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Analytical Study of Polarization Spectroscopy for the J, =0 — J, =1 Transition
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This work presents a theoretical study on the analytical calculation of the lineshape of polarization
spectroscopy (PS) for the transition line 5s° 'Sy — 5s5p 'Py of **Sr. From the obtained analytical form
of the PS spectrum, we were able to identify how the saturation affected the lineshape of the PS spectrum.
The results obtained will be useful for polarization spectroscopy experiments using the alkaline-earth atoms

such as Sr or Yb.
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I. INTRODUCTION

Due to the ability to provide a dispersive spectroscopic
lineshape, polarization spectroscopy (PS) [1] has been widely
used and studied in particular for laser frequency stabili-
zation. In PS, a circular birefringence is established by a
circularly polarized pump beam. This is detected by measuring
the rotation angle of a linearly polarized probe beam
propagating in the opposite direction to the pump beam.
The sub-Doppler feature originates from the fact that only
the atoms belonging to certain velocity classes can experience
the pump and probe beams simultaneously. The atoms with
zero velocity contribute to the resonance signals, whereas
the crossover signals result from the contribution from the
atoms satisfying the condition that the frequency spacing
of the excited state is equal to twice the Doppler shift.

PS has been realized for many kinds of atoms such as
Li [2], Rb [3-6], Cs [6, 7], K [8], He [9], and Sr [10]. In
the case of all the atoms except for Sr, the PS spectra
result from three operating mechanisms such as Zeeman
and hyperfine optical pumping and the saturation effect. In
contrast, the PS for Sr results from only the saturation
effect because there are no degenerate sublevels in the
ground state. Since the isotopes *Sr, "Sr, and **sr possess
zero nuclear spin (/=0), whereas ¥Sr possesses 1=9/2,
the J;,=0 — J.=1 transition exists in the isotopes “sr,
%Sr, and ®Sr. In this paper, we will consider %Sr. In
addition, Yb isotopes with mass numbers, 168, 170, 172,
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174, and 176, also possess zero nuclear spin. Because the
energy level structure of Sr (and YD) is very simple, it is
possible to obtain exact analytical solutions for the PS
spectra. The analytical solution of saturated absorption
spectroscopy (SAS) for the ideal two-level atoms was
presented in the textbook [11]. Also, SAS [12] and PS
[13] for Rb atoms were analytically studied in the low
intensity limit. In this paper, we present analytical solutions
of PS for the transition J;=0—J, =1 of Sr (or Yb) atoms
where the intensity of the pump beam is arbitrary. This
paper is organized as follows. Section II describes the
theory of calculating analytical lineshape in PS. Results
and discussion are presented in Sec. III. The final section
summarizes the results of the paper.

II. THEORY

The energy level diagram for the transition J=0—J, =1
of an atom (**Sr or Yb) is shown in Fig. 1. The ground
state is |g >, while three degenerate excited states are
le.), le,), and le,) where magnetic quantum numbers are
-1, 0, and 1, respectively. The pump beam of ¢ polari-
zation excites the transition from \g > to \€+> , Whereas the
linearly polarized probe beam excites both the transitions
from |g) to le,). w, is the resonance frequency, A is the
wavelength, k=27/A is the wave vector, Q) are the
Rabi frequencies for the pump (probe) beam, I' is the

Color versions of one or more of the figures in this paper are available online.
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FIG. 1. Energy level diagram for the transition 5s5° 'Sy — 5s5p
'P, in the absence of an external magnetic field.

decay rate of the excited state, and y; is the decay rate of
the optical coherence which is equal to I72 if there is no
dephasing mechanism. The laser frequencies of the pump
and probe beams felt by an atom moving at velocity, v,
are @, =®+kv and ®, =@—kv  respectively.

