PRAMANA

c Indian Academy of Sciences


— journal of
physics

Vol. 83, No. 2
August 2014
pp. 189–219

Precision two-photon spectroscopy of alkali elements
P V KIRAN KUMAR and M V SURYANARAYANA∗
National Centre for Compositional Characterisation of Materials, Bhabha Atomic Research
Centre, Hyderabad 500 062, India
∗ Corresponding author. E-mail: suryabarcv@gmail.com
DOI: 10.1007/s12043-014-0789-3; ePublication: 18 July 2014
Abstract. In this paper, we have briefly reviewed the work on two-photon spectroscopy of alkali
elements and its applications. The technique of Doppler-free two-photon spectroscopy is briefly
summarized. A review of various techniques adopted for measuring absolute frequencies of the
atomic transitions and precision measurements of isotope shifts and hyperfine structures (HFS) is
presented. Some of the recent works on precision measurements of HFS constants of 6s 2 S1/2 level
of 39 K and 41 K, 9s 2 S1/2 level and 7d 2 D3/2 level of 133 Cs are also discussed.
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1. Introduction
In 1950, Hughes and Grabner, for the first time, experimentally observed the two-photon
absorption in 85 RbF molecules in the radio frequency range [1–3]. Kaiser and Garret [4]
performed the first optical two-photon absorption experiment in 1961. In 1962, Abella has
first observed 6s 2 S1/2 → 9d 2 D3/2 two-photon transition in Cs vapour by excitation with
a ruby laser [5]. The method of two-photon Doppler-free spectroscopy was proposed by
Vasilenko et al in 1970 [6] and the first experiments were carried out in 1974 [7,8]. Since
these first experiments, Doppler-free two-photon spectroscopy has found a wide range of
applications, a comprehensive review of which can be found in the paper by Grynberg
and Cagnac [9]. The two-photon spectroscopy, implemented in its Doppler-free form,
is a powerful technique because it allows the study of properties of the excited states of
atoms and has evolved into a valuable tool for studying narrow resonances. Atomic physicists have adopted this technique, to measure the Rydberg constant, hyperfine structure
(HFS), isotope shifts, Stark shifts, Zeeman splittings and Lamb shifts for different atoms
and molecules. The two-photon 1s → 2s transition in hydrogen has attained fundamental
importance due to its natural width of ∼1 Hz, making it suitable for use in atomic clocks
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and frequency standards of unprecedented accuracy and precision. The technique has
also attained significance for carrying out precision measurements in alkali elements. The
HFSs of alkali metal atoms have long been a matter of considerable interest, and
Arimondo et al [10] have published a comprehensive review. Precise knowledge and
accurate determination of excited-state properties of atomic systems continued to gain
considerable interest in the recent past [11–16]. One can determine the strength of
magnetic dipole, electric quadrupole, and magnetic octupole interactions between the
nucleus and the orbital electrons from the measurements of hyperfine splittings. Substantial amount of research work on various two-photon transitions in alkali elements has
been carried out. During the last few years, there has been considerable advancement
in the experimental techniques for investigating atomic hyperfine splittings and absolute
frequencies of atomic transitions. With optical frequency comb technology [17–26], several precision techniques have been developed and remarkable progress has been made;
which was deftly employed for precision spectroscopy alkali atoms. In this context, a
brief review summarizing in a single paper all the major experimental data on precision
two-photon spectroscopy of alkali elements is attempted and the current paper may inadvertently miss some information, due to exhaustive work carried out so far. It is also
important for the readers to note that this paper does not cover the isotope shifts, HFS
measurements and measurements of Rydberg constant, Stark shifts, Zeeman splittings
and Lamb shifts using single-photon transitions as it is not in the scope of this paper.
In this paper, the process of Doppler-free two-photon spectroscopy is briefly described
which is followed by a short discussion on the precision spectroscopy and experimental
techniques for hyperfine measurements, isotope shifts and absolute frequencies of atomic
transitions. In the context of precision spectroscopy, a concise mention about the importance of frequency calibration is also presented. We also present a review of various
experimental investigations carried out on alkali elements and some of our recent results
are discussed elaborately.

2. Two-photon spectroscopy
Doppler-free two-photon spectroscopy uses two counterpropagating laser beams for excitation. In this technique, simultaneous absorption of two photons drives the atomic
transition. If the atom absorbs one photon from each of the counterpropagating beam,
then the Doppler shifts cancel in the rest frame of the atom. The first-order Doppler
effect is eliminated if the wave vector of the photons is ka = −kb , i.e., the two beams
propagating in opposite directions and have equal frequencies ωa = ωb = ω.


υ
υ
+ω 1−
= 2ω.
(1)
ω 1+
c
c
The atom has a component of velocity υ along the axis of the laser beams (the light has
frequency ω). The atom perceives an equal and opposite Doppler shift for each beam.
So these shifts cancel out in the sum of the frequencies of the two counterpropagating
photons absorbed by the atom (eq. (1)). The sum of the frequencies does not depend
on υ and so resonance occurs for all atoms when 2ω = ω21 where ω21 is the frequency
difference between the states |2 and |1.
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The states |1 and |2 have the same parity, and so a single-photon transition is forbidden. A more realistic view of the generalized two-photon excitation process between levels
|1 and |2 is shown in figure 1, where |i represents some intermediate (virtual) state of
opposite parity. One way to describe the process is that photon ωa causes a transition
from |1 to a ‘virtual’ state |i and the second photon at ωb carries the system from the
virtual state |i to the final state |2. However, the ‘virtual’ state need not be interpreted literally, as the system will never be found in it. Alternatively, the virtual state can be thought
of as a real state whose energy, for a sufficiently short interval, is broadened to the point
that it can be excited by ω1 . In reality, |i represents a complete set of eigenstates, which
have non-vanishing dipole matrix elements with state |1. From the energy-level structure
showed in figure 1, the atom decays in two steps, thus emitting single photon with frequencies ω23 and ω31 . The two-photon transition has a virtual intermediate level with no
transitory population in level |i and simultaneous absorption of the two-photons drives
the transition. The absorption of two photons has a transition probability that depends on
the square of light intensity.
2 



   
/2π
i2 i1


,
(2)
W12 ≈ 2 ∗
∗


ωi − ω1 − ω 
(ω21 − 2ω)2 + 2 /4
i
where i1 and i2 are the Rabi frequencies for the single-photon transition
from level |1
√
to |i and from level |i to |2, respectively and are proportional to I, I being the intensity of the excitation laser,  is the homogeneous width of the transition which is greater
than or equal to the natural width γ of the upper level, ω21 is the two-photon resonance
frequency, i.e., ω21 = ω2 − ω1 . From eq. (2), we observe that, the probability of this
process is significantly enhanced by the presence of a quasiresonant intermediate level, as
it depends inversely on the detuning in energy between the virtual intermediate level and
the real ones. The two-photon transition rate can be resonantly enhanced via the intermediate states with two different laser frequencies and was investigated by Bjorkholm
and Liao [27]. Moreover, all atoms of the thermal ensemble interact with the laser at the
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j
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Figure 1. A generalized description of two-photon excitation.
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resonance frequency independent of their velocity. Therefore, high efficiency is ensured
provided the transition is saturated. Due to the absorption of two photons, the selection
rules for such transitions are different from single-photon electric dipole transitions. The
change in orbital angular momentum must be L = 0, ±2, J = 0, ±1, ±2, F = 0,
±1, ±2. The two-photon spectroscopy provides a resolution that is close to the natural
linewidth. However, in many experiments carried out till date, natural width could not be
achieved because of various broadening mechanisms limiting the experimental linewidth.
The mechanisms which significantly broaden the achievable linewidth are: (i) natural
broadening, (ii) collisional broadening (pressure broadening), (iii) finite interaction time
(transit-time broadening), (iv) second-order Doppler effect, (v) instrumental broadening
– laser jitter, electronics, (vi) external fields – Zeeman and Stark effects, (vii) residual
Doppler broadening – misalignment of counterpropagating beams, (viii) power broadening (saturation broadening) and (ix) A.C. Stark effect – shift caused by the electric field
of the intense laser light.
In this short review, it is impossible to describe all the applications of the two-photon
method that have been developed over the last 40 years. For the early and pioneering
work, the previous review papers [8,9,28] may be referred. In the next sections, we briefly
discuss precision spectroscopy and illustrate a few examples of the applications of twophoton spectroscopy in precision spectroscopy, and the importance and related problems
of frequency calibration.

