- gyrface of the cell made of glass, and the degree of erosion
sition could enhance the electric quadrupole transition; thi@epends on the atom density_ The prism cell is made of spe-
enhancement is due to the wave function mixing induced byjal quartz(Tosoh Quartz Corpwhich is synthesized by the
collisions [20], and may result in larger values of the ob- yapor-phase axial deposition method to reduce its erosion at

strengthfq to be (4.69+0.06x 1077 for the 6°S,,(F=4)

served oscillator strength. high atom density. The refractive index is 1.456 at 685 nm,
giving the critical anglef,=0.7571 rad(43.38 9 for total
III. OBSERVATION OF THE OSCILLATOR STRENGTH reflection.
ENHANCEMENT IN THE EVANESCENT We determine the angle of incidenéefrom a schematic
LIGHT FIELD location of the prism cell. Figure(b) shows the light paths

through the cover cell and the prism. The window of the
cover cell is wedged by 1° so as to eliminate the interference

Figure Ga) shows the experimental arrangement. Thepetween the reflected light from the outer and inner surfaces.
light source is the same diode laser as in the absorption meget the angle of incidence on the outer surface of the cover
surement. We also adopt the frequency modulation techcell window be#,, the relative angle between the inner sur-
nique. The modulation frequency is 1 kHz. The modulationface of the window and the prism for internal reflection be
amplitudes are 65.9+0.4 MHz for the °6,,(F=4) 6, and the angle of incidence on the inner surface of the
—5%Dg(F'=2,3,4,5,6 transition and 74.6+0.2 MHz for prism be#. The observed relationships among the reflected
the 6°S,,(F=3)—52D,,(F'=1,2,3,4,5. After passing light rays indicated by, t, andu in Fig. 6(b) are used for the
through the optical isolator a part of the laser beam is incipurpose of determining and aligning the prism cell and
dent on a Fabry-Pérot interferomet@tihon Kagaku Eng., the cover cell. When the path of the reflected ray from the
SA400. The interferometer is used as a frequency markesurface of the prism cell coincides with the incident ray, this
and its free spectral range is 1.870+0.007 GHz. The maitndicates that the basic angle of the prismrik rad and the
part of the laser sheam goes through a half-wave plate iangle of incidences, is #/4 rad (45°). We can determind,
order to rotate the polarization direction of the light. By afrom the direction of the reflected ray with respect to its
Glan-Thompson prism, the polarization of the laser light isdirection atd,= /4. The accuracy of this method is 1.1 mrad
made horizonta(p polarization) or vertical (s polarization. (0.069, which is limited by the spatial accuracy of the nay
The intensity of the laser light is controlled by adjustment ofIn addition to this method, we determine relative angles from
the optical axis of the half-wave plate. 6. with high precision by the ATR spectra whose profiles

Figure Gb) is the schematic illustration of the reflection dramatically change nedi. as described later. The overall
cell (Arte Glass Associates Co., LjdA half of the main part accuracy could be improved to be 0.3 mfad29. We con-

A. Experimental setup

012507-5
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FIG. 7. An example of raw data of the ATR spectroscopy on the 0.
62S,,,— 57Dy, transition. (i) The lock-in amplified signal of the
transmitted light through the reference céiil) that of the reflected

light by the prism cell(iii) the laser light intensity, andv) the 2 1 0 1 22 -1 0 1 2
frequency markerg, is 0.7571 rad43.389. Frequency Detuning [GHz]

. FIG. 8. Comparison of the experimental spectr(solid line)

trol 6 in the range from 6.-(11.9£0.3 to 6 with the calculated onéotted ling in which the oscillator strength

+(107.5£0.3 mrad. is assumed to be constanta),(c),(e) for p polarization and
The reflected light and the other half of the main part of () (d),(f) for s polarization. The angular detuning is shown in each

the laser light are detected by a balanced detg®ew Fo-  figure.

cus, 2007M Nirvana ReceiverThe output is lock-in ampli-

fied at the modulation frequency by the lock-in amplifier. ing over 3, 10, and 17 scans, respectively. In the case of Fig.

Another part of the laser light goes through the precisea(c)’ the peak absorption is estimated to be 6135 of the
absorption cell. The transmitted light is detected and the outy, ijance light intensity. The solid curves in Figbg 8(d),
put is also lock-in amplif!ed. The tempe_rature of the cell is;q gf), are forp polarization, which are the result of aver-
382 K at the colgjes_tspomt, corresponding to the net atonyqing gver 5, 5, and 21 scans, respectively. For partial reflec-
density 2.46<10" m™[18]. The transmission spectrum is tion (6, < 6,) the observed signal is obviously the first deriva-
used as the_ frequency standard for the reflection SPeCtru® « of dispersion-type spectrum, while fér> 6, that of
measured simultaneously. an absorption-type spectrum is seen.