Then, the susceptibilities of the ¢~ components of the

probe beam for an atom moving at velocity, v, are given
by [14]

y 34 -
i k = _Nat _ZF p qi .
87 w,-w, +iy, ,

)

where p denotes the population of the ground state, g.

denotes the populations of the excited states, |e¢>, and Ny
represents the atomic density. The populations in Eq. (1)
are calculated analytically by considering the effect of only
the pump beam. Since the o polarized pump laser field

couples only the ground state and the excited state (let> ),
we can use the results for the case of a two-level atom.
Thus, we refer to our previous result [14] or a textbook
[15], and the results are given by

24A+B B

P=ou+By T 24+ B,

and ¢,=¢. =0, where 4=(@-@,)’ +7’ and B=Qy/T.
Therefore, the susceptibilities in Eq. (1) become the
following equations:
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Equations (2) and (3) are then averaged over the Maxwell-
Boltzmann velocity distribution as

He =
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where u is the most probable speed of the atom. Equation
(4) is further simplified by changing the integration
variable as

r=-Sf e{%[gjﬂz [1 A y)jdy (5)
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where
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and 0(=®—-w,) is the detuning and so(=2/(vI)=1/1,)
is the on-resonance saturation parameter where /; is the
pump beam intensity and 7, = 7hcl/(32°) is the saturation
intensity with ¢ being the speed of light in vacuum. The
integration in Eq. (5) can be easily performed using a
convolution theorem. When y:<ku, the real and imaginary
parts of the susceptibilities are given by
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respectively.

In PS, a linearly polarized probe beam (intensity is /o
and polarization vector is Xcosé + ysiné) is incident on
an atomic cell of length / along the z axis. After traversing
the cell, the polarization of the probe beam changes due to
the circular anisotropy from the pump beam. The electric
field of the probe beam is then given by [5, 14]

E a i(kn,l- A i(kn_1+
E:—O[—E+a+e (1-0) _ g gilinc 9)] ©

V2 ) :

where Ej is the amplitude of the incident probe beam’s
clectric field, a, =e “?#  and n.=1+(%/2) are the
refractive indices of the &~ components of the probe beam.
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&, =F27"2(2£ip) are the spherical bases where = and y
are the unit vectors for x and y axes, respectively. The
inclination angle of the electric field in Eq. (6) with
respect to the x axis is given by &+¢ where 8 is the
inclination angle of the incident probe beam’s polarization
and ¢=(k/2)(n_—n)=(k/4)(x - /) is the rotation angle
of the probe beam's polarization after traversing the atomic
cell [16]. Then, the difference in the intensities along the
x and y axes, A =1, ~1, s given by

Al =1,a,a cos[20+ 2]

>

and becomes further

Al'=-la.a_sin2g

when 0=7/4. Since the rotation angle, ¢, is very small,
the PS signal is given by

Al = —%Okle’mA;(" %)

B

where @=k (Zi +Zi)/2 is the average of the absorption
coefficients. The difference in the real parts of the

susceptibilities (Ax" = x. — x.) is given by
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We neglect ¢9"/(" in Eq. (8) because |5| Lku.

1. RESULTS AND DISCUSSION

The typical PS spectra (Ag") for several pump beam
intensities are presented in Fig. 2(a). In Fig. 2(a), the
saturation parameters were so=1, 5, 10, 50, and 100. The
saturation parameter of so =100 corresponds to the intensities
of 4.27 W/cm’ because the saturation intensity of Sr atom
is about 4.27x10” W/cm”. The amplitude of the spectrum,

defined as |A%'| at x=+1, and accordingly at the detunings
of i(1+ 1+So)%/2, is given by

CoSo

4(1+s0+1/1+s0)’

©

and the magnitude of the slope of the PS spectrum at the
resonance condition is given by

any'| Cys,

dé ‘5:0 }/”/l+s0(l+q/l+so)2 i

(10)

The calculated amplitude and slope as functions of so
are presented in Fig. 2(b). In Fig. 2(b), the amplitude
increases and is then saturated at the value of Cy/4. In Fig.
2(b), the slope is maximum when S0=2(1+\/§)54-8.
This value corresponds to the intensity of 0.206 W/em’,

This is in excellent agreement with the experimental
results in Fig. 4(b) in Ref. [10].