3. Precision spectroscopy
Over the years, laser spectroscopy has evolved into a precision spectroscopic technique
and is now used not only to understand the structure of atoms and molecules better, but
also to define standards in metrology. For example, the ‘second’ is defined from atomic
clocks using the 9192631770 Hz (exact, by definition) hyperfine transition frequency in
atomic cesium, and the metre is (indirectly) defined from the wavelength of lasers locked
to atomic reference lines. Furthermore, precision spectroscopies of atomic hydrogen and
positronium are currently being pursued as a means of more accurately testing quantum
electrodynamics (QED), which so far is in agreement with fundamental measurements to
a high level of precision (theory and experiments agree to better than a part in 108 ). An
excellent paper by the Noble laureate Hansch and coworkers [29] describing precision
spectroscopy of atomic hydrogen, the simplest atom, was published in the year 1979 and,
many ideas and techniques on precision spectroscopy mentioned in that paper continues
to be used and refined even to this day. Study of simple atoms is also of fundamental
and methodological interest to the researchers because the hydrogen and hydrogen-like
atoms give the most accurate and advanced theory of a particular quantum object. With
the advent of optical frequency comb techniques, the recent progress in precision physics
of simple atoms is remarkable. Karshenboim and Smirnov [30] have discussed in detail
the progress in precision spectroscopy and also expected exciting progress in this field.
The recent progress and great results in hydrogen optical spectroscopy is amazing and
the effective measurement of the Lamb shift in hydrogen is a successful demonstration
of its power, which in fact, is traditionally measured by the microwave techniques. The
192
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accurate and precise measurement of the 2s HFS in hydrogen explores the possibility of a
precision test of QED applied to bound-state problems (the so-called bound-state QED).
Another recurring problem in the hydrogen Lamb shift is the appropriate value of
the mean-square radius of the proton r 2 p , and the value to be used in calculations.
Recent accurate measurement of the radius of proton, a basic subatomic component of
all ordinary matter, has arrived at a surprising result. The new value for the proton’s rootmean-square (rms) charge radius determined spectroscopically in ‘muonic hydrogen’ in
which the electron is replaced by the heavier muon is about 4% smaller than the previous
‘best’ value [31]. Nuclear charge radii from the cross-section measurements of nuclear
reactions depend strongly on the nuclear model used for the analysis. So far, the only
method to obtain a nuclear model-independent value for the rms charge radius of short-lived
isotopes is an IS measurement in an electronic transition. For light elements like lithium,
the IS is dominated by the mass shift, while the field shift contribution is only of the order
of 10−4 . Thus, high accuracy and high precision measurements of the IS and HFS are
required for the calculation of mass shift. Precise measurement of HFS in atoms provides valuable information about the atomic wavefunction in the vicinity of the nucleus
[10,32]. Very precise measurements are even capable of yielding information about the
changes in nuclear magnetization distribution between isotopes. The exact knowledge
of atomic wavefunctions is particularly important in heavy alkali atoms because of their
use in experiments such as atomic signatures of parity violation [33] and search for a
permanent electric dipole moment [34].

4. Frequency calibration
An essential requirement in all the measurement techniques is the accurate calibration of
the frequency scan that is usually done when a part of the laser beam is passed through
an interferometer [35]. The accuracy of this method is limited by vibrations, temperature, and pressure fluctuations that change the optical path length of the cavity. Hence,
the cavity length must be stabilized with a reference laser that must itself be locked to an
atomic transition for an accurate calibration. It is common to calibrate laser scans with
a Fabry–Perot etalon that is referenced to a frequency standard. This approach requires
exact mechanical and thermal stability to achieve high precision, and laser scans of only
a few hundred MHz require long etalons, of the order of 1 m. With the advent of acoustooptic modulators, they have been used to frequency shift a laser by an accurately known
value. The frequency-shifted and unshifted laser beams were then superimposed to excite
an atomic beam. This method also permits the accurate determination of transition isotope shifts and hyperfine splittings [36–38]. Although the apparatus is much simpler than
interferometers, the drawback of the technique is the spatial shift associated with the
frequency-shifted beam. For more precise measurements, a transfer cavity is also utilized
for many applications in which the cavity length of the transfer cavity must be stabilized
with a reference laser. This reference laser in turn is locked to an atomic transition for an
accurate calibration [39,40]. Based on this technique, accurate and precise measurements
have been reported on several alkali elements (Vasant Natarajan et al [39,41–44]), and the
results were in good agreement with other precision techniques based on optical frequency
combs and its earlier results. Various other researchers have also adopted a relatively
Pramana – J. Phys., Vol. 83, No. 2, August 2014
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simpler method of using an electro-optic modulator for frequency measurements and as a
calibration technique [45–47] providing stability and precision without exact mechanical
and thermal requirements associated with interferometric methods.
5. Experimental methods
The application of lasers in spectroscopy has broadened the possibilities of spectroscopic
investigations enormously due to spectral resolution and sensitivity. Over the years, these
features have been enhanced by several orders of magnitude. In this section, some special techniques are briefly discussed more so in the context of atoms/ions rather than in
the context of molecules. For more indepth understanding, please refer to refs [48,49].
Various researchers have adopted and developed laser spectroscopic techniques for very
precise and accurate measurement of ISs, HFS and absolute frequencies. The measurements were carried out on atomic beams, fast ion beams, radioactive beams, short-lived
isotopes, cooled hollow-cathode discharges, alkali atoms in gas cells and also on trapped
atoms and single trapped ions.
5.1 Atomic beam magnetic resonance
The atomic beam magnetic resonance method which was first proposed by Breit and Rabi
in 1931 is the oldest and one of most precise technique that has been used to investigate the
HFS of the ground states. The molecular beam magnetic resonance technique (MBMR),
pioneered by Rabi et al [50] in 1938, was initially aimed at determining nuclear spins
and moments, but was soon adapted to the measurement of atomic and molecular HFS
and g-factors. Several reviews [51–53] of this work have been published over the years.
Buttgenbach [54] has published a particularly valuable overview of the atomic aspects
of ABMR in 1982. Although work on MBMR is in progress, it has been eclipsed in
recent years by new approaches made possible by the development of the tunable singlefrequency cw lasers.
5.2 Fabry–Perot interferometeric technique
Earlier, most optical isotope shifts have been measured by interferometric technique
using the emission spectra of thermally broadened sources [55] and occasionally from
the absorption [56] or emission [57] spectra of atomic beams. Cooled hollow cathode discharges were utilized for exciting the natural or enriched samples. The emitted spectrum
was then measured using a Fabry–Perot interferometer in conjunction with a spectrograph
[58–60].
5.3 Optogalvanic spectroscopy
The spectroscopic investigations of high-lying atomic, molecular or ionic levels in gas
discharges is convenient because many of these levels are populated by electron impact,
in particular, metastable levels with long lifetimes. When constituents of discharge
plasma absorb radiation, the electrical circuit parameters may vary and this is termed as
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optogalvanic (OG) effect [61]. Hence, this technique is known as the optogalvanic spectroscopy and the most attractive features of discharge vapour sources are their low cost
and their ability to produce any atomic vapour, including those of refractory metals, much
more easily than atomic beam sources [62]. Furthermore, one need not use a laser to
excite atoms from the ground level for measuring isotope shift (IS) in high-lying levels
because sizable quantities of excited atoms are found in a typical glow discharge [63].
5.4 Doppler-free laser spectroscopy techniques
A dominant contribution to the observed width of lines in atomic spectra, at room
temperature or higher atomization temperature is usually due to Doppler broadening.
Doppler-free laser spectroscopy is used to achieve higher resolution atomic spectra from
the Doppler-broadened ensemble, from which information about the HFS and isotope
shifts can be obtained. The primary Doppler-free techniques which are most popular for
high-resolution atomic spectroscopy are the crossed beam method (atomic beam fluorescence technique), saturated absorption spectroscopy and two-photon spectroscopy which
are discussed in the next section with a few examples.
5.4.1 Atomic beam fluorescence spectroscopy: Crossed beam technique. A simple excitation mode to reduce the Doppler broadening on transition, is to direct the laser beam
such that it intersects the atomic beam at right angles. A thin vertical slit or an aperture collimates the atomic beam to give a small angular spread α. This spread is in
the component of the atomic velocity along the direction of light of approximately
vbeam sin α = vbeam α. Collimation reduces the Doppler broadening to
vbeam sin α
≈ αfD ,
(3)
λ
where fD is the Doppler width of a gas at that temperature.
If the atomic beam is well collimated [64], then the resolution is generally limited only
by the natural linewidth. The most popular experimental technique is the technique in
which an atomic beam is excited using a laser beam that is directed perpendicular to the
atom’s velocity to minimize Doppler broadening [35,65].
f =

