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Abstract. We summarise high-resolution, high-precision spectroscopy experiment
where caesium-133 atoms in a vapour cell are excited directly with a femtosecond laser
frequency comb. In this experiment the laser beam is sent counter-propagating by the
beam-splitting cube, focussed to a reasonable waist in the interaction region in the vapour
cell, thereby exciting a multitude of low lying transitions allowing the measurement of
transition energies and hyperfine coupling coefficients for the 8S; /5, 9S;,5 and 7Ds/2 5,2
states.

1. Introduction

The technology awarded the one-half of the 2005 Nobel prize for Physics involving a mode-
locked femtosecond laser frequency comb (FLFC) [1] has been gaining in the range of
applications over the past years. This technology originally designed to count cycles in
optical clocks, now has applications extending over a vast array of research areas including
spectroscopy, trace gas detection, signal processing, astrophysics and many others. The
basic ideas of using repetitive pulses and mode-locked lasers for high-resolution precision
spectroscopy followed soon after the development of the laser itself, in the early 1970s.
Stabilization of optical frequency combs [2], in the mid to late 1990’s triggered and
stimulated this renewed interest and the many spectroscopic applications of mode locked
laser’s [3, and references therein).

The higher intensities and longer coherence lengths in lasers allowed scientists to perform
experiments, that had until then only been restricted to the theoretical domain, with
some of the predicted experiments that could not be performed with the lamps (see for
an example earlier work in caesium [4]) that were used in earlier years of spectroscopic
studies. Experiments which had, before the advent of the laser, been only restricted
to theoretical predictions included Doppler-free two photon transitions [5]. The two-
photon theory underlying these experiments had been predicted long before the lasers
were developed [6](see also, for example, the review [7, and references therein| and the
theoretical formalization that followed after the development of the laser [8]).

Precision laser atomic spectroscopy, has and continues to play an important role in
fundamental physics studies [9, 10, 11, 12, 13, 14, 15, 16]. On the one hand, caesium
is an important, and continues to be, a test-bed for fundamental studies and atomic
theory [9]. Hyperfine interactions are sensitive to the details of nuclear structure, electron
correlations, relativistic and core polarisation effects. The correlational effects come about
because of the degree to which the P — D effects mix into S — S parity violation amplitudes.
Generally, experimental considerations usually restrict high precision work to S and P
states [13, 16, 17], while measurements in the D states still remain a challenge because
of correlational effects [18] and hence a need for more measurements in the D states [19],
answered in part in the work presented here.



There is a likelihood that in the passing time, these applications may be taken over by the
compact monolithic micro-resonator generated frequency combs [20, 21], there is, however,
no doubt that mode-locked FLFC will continue growing their range of applicability over
the next few decades.

2. The femtosecond frequency comb
The femtosecond laser frequency comb used in these measurements is based on the Kerr-
lens mode-locked [22] titanium doped sapphire (Ti:Sa) crystal laser. The octave-spanning
nature of this laser, with radiation ranging from 530 nm to well above 1200 nm, aids in
the self-referencing [2]. The frequency mode structure of the femtosecond laser comb can
be understood from mode-locking which is dependent on time/frequency domain structure
of mode-locked lasers. Generally, any single pulse will have a spectrum that is the Fourier
transform of its envelope function and centered at the optical frequency of its carrier and for
any pulse shape, the frequency width of the spectrum will be inversely proportional to the
temporal width of the envelope. On the other hand, for pulses separated by a fixed interval,
the spectrum is obtained by a Fourier series expansion, yielding a comb of regularly spaced
frequencies, where the comb spacing is inversely proportional to time between pulses, and
rigidly shifted in the event of there being a carrier envelope phase. The spacing between
the comb modes is the repetition rate, frep and the carrier envelope phase dependent shift
is the offset frequency, fo, such that the optical frequency of the n-th of those comb modes
is

Vn :nfrep+f07 (1)

where n ranges from 250 000 to 570 000. The successive slip of the phase with each pulse,
Ag, the repetition rate frop and the offset frequency, foy, are related by

A¢ = 27(fo/ frep)- (2)

It is Equation 1 that provides the optical frequency comb with the “gearbox” [21]
capability which enables the reliable and accurate means of counting optical cycles on the
femtosecond (107'% s) time scale, the single most important character in the realization
of optical clocks. The accuracy of such clocks is now measured to the 18th digit [23],
exceeding the performance of their microwave counterparts by more than an order of
magnitude. This development involves the measurement of the energy structure of atoms
at an unprecedented level, allowing some of the most precise laboratory tests of the physics
governing these systems.