The reflection spectra for both partial and total reflection

B. Results and discussion are given from the Fresnel formulas as

IR I
Ny €os6; — Vny(v)? -2 sir? 6, |

Figure 7 shows an example of the raw data of the lock-in
amplified signals for the reference absorption ¢gland the Ry(v) =
prism cell(ii) together with the laser light intensity monitor
from the balanced detectdiii) and the frequency marker
(iv). The two structures indicated by the arrows in Fig. 7
correspond to the HFS splitting of the ground Staf§1@2 in
Figs. 1b) and 3. The splittings of the upper levels are too

small to be resolved in the spectrum owing to the Doppler 9
width of 660 MHz at 590 K. We confirmed that our experi- for s andp polarizations, respectively. Herg andn,(v) are
ment was free from any saturation effect and possible effectghe refractive index of the dielectric medium and that of the
caused by the magnetic field induced by the heater currenhtomic vapor, respectively. The refractive index of the atomic

In Fig. 7 the absorption signaii) is superposed by undula- vapor is related to its electric susceptibility as(v)
tions, which are ascribed to optical interference in the optics= |1 +(y).

We eliminated the latter by subtracting sine curves from the kg, total reflection. there is no longer a flow of energy

raw data. With the laser light intensitgurve iii) in Fig. 7] across the boundary in the absence of absorption by the at-
we calibrated the gain of our system. The scan points argmgs even though the electromagnetic field is present in the
converted into light frequency detuning with the frequencyaiomic vapor. This evanescent field gives rise to the absorp-

marker. Hereafter, we concentrate on the spectra inRthe 55 in ATR and has the inhomogeneous wave vector,xthe
=4—F' transition because the signal-to-noise ratios in this;q components of which are given as

transition are higher than those in thee3— F’ transition.

(8

[ .
N, cosé; + \ny(v)? - n? sir? 6,

N, €0s6: — [Ny/ny(1) 2V ny(»)2 = N sir? 6 | 2

Rp( v) =

Ny oS 6, + [Ny/ny(v) 2\ ny(v)2 = N2 sir? 6,

The solid curves in Fig. 8 show examples of the reflection ky = kony sin 6;, (10
spectraa) and(b) for 8 < 6, (partial reflection, and(c), (d),
(e), and(f) for 6,> @, (total reflection for s and p polariza- k= ikow"—nf SirP 6 n§ (11)

tions. Each spectrum is the first derivative of the reflection
spectrum owing to the frequency modulation. Figurés,8 Here, we define th& axis along the direction parallel to the
8(c), and ge) are fors polarization and the result of averag- surface in the plane of incidence and thexis in the direc-
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tion normal to the surface. For ATR, the electric susceptibil- Nez\ym o fF'F
ity of the atomic vapor is given 421,22 x(v) = mp . fo j
. NeA\in 2 ot
x\v)=
47T3€0rneV0WAG(kX/ko) v - VE' E 2
o oo ErE Xexp —4In2l —— | [dv'. (16
f J f ! AG
X2
FrEd-edo FF —ikw J When the atomic vapor is optically thin, the reflection spec-
Lo tra are approximated to be expressed as
v = e g )2 v,\? 4n, cosé\1 - n? sir? 6,
xXexp —41In2l ————— | |exp —|{—] |dv'dv,, Ryv)=1- >—
Ag(kyko) w In, cosé; + 1 -né sir? 6,2
(12) . 4n, cosé Re x(v)]
wherew is the mean velocity of the atoms. The factor of 2\/1 _ni sir? 6|n, cosg, + \,"1 _ni sin? 9i|2’
k./ko in the Doppler broadening is due to the parallel com- 17)
ponent of the wave vector of the evanescent light to the
boundary; this wave vector is larger than that of the propa- ToZsa
gating light wave. The additional term in the broadening of 2 (,)=1 - 4n; cosév1 —nj sin' 6,
the Lorentzian function tkv, is the transit-time broadening P | cosé, + ny\1 —nZ sir? 6,2
for an atom in the vapor traveling through the evanescent 2 Gir?
light field, which decays exponentially in tzalirection with L4 cos6 (3 - 2ny sin” ) Relx(v)]
the decay constant af'k, [21]. Since the decay constant, 241 - nZ sir? 6| cos6, + n1\/1 -n? sir? ¢9i|2’
which is called the penetration depth of the evanescent field, (19)

is about the light wavelength, the effect of the transit-time
broadening is substantial. for s and p polarizations, respectively. Therefore, the ob-
From Egs.(8) and (9) the reflection spectra for an opti- served spectra originate from the third terms on the right-
cally thin vapor, which is the case of our experimental con-hand sides of Eq417) and (18), which are proportional to
dition, i.e.,|x(v)|<3.78x 10°5<1 at the maximum, are ap- R x(»)] with correspondingé,-dependent proportionality
proximated to be factors. Similar to the case of total reflection the ratio of the
factor for p polarization to that fois polarization nea, is

Ryv)=1- 4n, cos6, Im[x(v)] , nZ, which accounts for the signal intensity ratio between
s nj cos 6, + (n{ sir? 6, = 1) 2yn?sir? 6, - 1 Figs. a) and gb). We define the quantith?y"(4), which
(13) corresponds to the equivalent width in the ATR spectra, from
the peak-to-peak intensity of the derivative signal and the
4 p2r2siR -1 | Iinewidth of the disp_ersion type reflection spectrum.
Ry(n) =1- N, COSGi2N; SIN” 6 mx(»)] Since the determination of the absolute angle of incidence

cos 6, + ni(nf sir 6,- 1) 2\/n§ sir? 6, — 1’ with high precision is difficult in the experiment, we deter-