5.4.2 Saturation absorption spectroscopy. The technique of Doppler-free saturated
absorption spectroscopy was developed by the research group of Arthur L Schawlow,
who was one of the recipients of the 1981 Nobel Prize in physics for this work. This
technique of laser spectroscopy exploits the saturation of absorption to give a Dopplerfree signal [66]. In saturated absorption spectroscopy, the population difference between
the two resonant levels is affected by an interaction with a strong laser beam. A beam
splitter divides the power of the laser beam into a weak probe beam and a stronger pump
beam. Using two beams, the population distribution of the two-level system is saturated
with maximum number of atoms excited into the upper level by the strong pump beam,
and hence, the atoms will not absorb from the counterpropagating weak probe beam and
is completely transmitted at the resonance frequencies corresponding to the hyperfine
transitions. Thus, saturation of absorption by the pump beam leads to a narrow peak in
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the intensity of the probe beam transmitted through the sample. Although most of the
experimental work reported on saturation absorption spectroscopy has been carried out
using counterpropagating pump and probe beams, co-propagating pump and probe beam
technique has also been reported by Banerjee and Natarajan [67], for measuring hyperfine
transitions with high accuracy.

5.5 Laser RF-double resonance (LRDR) technique
Laser RF-double resonance method [68] is a well-known technique with high selectivity
and sensitivity and results in good precision for HFS measurements. In laser RF-double
resonance technique, the laser beam is split into two parts: a strong ‘pump’ beam which
intersects the atomic beam near its source, and a weak ‘probe’ beam which interacts with the
atomic beam further downstream and at this region, the fluorescence is monitored. When
the laser is tuned to a particular hyperfine component of an atomic transition, the pump
beam strongly depletes the population of the lower HFS level of the component. The
probe beam then cannot induce much fluorescence unless the depleted level is repopulated
in the region between the pump and probe regions. This can be achieved by driving RF
transition between filled and depleted HFS levels, causing a strong resonance increase in
the fluorescence induced downstream by the probe beam. The linewidth observed for such
RF transitions is determined by the transit time of the atoms through the radio frequency
field and is typically of few tens of kHz. In addition to revealing finer details about hyperfine interactions, the method, when applied to molecules, allows precise measurement of
rotational structure of molecules and electric dipole moments [69].

5.6 Resonance ionization spectroscopy
Resonance ionization spectroscopy (RIS) on thermal atomic beams [70] can efficiently
detect the ions produced by laser excitation and also has high selectivity and background
suppression. Wendt and coworkers have measured the HFS and IS by resonant-enhanced
two-photon excitation followed by an ionization step in Ca [71], Sr [72] and Gd [73].

5.7 Optical frequency comb techniques
A mode-locked femtosecond (fs) laser emits an evenly spaced grid of frequencies that
can be phase-coherently linked to a primary frequency standard, viz., to a cesium atomic
clock. Such frequency combs can cover the entire visible and near-infrared spectral
regions and have become invaluable as precise frequency measures for modern optical frequency metrology. Frequency comb generators based on Kerr-lens mode-locked fs lasers
[17–26] have dramatically simplified absolute optical frequency measurements. Such
measurements of optical clock transitions in samples of cold atoms or single trapped
ions marked an important step towards the realization of future optical clocks. Optical frequency combs (OFCs) offer a unique solution because they provide an absolute,
repeatable wavelength scale defined by a series of laser modes equally spaced across the
spectrum. The train of fs pulses from a mode-locked laser occurs at the pulse repetition
196
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rate (f rep ), governed by the adjustable laser cavity length. In the frequency domain, this
yields a spectrum, f n = f ceo + (n × f rep ), with modes enumerated by an integer n ∼
105 to 106 . The quantity fceo is the carrier envelope offset frequency, while f n is the frequency of the nth component of the comb. The carrier envelope offset frequency, f ceo <
f rep , accounts for the laser’s internal dispersion, which causes the group and phase velocities of the pulses to differ [20]. Due to the large integer n, the optical frequencies f n are
at hundreds of THz whereas both f rep and f ceo are radio frequencies and can be handled
with simple electronics and stabilized by an atomic clock [20]. Absolute frequency of
each mode is known to a precision limited only by the accuracy of the clock. Even low
cost, portable atomic clocks provide 1 cm/s (or 3 parts in 1011 ) precision.
6. Two-photon spectroscopy of alkali elements
6.1 Lithium
Lithium has two stable isotopes of mass 6 (7.5%) and 7 (92.5%). 6 Li has a nuclear spin
of 1 and 7 Li has nuclear spin of 3/2. Laser spectroscopy of lithium isotopes has attracted
considerable interest and this is primarily for two reasons. First, as a three-electron system
it can be used to test the fundamental theoretical description of few-electron systems at
high accuracy. Secondly, the changes in the mean square nuclear charge radii along the
lithium isotopic chain were determined using a combination of precise IS measurements
and theoretical atomic structure calculations.
Boyd et al [74] have measured the lifetimes of lithium 4s and 5s levels by directly
exciting one of these levels by a two-photon transition and monitoring the decay of the
fluorescence from this level to the 2p level. This study has been carried in a metal-vapour
spectroscopic oven based on the heat-pipe principle and have measured the radiative lifetimes of 4s 2 S1/2 and 5s 2 S1/2 to be 56 ± 1.7 and 99 ± 9 ns, respectively (table 1). Schunke
and Kunze [75] have experimentally reported the two-photon transition probability for
the 2s → 4d transition. The Doppler-free two-photon experiment by Burghardt et al [76]
excited the 3d 2 D3/2 or 3d 2 D5/2 state directly from the ground state of the 7 Li atomic
beam using two photons from a single cw dye laser beam. The fine structure for 3d 2 D
has been determined to be 1083.94 ± 0.06 MHz. The fine-structure splitting for various states of alkali elements is tabulated in table 2. DeGraffenreid and Sansonetti [77]
have investigated the 2s 2 S1/2 → 4s 2 S1/2 two-photon transition in atomic lithium by
high-resolution laser spectroscopy. The frequencies of the two-photon resonances have
Table 1. Experimentally measured lifetimes of various states for alkali elements.
Isotope
Li
Li
Na
Cs
Cs
Cs

State

Lifetime (ns)

Ref.

56 (1.7)
99 (9)
19.27 (23)
148 (3)
208 (2)
310 (3)

[74]
[74]
[76]
[118]
[118]
[118]
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Table 2. Fine-structure splitting for various states of alkali elements.
Isotope
7 Li
23 Na
23 Na
23 Na

State

Fine structure splitting (MHz)

Ref.