With the low noise microwave standard as a reference the frequency of each element
of the comb can be determined absolutely with a fractional uncertainty at or below
~ 2 x 10713/\/7 where 7 is the averaging in seconds or longer. Optical clocks are fast
getting to their quality factor, Af/f, limit [23] and the use of an optical reference would
provide ~ 1 Hz optical resolution and fractional uncertainty of a few parts in ~ 10! range,
the microwave reference is sufficient for these experiments. For the type of spectroscopy
experiments we report in this work the atomic reference provided by the global positioning
system (GPS) or the commercially available beam clocks would be more than adequate.
Stated alternatively, the linewidth of the comb modes ~ 100 kHz with the maser reference
and could be a few Hz if the laser comb were referenced to optical clock. This study
also serves to re-affirm the need of improved references and hence all laboratories with
capabilities should look into developing their own optical standards.

3. The caesium experiment

The experimental set-up block diagram of the caesium experiment is shown in Fig. 1.
Radiation from the laser is sent to a caesium vapour cell via two beam-split routes. In each
route the laser radiation is filtered, by the optical bandpass filters marked F1 and F2, to
isolate individual states and to eliminate excitation by Doppler broadened co-propagating
photons, otherwise without the filters the collected spectrum is complicated, as can be seen
in Fig. 3, and introduction of the filters to isolate on eof the states results in the spectrum



shown in Fig. 4. The excitation pathways are shown Figure 2. Fluorescence collected from
the TPy 5 3/2 states is detected by a photomultiplier tube place next to the vapour cell.
We used the bandpass filter marked F3 is to isolate this decay while also eliminating the
background scattering.
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Figure 1: Block diagram of the Cs
spectrometre using the femtosecond
frequency comb and a Cs vapor cell
(VC). The other components are:
BS, beamsplitter; M, mirror; F1,
F2, F3 bandpass filters; L, lens;

Figure 2: The excitation pathways
to the low lying positive parity

PD, photodetector; Mi, Mixer; SYN,
frequency synthesizer; H-M, hydrogen
maser and EC, denotes the data
collection and experimental control
computer.

energy-levels in Cs excited by the
radiation within the mode-locked laser
radiation bandwidth. The two-photon
is resonant with the real intermediate
state and subsequently excited to the

final state.

The filters are shown in Table 1, where F1 is the filter used in either the D1 or D2
transitions in the one arm and F2 the complimentary excitation to the higher state in other.
The laser spectrum had sufficient light intensities to allow access of the 8S state through
both of the 6Py /5 3/9- states as the intermediary state. We could only access the 95; /5
state through the 6P3/5 because of lack of sufficient light intensities in the complimentary
radiation so as to excite this state through the 6P/, state. In anyway, our ability to
measure the 8S; /5 state through both of the intermediate states allowed us to use the 85; /5
state to check for repeatability in our measurements by quantifying the agreement in the
absolute frequency and the hyperfine coupling constant measurements attained through
the two different excitation pathways. We found very good agreement between the two
sets of measurements. This agreement also augured well for the validity of our method of
analysis.

The data for the 7Dz, was only collected through the D1 transition, because the
manifold structures of both the 7D3 /5 and 6P3/, states resulted in a complicated spectrum.
Another complication we had was that the fine-structure splitting between the 7Ds /5 and
7D3/5 states is so small such that it was impossible to selectively excite both of the states
through the 6P3 , state, as such the 7D3/; state was only excited through the D1 transition,
and the 7Dj5 /5 through the D2 transition. Furthermore, selection rule considerations do
not allow electric dipole transitions through the 6P/, to 7Dj5 /9, because that would have
meant AJ = 5/2 —1/2 = 2 for the electric dipole transition. We still had a residual 7Dj 5
detected, together with the 7D5/,, . The 7D3/o is accessible through both routes. This



was because the wavelengths connecting 6P3/5 to the two 7D3 /5 and 7D5/o states are 698
nm and 697 nm, respectively. This made it impossible to completely separate the 7D3 /o
contribution from the 7D5/; using the bandpass filters available to us. However, the matrix
elements for the 6P3/, — 7Dj5/5 were far stronger than the corresponding 6P3/, — 7Dj5 /5
matrix elements. This fact coupled with that 698 nm was on the edge of the bandpass
filter we used to excite the complementary transition allowed us to extract 6P3/5 — 7D5 /5.