IV. CONCLUSION

In this paper we have presented a theoretical study of
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FIG. 2. (a) Typical calculated PS spectra for several pump beam intensities. (b) Dependence of the amplitude and the magnitude of

the slope on the on-resonance saturation parameter.
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lineshape in PS for the transition J;=0—J, =1 of Sr atoms.
Equations (7) and (8) are the main result of the paper. The
amplitude and the slope of the spectrum are presented in
Eq. (9) and Eq. (10), respectively. The theoretical results
were compared with experimental results presented in Ref.
[10], and excellent agreement between them was found.
Since the obtained results in this paper are very concise,
these can be applied to study of PS for other atoms such
as Yb and to study of other spectroscopy such as sub-Doppler
dichroic atomic vapor laser lock (DAVLL) [10].

ACKNOWLEDGMENT

This research was supported by Basic Science Research
Program through the National Research Foundation of
Korea(NRF) funded by the Ministry of Education, Science
and Technology(2011-0009886).

REFERENCES

1. C. Wieman and T. W. Hénsch, “Doppler-free laser polari-
zation spectroscopy,” Phys. Rev. Lett. 36, 1170-1173 (1976).

2. N. Ohtsubo, T. Aoki, and Y. Torii, “Buffer-gas-assisted
polarization spectroscopy of SLi, Opt. Lett. 37, 2865-2867
(2012).

3. C. P. Pearman, C. S. Adams, S. G. Cox, P. F. Griffin, D.
A. Smith, and I. G. Hughes, “Polarization spectroscopy of
a closed atomic transition: applications to laser frequency
locking,” J. Phys. B 35, 5141-5151 (2002).

4. Y. Yoshikawa, T. Umeki, T. Mukae, Y. Torii, and T.
Kuga, “Frequency stabilization of a laser diode with use of
light-induced birefringence in an atomic vapor,” Appl. Opt.
42, 6645-6649 (2003).

5. H. D. Do, G. Moon, and H. R. Noh, “Polarization
spectroscopy of rubidium atoms: theory and experiment,”
Phys. Rev. A 77, 032513 (2008).

6. M. L. Harris, C. S. Adams, S. L. Cornish, I. C. McLeod,
E. Tarleton, and 1. G. Hughes, “Polarization spectroscopy
in rubidium and cesium,” Phys. Rev. A 73, 062509 (2006).

7. C. Carr, C. S. Adams, and K. J. Weatherill, “Polarization
spectroscopy of an excited state transition,” Opt. Lett. 37,
118-120 (2012).

8. K. Pahwa, L. Mudarikwa, and J. Goldwin, “Polarization
spectroscopy and magnetically-induced dichroism of the
potassium D2 lines,” Opt. Express 20, 17456-17466 (2012).

9. T. Wu, X. Peng, W. Gong, Y. Zhan, Z. Lin, B. Luo, and
H. Guo, “Observation and optimization of 4He atomic
polarization spectroscopy,” Opt. Lett. 38, 986-988 (2013).

10. C. Javaux, I. G. Hughes, G. Locheada, J. Millen, and M.
P. A. Jones, ‘“Modulation-free pump-probe spectroscopy of
strontium atoms,” Eur. Phys. J. D 57, 151-154 (2010).

11. C. J. Foot, Atomic Physics (Oxford University Press, New
York, USA, 2005).

12. G. Moon and H. R. Noh, “Analytic solutions for the
saturated absorption spectra,” J. Opt. Soc. Am 25, 701-711
(2008).

13. H. D. Do, M. S. Heo, G. Moon, H. R. Noh, and W. Jhe,
“Analytic calculation of the lineshapes in polarization
spectroscopy of rubidium,” Opt. Commun. 281, 4042-4047
(2008).

14. H. R. Noh, “Effect of optical pumping in saturated absorption
spectroscopy: an analytic study for two-level atoms,” Eur.
J. Phys. 30, 1181-1187 (2009).

15. C. Cohen-Tannoudji, J. Dupont-Roc, and G. Grynberg,
Atom-photon Interactions, Basic Processes and Applications
(Wiley, New York, USA, 1992).

16. M. J. Seo, J. Y. Won, and H. R. Noh, “Variation in the
polarization state of arbitrarily polarized light via a circular
anisotropic atomic medium,” J. Korean Phys. Soc. 59,
253-256 (2011).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