3d 2 D
4d 2 D
3d 2 D

1083.936 (60)
1035 (10)
−1523 (8)
−1494.444 (44)
−385 (5)
−253 (5)
−173 (10)

[76]
[7C]
[93]
[76]
[93]
[93]
[93]

6d 2 D
7d 2 D
8d 2 D

23 Na
23 Na

been measured with an accuracy of more than 1 MHz using the Fabry–Perot wavemeter. The centres of gravity of the 4s 2 S1/2 level have been measured to be 35012.033582
(26) cm−1 for 7 Li and 35011.544497 (30) cm−1 for 6 Li. The frequencies of various twophoton transitions are tabulated in table 3. The transition IS is measured to be 14662.4
(10) MHz (table 4). DeGraffenreid and Sansonetti [77] have also determined the magnetic hyperfine splitting constant for the 4s 2 S1/2 state for 7 Li and 6 Li isotopes to be 34.9
(4) MHz and 13.5 (8) MHz, respectively. The HFS constants for various states of alkali
elements are presented in table 5.
Bushaw et al [78] have measured the hyperfine splitting, IS and level energy of the 3s
states of 6,7 Li. They have studied the 2s → 3s transition of 6,7 Li by high-precision
laser spectroscopy using two-photon Doppler-free excitation followed by photoionization
detection. By interferometric cross referencing to Rb 3s → 5d two-photon transitions,
they could measure the transition IS and hyperfine splitting in the 3s state with a precision
of 30 kHz. The IS has been measured to be 11453.734 (30) MHz, while the magnetic dipole coupling constants A3S (6 Li) and A3S (7 Li) have been determined to be 35.263
(15) and 93.106 (11) MHz, respectively. Combined with the recent theoretical work
[81–85], the isotope shift yields a new value for the change in squared nuclear charge radii
Table 3. Absolute transition frequencies of various two-photon transitions for alkali
isotopes.
Isotope

Transition

Measured value

Ref.

7 Li

2s 2 S1/2 → 4s 2 S1/2
2s 2 S1/2 → 4s 2 S1/2
2s 2 S1/2 → 3s 2 S1/2

6 Li

2s 2 S1/2 → 3s 2 S1/2

23 Na

3s
4s
4s
6s

35012.033582 (26) cm−1
35011.544497 (30) cm−1
815618185 (3)
815618181.57 (18) MHz
815618181.45 (9) MHz
815606731 (3)
815606727.59 (18) MHz
815606727.46 (18) MHz
25739.999 (3) cm−1
411475860 (10) MHz
411476106 (10) MHz
24317.1499 (4) cm−1

[77]
[77]
[78]
[89]
[91]
[78]
[89]
[96]
[98]
[101]
[101]
[121]

7 Li
6 Li

39 K
41 K
133 Cs

198

2S
1/2
2S
1/2
2S
1/2
2S
1/2

→ 4s
→ 6s
→ 6s
→ 8s

2S
1/2
2S
1/2
2S
1/2
2S
1/2
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Table 4. Experimentally measured isotope shift for various two-photon transitions.
ν A,A

Transition

ν 6,7
ν 6,7

2s 2 S1/2 → 4s 2 S1/2
2s 2 S1/2 → 3s 2 S1/2

ν 7,8

2s 2 S1/2 → 3s 2 S1/2

ν 7,9

2s 2 S1/2 → 3s 2 S1/2

ν 7,11
ν 39,41

2s 2 S1/2 → 3s 2 S1/2
4s 2 S1/2 → 6 2 S1/2

ν 85,87
ν 85,87
ν 85,87
ν 85,87
ν 85,87
ν 85,87

5s
5s
5s
5s
5s
5s

2S
1/2
2S
1/2
2S
1/2
2S
1/2
2S
1/2
2S
1/2

→ 6d 2 D5/2
→ 8s 2 S1/2
→ 9s 2 S1/2
→ 5d 2 D3/2
→ 5d 2 D5/2
→ 7s 2 S1/2

Isotope shift (MHz)
−14662.4 (10)
−11453.734 (30)
−11453.95 (13)
−11453.984 (20)
−11453.99 (19)
8635.79 (15)
8635.781 (46)
15333.14 (18)
15333.279 (40)
25101.226 (125)
520 (3)
500.8 (6)
166 (40)
145 (40)
160 (40)
165.230 (2)
163.033 (6)
130 (4)
131.567 (73)

Ref.
[77]
[78]
[79,80]
[88]
[91]
[79,80]
[88]
[79,80]
[88]
[88]
[100]
[101]
[102]
[102]
[102]
[103]
[103]
[108]
[110]

ν A,A = ν A − ν A

R2 = 0.47 (5) fm2 [78]. Subsequently, the 2s → 3s transition of 6,7,8,9 Li was studied by high-resolution laser spectroscopy using two-photon Doppler-free excitation and
resonance-ionization detection [79,80]. In this study, again by combining the results with
the recent theoretical work [81–85], the changes in the nuclear charge radii of 8,9 Li were
determined. The HFS splitting and the IS were determined with a precision of 100 kHz.
It is found that the charge radii monotonically decrease with increasing neutron number
from 6 Li to 9 Li. Nortershauser et al [80] have reported these first measurements of the
nuclear charge radii of short-lived lithium isotopes.
Nuclear charge radii of light elements are of high interest due to the appearance of
the nuclear halo phenomenon in this region of the nuclear chart. Halo nuclei with diffuse outer neutron distributions are known to exist at the limits of stability for many
of the lighter elements [86]. The first discovered [87] and the most renowned of these
is 11 Li with two halo neutrons. However, details of the nuclear structure and halo core
interactions are still not well understood. The nuclear charge radius of 11 Li was determined for the first time by high-precision laser spectroscopy [88]. On-line measurements
have yielded the IS for 7 Li–11 Li (IS) to be 25101.23 (13) MHz for the Doppler-free
2s 2 S1/2 → 3s 2 S1/2 transition. Accuracy of isotope shift measurement for all other bound
Li isotopes was also improved. It is reported that, the charge radius decreases monotonically from 6 Li to 9 Li, and then increases from 2.217 (35) to 2.467 (37) fm for 11 Li,
resulting in halo 11 Li nuclei.
The frequencies of 2s → 3s two-photon transition for the stable lithium isotopes were
measured to be 815618181.57 (18) and 815606727.59 (18) MHz, respectively, for 7 Li and
Pramana – J. Phys., Vol. 83, No. 2, August 2014

199

P V Kiran Kumar and M V Suryanarayana
Table 5. Reported values of A and B for various states of alkali elements.
Isotope

State

A (MHz)

6 Li

3s 2 S1/2

7 Li

3s 2 S1/2

8 Li

3s 2 S1/2

9 Li

3s 2 S1/2

11 Li

23 Na

3s 2 S1/2
3d 2 D3/2
3d 2 D5/2
4s 2 S1/2
4s 2 S1/2
3 2 D3/2
3d 2 D5/2
4d 2 D3/2

23 Na

4d 2 D5/2

23 Na
39 K

4s 2 S1/2
5s 2 S1/2
6s 2 S1/2

41 K

6s 2 S1/2

85 Rb

85 Rb

5d 2 D3/2
5d 2 D3/2
5d 2 D5/2
5d 2 D5/2
7s 2 S1/2

87 Rb

7s 2 S1/2

86m Rb

133 Cs

5s 2 S1/2
5d 2 D5/2
5d 2 D5/2
5d 2 D5/2
8s 2 S1/2

133 Cs

6d 2 D5/2

35.263 (15)
35.283 (10)
35.267 (14)
35.20
93.106 (11)
93.117 (25)
93.103 (11)
93.13
35.496 (28)
35.476 (14)
98.39 (12)
98.297 (16)
104.91 (6)
0.843 (41)
0.3436 (10)
34.9 (4)
13.5 (8)
0.527 (25)
0.1085 (2.4)
|A| = 0.23 (12)
0.215 (15)
<0.28
0.029 (6)
203.6 (2)
75 (5)
21.81 (18)
21.8 (5)
11.8 (1.3)
12.03 (40)
4.2221 (2)
14.5080 (6)
−2.1911 (12)
−7.4923 (3)
94.658 (19)
94.7 (1)
319.759 (28)
319.7 (1)
56.04 (5)
−1.2456(35) (115)
3.4320(67) (163)
−5.71 (12) (4)
225 (15)
219.3 (2)
219.12 (1)
−4.69 (4)
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7 Li
7 Li
7 Li
6 Li
23 Na
23 Na

23 Na

87 Rb
85 Rb
87 Rb

86m Rb
86g Rb
81g Rb

B (MHz)

1.9106 (8)
0.9320 (17)
2.6804 (200)
1.2713 (20)

4.80 (13) (9)
1.76 (8) (13)
4.13 (1.65) (31)

0.18 (73)

Ref.
[78]
[79]
[85]
[91]
[78]
[79]
[85]
[91]
[79]
[85]
[79]
[85]
[85]
[76]
[76]
[77]
[77]
[76]
[76]
[94]
[95]
[94]
[95]
[98]
[92]
[10]
[101]
[101]
[10]
[103]
[103]
[103]
[103]
[110]
[112]
[110]
[112]
[117]
[117]
[117]
[117]
[120]
[121]
[122]
[134]
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Table 5. Continued.
Isotope

State

A (MHz)

B (MHz)

Ref.