(14) mine the angular detuning=6,—6, as follows. Near the

critical angle, theé-dependent proportionality factors for

for s and p polarizations, respectively. In this case, the ob-both the partial and total reflections are proportional to
served spectra originate from the second terms in the rightt/|8/*? under the condition ofy|<|d|<1 [23,24. We de-
hand sides of Eqq13) and (14), which are proportional to termine 6, by fitting 1//8*? curves to the angular depen-
Im[x(»)] with a 6-dependent proportionality factor for the dence ofAs,(6,), and then we determin@[11]. In Fig. 8, the
respective polarizations. The ratio of the factor fopolar-  determined values of are shown. The slight difference
ization to that fors polarization nea#, is nf (~2.1), which  betweens and p polarizations, 0.2 mrad, is caused by the
accounts for the signal intensity ratio between Figs) &nd  slightly different laser paths owing to the rotation of the
8(d). Since the broadening of the signal spectrum depends o@lan-Thompson prism for switching the polarization direc-
6,, we define here the equivalent width, which is free fromtion.

the broadening as The accuracy of the atom density estimated from the cold-
est point temperature is not clear at such a high temperature.
Atsotal(y) _ [1 - R°@(2)]dv (15) We fit the measured partial reflection spectra with the first
P P :

derivative of the theoretical spectrum using the valud of
determined in Sec. Il. The atom density obtained by averag-
This value is proportional to thé-dependent proportionality ing over the fitted results for measured partial reflection
factor and the oscillator strength. spectra is 2.1% 10°? m®. The value is about 20% larger than
For partial reflection, the electric susceptibility is free that evaluated from the coldest point temperature with the
from the effects of the pseudomomentum and the transit-timempirical relation[18]. The discrepancy is within the accu-
broadening and given 481] racy of the atom density, which is seen in Figh2 No

line
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25 I I I I ! I 3 il 0 = 4| Exkx|2 + 4| Ezkz|2 + 3| kaz‘2 + 3| Ezkx|2 + 1q 6xfzkxkz|f
Q 3k3 Q
_ (8n‘11 sin* 6, — 8n2n3 sir? 6, + n;
2n7 sir? 6, - nj

1.0 - T p-polarization |

izat The dotted linegy(6) and the solid linegy(6,) in Fig. 9 are
X s-polarization R )
. L h I I the reproduction of the dependences $oand p polariza-
0 40 80 120 tions, respectively. The result is in good agreement with the
& [mrad] calculation.

Figure 9 suggests further enhancement of absorptign in
polarization. However, we do not have a positive explanation
lation the oscillator strength is assumed to be constant. The soligt the present. A possible candidate f°‘f addlthnal en.hance_

. ment may be an effect of short-range interactions with the
and dotted lines show the enhancement factorgpfand s polar- . .
o surface. Since the absorbing atoms are located very close to
ization[11,27). ; . .
the solid surface, the absorption characteristics of the atoms
, . ) ) could be further affected by interactions with the surface;
density anomaly is expected since the density near the SUE g the wave function mixing as in the case of the collision-
face is confirmed to be the same as that in the h2. _induced dipole transitiof20]. It is noted that, if the effect of
_We show the calculated spectra by (t)gze dgotted CUIVES lfhe short-range interaction is substantial, the observed ab-
Fig. 8 with the atom density of 2.2510°" m®. We have  ¢qhiion, which is a kind of average over the evanescent light

assumed here that the oscillator strength is constant. No ag g may be affected only by a small amount even though
justment is made in the frequency scale and the amplitudge effect increases with an increase in the angle of inci-
scale. Neard,, the agreement is satisfactory for both the jonce.

and p polarizations. However at a large&k, the measured
signal intensities are much larger than the calculated ones,
especially forp polarization. Figure 9 is a plot that shows the IV. CONCLUSION

ratio between the experimental and calculaged(é;). We On the basis of the absorption spectroscopy onDge
include the uncertainty of our laser beam divergence of 0.3ransition of the cesium atoms we determined the oscillator
mrad as expressed by the experimental uncertainties of thgrength of the cesium %,,— 5 °Ds, electric quadrupole
ratios. An increase in the relative absorption strength withyansition to be(4.69+0.05 X 1077, In the ATR spectra, the
increase ind is recognized clearly. . , oscillator strengths fog andp polarizations increase with the
We now take into account the electric quadrupole interacincrease ing,. The enhancement is reproduced by that of the

tion of an atom with an evanescent field. The oscillatorgggillator strength in the evanescent light field predicted
strength of the electric quadrupole transition depends on botiheoretically.

the wave and the polarization vectors of the light field as
shown in Eq.(6). The evanescent field has a characteristic
wave vector, which is associated with the inhomogeneous ACKNOWLEDGMENTS
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