133 Cs

7d 2 D3/2

133 Cs

7d 2 D5/2
8d 2 D3/2

−0.88 (87)
−0.18 (10)
1.01 (1.06)

133 Cs

133 Cs

9d 2 D3/2

133 Cs

10d 2 D3/2

133 Cs

9s 2 S1/2

7.36 (07)
7.38 (1)
−1.81 (05)
3.92 (7)
3.92 (10)
3.95 (1)
2.32 (4)
2.38 (1)
1.51 (2)
1.54 (2)
109.7 (5)
109.93 (9)

[135]
[138]
[135]
[118]
[131]
[133]
[118]
[133]
[118]
[133]
[136]
[137]

6

Li by cavity-enhanced Doppler-free laser excitation that was controlled by a fs frequency
comb [89]. However, a discrepancy of about 11.6 and 10.6 MHz is reported from the latest
theoretical values. The HFS splitting (νHFS ) of alkali elements for various transitions is
given in table 6.

Table 6. Reported hyperfine structure splitting for various transitions of alkali elements.
Isotope

Transition

Hyperfine structure splitting (νHFS ) (MHz)

Ref.

6 Li

2s → 3s

7 Li

2s → 3s

8 Li

39 K

2s
2s
2s
3s
4s

41 K

4s → 6s

85 Rb

5s → 7s
5s → 7s
6s → 8s

175.304 (21)
175.311 (24)
175.41 (40)
617.298 (22)
617.291 (22)
617.25 (18)
293.853 (34)
651.468 (29)
696.09 (10)
1364.43 (4)
420 (3)
418.2 (5)
232 (8)
230.4 (1.3)
2754 (4)
6202 (4)
4146 (30)
4157.7 (3)
4158.06 (2)
4158.066 (14)

[90]
[78]
[91]
[90]
[78]
[91]
[90]
[90]
[90]
[98]
[100]
[101]
[100]
[101]
[108]
[108]
[120]
[121]
[122]
[ 125]

9 Li
11 Li
23 Na

87 Rb
133 Cs

→ 3s
→ 3s
→ 3s
→ 4s
→ 6s
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Nortershauser et al [90] have carried out isotope shift measurements for stable and
short-lived isotopes of lithium for determining nuclear charge radii. They have extracted
the hyperfine splitting of the excited 3s 2 S1/2 of various isotopes of Li. The results were
used to check for an indication of hyperfine anomaly that might be expected for such an
extended nucleus like 11 Li. Yu Hung et al [91] have also measured the absolute frequencies of the 2s 2 S1/2 → 3s 2 S1/2 transition for both the isotopes of lithium and the isotope
shift has been reported by a frequency comb stabilized excitation laser.

6.2 Sodium
One of the first demonstrations of the extreme high resolution obtained by the two-photon
excitation phenomena has been carried by Hansch et al [7C] who have reported the study
on the 3s → 4d transition in Na vapour. They have measured the 4d fine-structure splitting to be 1035 ± 10 MHz. The first ever experiments on two-photon absorption without
Doppler broadening were carried on the 3S → 5S transition in sodium [7A]. However,
these experiments were carried out with high power pulsed laser of large linewidth. By
continuous wave dye laser, the hyperfine splitting has been measured to be 811 ± 5 MHz
and from this value an improvement of the value of magnetic dipole coupling constant of
the 5s level has been achieved which was measured to be 75 ± 5 MHz [92].
Using Doppler-free two-photon spectroscopy technique, Salour [93] has measured the
absolute values of FS intervals in a series of excited sodium n 2 D states (n = 3, 6, 7 and 8).
He has reported that the structures are inverted, and he has also measured the values for
these states and has determined the magnetic dipole coupling constants to be: Afs (3d 2 D) =
−1523 ± 8 MHz, Afs (6d 2 D) = −385 ± 5 MHz, Afs (7d 2 D) = −253 ± 5 MHz, and
Afs (8d 2 D) = −173 ± 10 MHz. Biraben and Beroff [94] have deduced the values of
the hyperfine constants for the 4d 2 D3/2 and 4d 2 D5/2 states by measuring the polarization rate in zero magnetic field using Doppler-free two-photon excitation. The magnetic
dipole coupling constant for 4d 2 D3/2 level was determined to be −0.23 ± 0.12 MHz
< A (4 2 D3/2 ) < 0.23 ± 0.12 MHz and the value for 4d 2 D5/2 was determined to be
< 0.28 MHz. Burghardt et al [95] have determined the magnetic dipole coupling constants
of 23 Na 4d 2 D3/2 and 4d 2 D5/2 states to be 215 (15) kHz and 29 (6) kHz, respectively.
The self-broadening of the Doppler-free two-photon spectra of 3s → 5s and 3s → 4d
transitions of Na at densities upto 5 × 1016 cm−3 has also been studied [96]. In another
work, Biraben et al have studied the effect of finite transit time on lineshapes in Dopplerfree two-photon spectroscopy [97]. Arqueros [98] has measured the hyperfine splitting
and absolute term value of the 4s state of Na using Doppler-free two-photon spectroscopy
for the first time. The magnetic dipole constant (A) has been determined to be 203.6 (2)
MHz and the energy of the centre of gravity of the level 4s with respect to the centre of
gravity of the ground level has been found to be 25739.999 (3) cm−1 .

6.3 Potassium
Doppler-free two-photon laser spectroscopic measurements in the deep red spectral region
have been performed on the 4s 2 S1/2 → 4d 2 DJ transition in the naturally available
atomic potassium. The 4D level isotope shift was determined to be −81±12 MHz by
202
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combining the Doppler-free two-photon laser spectroscopic measurements with the data
from Rydberg-state spectroscopy [99]. After this work, not much of two-photon studies in potassium have been reported. Liu and Baird [100] in the year 2001 have carried
out Doppler-free two-photon spectroscopy on 4s → 6s and 4s → 4d transitions. They
have also measured the two-photon transition rate for 4s → 6s and 4s → 4d transitions. The reported transition isotope shift was 520 (3) MHz and the absolute frequency
was measured with an accuracy of 2 GHz. Recently, we have re-measured the values of
the transition isotope shift, hyperfine splittings and the magnetic dipole constant (A) for
the excited 6s 2 S1/2 states of both the isotopes of atomic potassium using electro-optic
modulator frequency calibration method [101].
A typical Doppler-free two-photon spectrum observed for the 4s 2 S1/2 → 6s 2 S1/2
transition is depicted in figure 2. The absolute frequency of various hyperfine components of potassium 4s 2 S1/2 → 6s 2 S1/2 two-photon transitions has been measured by
continuous calibration of the wavemeter using the stabilized He–Ne laser after locking
the laser to each hyperfine component of K isotopes. A typical error signal and zero-order
peak and sidebands for the F = 2 → F = 2 hyperfine transition of 39 K are shown
in figure 3. The measured absolute frequencies of hyperfine transitions are tabulated in
table 7.

Figure 2. Two-photon fluorescence spectrum for the potassium 4s 2 S1/2 → 6s 2 S1/2
transition. The spectrum of the low abundant 41 K isotope is additionally shown in the
inset.
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Figure 3. The error signal (A) along with the zero-order fluorescence peaks (B) for
the F = 2 → F = 2 hyperfine transition for the 39 K isotope. The RF modulation
frequency is 85.1 MHz and this error signal is used for locking the laser.

The frequency separation between the two hyperfine components has been measured
using sidebands generated by an electro-optic modulator (EOM) for frequency calibration. The hyperfine spectrum recorded with and without EOM sidebands is shown
in figure 4. The hyperfine frequency separation between F = 2 → F = 2 and
F = 1 → F = 1 hyperfine components of 39 K and 41 K are 418.2 (5) MHz and 230.4
(1.3) MHz, respectively. From the hyperfine splitting measured (HFS) and the known

Table 7. The absolute frequencies of the hyperfine components along with the centre
of gravity of each of the isotope are measured by locking the laser to RF-sideband
peak.
Isotope

Hyperfine component

Measured values (MHz)

39 K

2−2
1−1
COG

411475782 ± 10
411475990 ± 10
411475860 ± 10

41 K

2−2
1−1
COG

411476063 ± 10
411476179 ± 10
411476106 ± 10
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Figure 4. The zero-order fluorescence peaks along with first- and second-order sidebands for F = 2 → F = 2 and F = 1 → F = 1 hyperfine transitions for the 39 K
isotope.

value of A (4s 2 S1/2 ), the magnetic dipole constant of the 6s state A (6s 2 S1/2 ) for the 39 K
isotope and 41 K are determined to be 21.8 (5) MHz and 11.8 (1.3) MHz (table 8) which is
consistent with the reported [10] values of 21.81 (18) MHz and 12.03 (40) MHz, respectively. The estimation of A values for the excited 6s state for both the isotopes has enabled
us to identify the COG of the hyperfine spectrum of both the isotopes. The transition

Table 8. The determined magnetic dipole coupling constant (A) for the excited 6
2S
1/2 for both isotopes of potassium compared with previously measured results.
Isotope

Magnetic moment μ (nm)

Energy level

A (MHz)

Ref.

39 K

0.39150731 (12)

4 2 S1/2
6 2 S1/2
6 2 S1/2

230.8598601 (3)
21.81 (18)
21.8 (5)

[10]
[10]
[101]

41 K

0.21489274 (12)

4 2 S1/2
6 2 S1/2
6 2 S1/2

127.0069352 (6)
12.03 (40)
11.8 (1.3)

[10]
[10]
[101]
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isotope shift for the two-photon transition was measured to be 500.8 (6) MHz. The measured isotope shift is about 19 MHz lower than the previously reported value [100]. The
hyperfine splittings for both the isotopes of potassium along with the measured isotope
shift in the two-photon transition are tabulated in table 9.
6.4 Rubidium
Rubidium is the most extensively studied alkali element with respect to either singlephoton or two-photon transitions. Roberts and Fortson [102] have experimentally
investigated the IS in rubidium by two-photon spectroscopy with a multimode laser.
Their paper describes experiments to measure energy separations in several highly excited
states of atomic rubidium, and how to determine the isotope shifts for the two common
rubidium isotopes. They have reported the isotope shift for the two-photon transitions
5s 2 S1/2 → 6d 2 D5/2 , 5s 2 S1/2 → 8s 2 S1/2 and 5s 2 S1/2 → 9s 2 S1/2 to be 166 ± 40
MHz, 145 ± 40 MHz and 160 ± 40 MHz, respectively. Two-photon transitions in rubidium are of particular interest as new optical frequency standards due to their transition
wavelength and narrow linewidth (∼300 kHz linewidth for the two-photon transition)
[103]. The spectroscopy and absolute frequency determination of the hyperfine components of 5s 2 S1/2 → 5d 2 D3/2 and 5s 2 S1/2 → 5d 2 D5/2 Doppler-free two-photon
transitions [103] in rubidium were carried out by using a titanium–sapphire laser operating around λ = 778. The stability and reproducibility of the 5s 2 S1/2 → 5d 2 D3/2
transition frequency locked on the Rb lines were found to be very good. Nez et al [103]
have reported the light shift corrected absolute frequencies for all the hyperfine components of 5s 2 S1/2 → 5d 2 D3/2 transition and have utilized an interferometric technique
for the 5s 2 S1/2 → 5d 2 D5/2 transition. They have also reported the hyperfine structure
constants of the 5s 2 S1/2 and 5d 2 DJ level of rubidium and the agreement between the
theory and experiment was reported to be within 1 kHz. By studying the effects of semiconductor diode laser noise in Doppler-free two-photon spectroscopy in Rb, Ryan et al
[104] have characterized the laser noise along with the investigation on the dependence
of two-photon excitation width on the laser bandwidth. The frequencies of transitions
at λ = 778 nm lie in the range of powerful commercially available GaAlAs laser diode.
First application of this new optical frequency reference was performed at the European
Laboratory for Nonlinear Spectroscopy (LENS), Florence (Italy). In this work, a lower
power laser diode (3 mW) was frequency-locked on the Rb two-photon line [105] and

Table 9. Hyperfine splitting for the 39 K and 41 K isotopes and the two-photon
transition isotope shift for the potassium 4s 2 S1/2 → 6s 2 S1/2 transition.
f (MHz)
Description
39 K

hyperfine splitting of 6 2 S1/2
hyperfine splitting of 6 2 S1/2
Isotope shift (ν 41 − ν 39 )
41 K
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Ref. [100]

Ref. [101]

420 (3)
232 (8)
520 (3)

418.2 (5)
230.4 (1.3)
500.8 (6)
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the measurements show the feasibility of a new simple frequency standard in the visible
region accurate to a few parts in 1011 . This frequency-locked laser was used as a reference, for a frequency-doubled titanium–sapphire laser, required for the measurement
of the 2s 3 S1 → 3p 3 P0 transition in He [106]. Study on stability of the laser diodes
frequency- locked on the rubidium two-photon transitions was carried out by Millerioux
et al [107]. The frequency repeatability has been found to be of 200 Hz (5.2 parts in 1013 )
and a short-term frequency stability of 3 × 10−13 τ −1/2 up to 2000 s has been obtained.
The 5 2 S1/2 → 7 2 S1/2 two-photon transition of atomic rubidium, which is 100 times
weaker than the 5S → 5D transition, has been observed with an extended-cavity diode
laser and a vapour cell. The isotope shift of this transition is measured to be 130 (4) MHz
for the first time [108].
Chui et al [109], for the first time, have observed the two-photon transition of rubidium 5 2 S1/2 → 7 2 S1/2 using a second harmonic light source from a periodically poled
lithium niobate (PPLN) waveguide pumped by an erbium-doped fibre amplifier (EDFA)
that amplified the output of an ECDL. The efficient second harmonic generation (SHG)
conversion leads to a good SNR, and allows direct locking of the laser frequency to the
Rb 5 2 S1/2 → 7 2 S1/2 two-photon transition. The rubidium 5 2 S1/2 → 7 2 S1/2 two-photon
transitions are potential candidates for frequency standards and serve as important optical frequency standards for telecommunication applications. The absolute frequencies of
rubidium 5 2 S1/2 → 7 2 S1/2 two-photon transitions at 760 nm are measured to the accuracy of 20 kHz with an optical frequency comb based on a mode-locked fs Ti:Sa laser.
Further, the accuracy of the hyperfine constants for both the isotopes of Rb of the 7s 2 S1/2
state is improved by a factor of 5 and were measured to be 319.759 (28) MHz for 87 Rb
isotope and 94.658 (19) MHz for 85 Rb [110].
The isotope shift of the Rb 5S → 7S transition has been calculated to be 131.567(73)
MHz. Chui et al [110] result is in agreement with a previous result by using the fringe
interpolation method [108] but they have reported with much higher precision. Subsequent to this measurement, Chui et al [111] have also frequency-stabilized a frequencydoubled 197.2 THz distributed feedback diode laser to rubidium 5s 2 S1/2 → 7s 2 S1/2
two-photon transition. The two-photon transitions 5s 2 S1/2 → 5d 2 D3/2 , 5s 2 S1/2 →
5d 2 D5/2 and 5s 2 S1/2 → 7s 2 S1/2 in 85 Rb and 87 Rb in a magneto-optical trap have been
investigated using a mode-locked laser [112]. The hyperfine A-coefficients of the 7s term
have been measured to be 94.7 (1) MHz for 85 Rb and 319.7 (1) MHz for 87 Rb. It has been
demonstrated that the properties of the mode-locked laser allow a resolution comparable
to that of a cw laser experiment for the measurements of IS and HFS. The experiment was
performed using a sample of laser-cooled atoms, which has advantages such as: removal
of Doppler effect, the atomic density is more than that of a vapour cell, has low background and vapour pressure eliminating pressure broadening, has long interaction time
eliminating transit-time broadening and minimal interaction between the atoms.
Hilico et al [113] have built three optical frequency standards based on the two-photon
transition of rubidium at 778 nm. In this study they have analysed the metrological features of the optical frequency standards such as short- and long-term stabilities of the
systems for over a period of more than three years, and showed that under standard operating conditions, a relative stability of 3 × 10−13 τ −1/2 up to 1000 s is achieved. Hamid
et al [114] have studied the effects in the polarization resonance of the 5 2 S1/2 →
5d 2 D5/2 atomic transitions of 87 Rb atoms induced by both Faraday effects and
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coherent light-induced anisotropy of the atoms when immersed in different levels of constant magnetic field intensities. The density-dependent line broadening and line frequency
shift were observed and the coefficients were measured to be (3.53 ± 0.09) × 10−10 and
(−1.66 ± 0.09) × 10−10 cm3 Hz, respectively. Edwards et al [115] have developed and
characterized a pair of diode laser frequency standards stabilized to 778 nm two-photon
rubidium transitions. The effects of vapour pressure, modulation depth and optical power
have been investigated, along with their relative stability and day-to-day reproducibility.
The mean observed frequencies for 5s 2 S1/2 (Fg = 3) → 5d 2 D5/2 (Fe = 5) transition
in 85 Rb and 5s 2 S1/2 (Fg = 2) → 5d 2 D5/2 (Fe = 4) transition in 87 Rb, averaged
for the two systems and corrected for light shift and second-order relativistic Doppler
effect, are determined to be 385285142375.1 (4.9) and 385284566374.2 (4.5) kHz,
respectively.
In another work, a phase-stabilized fs laser comb is directly used for high-resolution
spectroscopy and absolute optical frequency measurements of one- and two-photon transitions in laser-cooled 87 Rb atoms [116]. Absolute atomic transition frequency, such as
the 5s 2 S1/2 (Fg = 2) → 7s 2 S1/2 (Fe = 2) two-photon resonance was measured to be
788 794 768 921 (44) kHz, and was determined without a priori knowledge about its
values. A specific mass shift measurement in rubidium was investigated by Dopplerfree two-photon transitions [117]. Kong et al have measured the isotope shifts between
Rb isotopes (86m Rb, 86 Rb, 81 Rb) and 87 Rb for the 5s 2 S1/2 → 5d 2 D5/2 transition using
the Doppler-free two-photon transition technique. From the Kong’s plot, the difference
between the specific mass shift constants of 5s 2 S1/2 and 5d 2 D5/2 states is deduced to
be 77 (33) GHz-amu. In addition, they have also measured hyperfine constants of the
5d 2 D5/2 states in the three Rb isotopes, and have obtained an improved ground-state
hyperfine structure constant for 86m Rb, A (5s 2 S1/2 ) = 563.04 (5) MHz.
6.5 Cesium
Similar to rubidium, many experiments were reported on the two-photon transitions in
cesium [118–138]. Deech et al [118,119] have reported the most accurate and early
measurements on the HFS of the excited nd D3/2 states in 133 Cs using quantum beat
spectroscopy. The investigation and determination of important parameters of Cs 8s state,
like hyperfine splitting, magnetic dipole coupling constant and light shifts by Doppler-free
two-photon spectroscopy have been extensively done [120–125]. The HFS splitting of the
8s level has been measured by inducing two-photon transition from the 6s ground state and
observing the fluorescence light of the decay 7P → 6S [120]. The experimentally measured value of the HFS splitting is found to be 900 ± 60 MHz which is in agreement with
both experimental results and theoretical predictions. In 1985, the first measurements
of the 6 2 S1/2 → 8 2 S1/2 transition frequency of cesium was made with a wavelength
meter [121]. With this method, the measurement of uncertainty of the 6 2 S1/2 → 8 2 S1/2
transition frequencies was found to be about 7 MHz [122]. Doppler-free two-photon
spectroscopy and ion detection in a thermionic diode were used to measure the hyperfine splitting and absolute term energy of the 8s state of Cs. Herrmann et al [121] have
reported the magnetic dipole coupling constant for the 8s state to be 219.3 (2) MHz and
the energy of the 8s state to be 24317.1499 (4) cm−1 for the term value of the COG of the
8s state relative to the COG of the ground state.
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Hagel et al [122] have re-measured more accurately the 6 2 S1/2 → 8 2 S1/2 transition
frequencies with the Fabry–Perot interferometer, and also the light shift and the pressure
shift of these transitions. The absolute frequencies of 6S → 8S transitions have been
measured to be ν6s−8s (F = 3) = 364507238.32 (10) and ν6s−8s (F = 3) = 364503080.26
(10) MHz. They have also deduced the 6s−8s splitting and the value was reported to be
4158.06 (2) MHz which was found to be in good agreement with the previously reported
value of 4157.7 MHz by Herrmann et al [121].
Bellini et al [123] have demonstrated a Fourier transform spectrometer that uses fs laser
pulses and combines a relatively high resolution with high peak intensity. By exciting
the 6 2 S1/2 → 8 2 S1/2 two-photon transition in cesium vapour, they could measure the
hyperfine splitting of the 8s 2 S1/2 level to be 0.82 (6) GHz. The measured value was
reported to be in agreement with the measurements performed with conventional cw laser
techniques. It was shown that high-resolution two-photon spectroscopy can indeed be
performed with ultrashort pulsed laser sources.
The two-photon transitions in cesium (Cs TPTs) at 822 nm also have a potential for
use as a secondary frequency standard in the optical frequency and hence Sasaki et al
[124] investigated the two-photon spectroscopy of 6s 2 S1/2 → 8s 2 S1/2 transitions using
an extended cavity diode laser for the first time. Recently, with the invention of the optical
frequency comb spectroscopy, the absolute frequency of the Cs 6s 2 S1/2 → 8s 2 S1/2 was
determined with a fractional frequency uncertainty of 5 × 10−11 at 1 s [125]. Absolute
transition frequencies for ν6s−8s (F = 3) = 364507238417 (15) and ν 6s−8s (F = 3) =
364503080351 (15) kHz were reported and these values are, respectively 97 and 91 kHz
higher than the previously measured values [122]. However, they are reported to be within
the measurement uncertainty of 100 kHz. Additionally, the measured splitting between
the two hyperfine components (F = 3 and F = 4 of 8s 2 S1/2 level) is 4158066 (14) kHz,
which is in perfect agreement with previous work [121,122]. Using the generally concurred value of the ground-state Cs hyperfine splitting, a new value for the 8s hyperfine
splitting of 876499(14) kHz has been derived.
The feasibility of setting up a frequency reference in the wavelength of 822 nm by
constructing two diode lasers stabilized to cesium 6s 2 S1/2 → 8s 2 S1/2 two-photon transition was demonstrated [126]. When two laser systems were set in similar conditions,
Allan deviation was measured to be 4.4 × 10−13 (60 s), corresponding to f = 160 Hz.
The effects of polarization and pressure in cesium 6s 2 S1/2 → 8s 2 S1/2 two-photon
spectroscopy has also been studied [127]. Line broadening and frequency shifting were
observed by changing polarization of states. The extent of frequency shift and the line
broadening were measured as functions of laser power. Lee et al [128] have investigated the effects of light intensity on 6 2 S1/2 → 8 2 S1/2 two-photon transition. The
frequency shift as a function of laser power has been determined to be approximately
−7.25(45) Hz/(mW/mm2 ). The nS and nDJ levels of Cs have been measured with a
thermionic diode using the Doppler-free two-photon spectroscopy and a vacuum wavemeter [129]. Preliminary results of the wavelength meter measurements of 6S–nS and 6S–nD
Doppler-free two-photon lines of Cs I were reported. In another work, Lorenzen and
Niemax [130] have used Doppler-free two-photon spectroscopy along with thermionic
detectors to resolve the HFS pattern of the 8d 2 D3/2 state. The HFS of the excited states
can also be determined by multiphoton excitation of the ground state and using a magnetic
field to decouple the nuclear and electronic angular momenta. van Wijngaarden and Sagle
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[131] have utilized a decoupling experiment to determine the magnetic dipole hyperfine
constant of the cesium 8d 2 D3/2 state. The magnitude of magnetic dipole hyperfine constant of the cesium 8d 2 D3/2 state was determined to be 3.92 ± 0.10 MHz. The result
agrees well with the values of 3.92 ± 0.07 MHz obtained by a quantum-beats experiment
[118] and 3.98 ± 0.12 MHz using level-crossing spectroscopy [132]. Sagle and van Wijngaarden [133] have used a method similar to Deech et al [118] to determine the magnetic
dipole constant of the 8d 2 D3/2 , 9d 2 D3/2 and 10d 2 D3/2 states of 133 Cs. The magnetic
dipole coupling constants for these states have been measured to be 3.95 (1), 2.38 (1) and
1.54 (2) MHz, respectively. They have reported that for the 8d 2 D3/2 state, the uncertainty
in the magnetic dipole constant is reduced by a factor of seven. The hyperfine structure
of 6d 2 D5/2 has been determined with 1% accuracy in a magneto-optical trap by carrying
out two-photon spectroscopy of atomic cesium. The values have been determined to be A
= −4.69 (4) and B = 0.18 (73) MHz [134].
We have measured the hyperfine splitting between the two hyperfine components
and thereby, have determined the magnetic dipole coupling constant (A) for the excited
9s 2 S1/2 state for the 133 Cs isotope [136]. The frequency difference between the hyperfine
components has been measured using a commercial wavemeter. A typical Doppler-free
two-photon spectrum observed for the 6 2 S1/2 → 9s 2 S1/2 transition is depicted in
figure 5. To accurately determine the hyperfine separation, the frequency of the laser is
locked to the peak of the hyperfine component and this value is measured from a continuously calibrated commercial wavemeter. A zero-order peak along with sidebands and the
typical error signal for the F = 3 → F = 3 hyperfine transition of 133 Cs are shown in

Figure 5. Two-photon fluorescence spectrum for the 6s 2 S1/2 → 9s 2 S1/2 transition
showing the two hyperfine transitions of the 133 Cs isotope.
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Figure 6. The sidebands for the 6s 2 S1/2 (Fg = 3) → 9s 2 S1/2 (Fe = 3) hyperfine
component of 133 Cs along with the error signal. The RF-modulation frequency is
68.32 MHz.

figure 6. The average value of the measurements along with calculated absolute frequencies from the magnetic dipole coupling constant and absolute frequency of the COG are
shown in table 10. From the hyperfine splitting measured (HFS) and known value of
A (6s 2 S1/2 ), the magnetic dipole constant (A) of the 9s 2 S1/2 state for the 133 Cs isotope
is determined to be 109.7 (5) MHz and our measured value for magnetic dipole coupling
constant of 9s state is in good agreement with the previously reported fs frequency comb
measurement [137] value of 109.93 (9) MHz carried out using stepwise excitation.
The hyperfine coupling constants of 7d 2 D states of cesium have been determined
using radio frequency phase modulation technique for precise calibration of the spectrum [135]. The hyperfine magnetic dipole constant A and electrical quadrupole constant
B of Cs7d 2 D3/2 , 7d 2 D5/2 have been derived from the hyperfine splitting intervals of
the observed spectra. The measured values are A = 7.36 (07) MHz, B = −0.88 (87)
Table 10. The hyperfine separation between the F = 3 → F = 3 and F = 4 →
F = 4 hyperfine components and the magnetic dipole coupling constant for the 9s
2S
1/2 state along with the previously reported values.

Hyperfine separation (MHz)
8752.911
8754 (1)

Magnetic dipole coupling
constant (MHz)

Ref.

109.93 (9)
109.7 (3)

[137]a
[136]

a The frequency separation between hyperfine transitions is calculated from the absolute frequency of the COG
of the transition and magnetic dipole coupling constant reported.
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Figure 7. The screen shot image of the laser scan across each of the hyperfine component and its locking condition as observed from the
wavemeter software.
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MHz for the 7d 2 D3/2 state and A = −1.81 (05), B = 1.01 (1.06) MHz for the 7d 2 D5/2
state.
The hyperfine separations for the 7d 2 D3/2 state are reported to be in the range of 11–
19 MHz [135]. We have also recently reported the measurement of hyperfine structure in
the 7d 2 D3/2 state of 133 Cs isotope by Doppler-free two-photon fluorescence spectroscopy
in a gas cell. The hyperfine level separations were measured using a frequency-stabilized
Ti:Sapphire laser locked to one of the hyperfine transitions and an acousto-optic modulator locked to another hyperfine transition. The frequency separation between various
hyperfine levels has been measured with a precision of ∼100 kHz. From the measured
hyperfine separations of the excited state, we have determined the magnetic dipole coupling constant (A) and electric quadrupole coupling constant (B) for the 7d 2 D3/2 state.
The determined hyperfine structure constants are A = 7.38 (0.01) MHz and B = −0.18
(0.1) MHz. These values are found to be in good agreement with the earlier reported

Figure 8. The Doppler-free two-photon fluorescence spectrum for the transitions
originating from the ground F = 3 and F = 4 levels along with the 5 MHz relatively
AOM shifted spectrum.
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results using stepwise excitation process. We have adopted three different approaches
for measuring the hyperfine separations. They are (i) the wavemeter method, (ii) the
frequency shifting technique and (iii) the AOM locking technique.
(i) Wavemeter method
A commercial wavemeter was utilized to initially measure the frequency of the hyperfine
transition when the laser is locked to the fluorescence peak. To cross-check the hyperfine
separations with the earlier reported results, the frequency of the laser was locked to the
centres of various hyperfine components and the values were measured from a continuously calibrated commercial wavemeter. With our locking technique, the laser frequency
jitter is within 100 kHz. The scanning across the two-photon resonance and locking to
various peaks can be observed from the screen shot image of the wavemeter software and
is shown in figure 7. With this method, we could measure the separations between various hyperfine transitions with a precision of 500 kHz. However, to improve the precision
in the measurement of hyperfine separations, we have utilized the AOM locking technique adopted by Natarajan and his coworkers [38–42] to lock the constituent hyperfine
components.

Figure 9. The two-photon Doppler-free fluorescence signal along with the error signal obtained by modulating the AOM is used to lock the laser to the constituent
hyperfine peak.
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(ii) Frequency shifting technique
The full-width at half-maximum (FWHM) of the hyperfine transitions was measured by
relatively shifting the frequencies of the two acousto-optic modulators by ∼5 MHz. The
laser frequency in the first cell was up-shifted by 110 MHz (νaom1 ) using an acousto-optic
modulator while the frequency in the second Cs cell was up-shifted by 105 MHz (νaom2 )
using another AOM, resulting in a precise relative shift of 5 MHz ± 1 Hz between the
same hyperfine transitions in two cells (figure 8). The hyperfine separations between
various levels have been determined using the relative shift of 5 MHz for frequency calibration. However, due to nonlinearity in the scan of the laser frequency, we could only
achieve a precision of ∼500–600 kHz in our measurements.
(iii) AOM locking technique
In this technique, the output from the laser was split into two parts. The first part was
up-shifted through an AOM (with a fixed frequency offset, here it is ∼110 MHz) and
utilized into a Cs Doppler-free two-photon set-up. The fluorescence signal in the first cell
was used to lock the laser to one of the hyperfine transitions, while the fluorescence signal
in the other cell was used for locking the AOM to another (or the same) hyperfine transition. The hyperfine separation was calculated using the relation νAOM2 − νAOM1 = νHFS .
The fluorescence signal along with error signal when the laser was scanned externally is
shown in figure 9. Thus, the difference of the two AOM frequencies corresponds to the
hyperfine interval. All the measurements were repeated for all possible combinations and
the precision of the hyperfine separation measurements could be improved. The complete
details of the measurement technique and the corresponding results are given in [138].
7. Conclusions
This paper briefly discusses about the progress of two-photon spectroscopy over the years,
for the measurement of ISs, HFS and absolute frequencies. The principle of Doppler-free
two-photon spectroscopy and its applications to precision measurements have been discussed. The importance of accurate frequency calibration and various techniques adopted
over the years have been briefly outlined. In the context of two-photon spectroscopy, techniques from atomic beam magnetic resonance to the latest optical frequency combs
have been briefly outlined. A review of the progress of research in the area of precision
spectroscopy of alkali elements was given in detail. Our recent measurements of HFS
constants of excited states of Cs and K using Doppler-free two-photon spectroscopy were
also discussed in appropriate sections.
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