Table 1: Optical filters and combinations thereof used as F'1 and F2 in Fig. 1. Wavelengths
are in nanometers, followed by transmission bandwidth (nm), L.p. indicates long-pass and
s.p. short-pass edge filters.

’ Final ‘ Intermediate ‘ Filter 1 ‘ Filter 2 ‘
881/2 6P3/2 850 (10) | 800 s.p./780 l.p.
951/2 6P3/2 850 (10) 657.9 (10)
7D3/2 6P1/2 890 (10) 670 (30)
7Ds5 /9 6P3/2 850 (10) 700 (25)

The probability that the atom will make a transition is therefore the second-order time-
dependent perturbation theory given by
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In Equation 3, ¥ is the atomic velocity, d the electric dipole operator, My, My and Mj
are the projections of F', F/ and F” along the quantization axis, €1 is the unit vector
in the polarisation direction of the beam with wave vector k1 and €5 is the same for ko.
We use Equation 3 to reproduce the spectra, with the resulting spectra being used in the
extraction of the absolute frequencies and the hyperfine coupling coefficients, by fitting
the peak frequencies from the experimental and the calculated spectra. We designate the
peak centers in the repetition rate frequencies of the experimental spectra, fP, and the
theoretical spectra, f¢°. For each peak we then evaluate the y? function, as a normalized
difference between the calculated interpolating function and the experimental data,
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Table 2 shows all the frequencies calculated and inferred from these measurements.
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Figure 3: Caesium fluorescence

from 7Py/53/0 — 6Sy/p decay. To
collect the spectrum the laser cavity
is scanned without the filters (F1 and
F2, Fig. 1) which we use to restrict
the laser’s spectral bandwidth.

Table 2:

()
(8]
c
S -
(8]
(2]
L
2 hh_.th
T \ ik
£
c
9 Experiment
<
W

0.7720 0.7725 0.7730 0.7735 0.7740
Frep-1000 (MHz)

Figure 4: Spectrum of the 65;/5 —
7D3/o transition via 6P;/; interme-
diate state. The lower of the two
traces is the experimental data and
the other the modeled spectrum. The
plot shows the fluorescence intensity
from the 7P to 6S decay as a function
of the laser repetition rate, frep.
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The single photon transition frequencies, vgg, Ja—n L, hyperfine coupling

coefficients, A,s» and By , with the complementary transition frequencies,
J J

V6P, j,—n"L", and vgp, PR and vppr measured in this work.

’ Parameter ‘ 881 2 ‘ 981 2 ‘ 7D3 2 7D5 2
Ve, jp—n'ir, | 729 009 798.86(15) | 806 761 363.14(10) | 780 894 762.250(G4) | 781 522 153.68(16)
An//L/J/” 219.133(75) 109.932(50) +7.386(18) -1.717(15)
Bn”L’]’,, -0.182(163) -0.182(517)
Vop, p—nri, | 393 893 T50.11(15) | 471 645 314.63(10) | 445 778 713.502(64) | 446 406 104.93(16)
V6Py 5 —n''L, 377 284 080.39(15) | 455 035 644.91(10) | 429 169 043.778(64) | 429 796 435.21(16)
V31 781 527 343.75(36)
V32 780 899 883.152(163) | 781 527 340.37(25)
V33 729 014 476.67(22) | 806 766 286.89(15) | 780 899 905.440(97) | 781 527 335.28(19)
V34 729 015 353.20(20) | 806 766 726.62(13) | 780 899 935.036(99) | 781 527 328.45(23)
Uss 780 899 971.836(121) | 781 527 319.86(22)
V42 780 890 690.521(163) | 781 518 147.74(25)
V43 729 005 284.03(22) | 806 757 094.26(15) | 780 890 712.809(97) | 781 518 142.65(19)
V44 729 006 160.57(20) | 806 757 533.98(13) | 780 890 742.405(100) | 781 518 135.82(23)
Vs 780 890 779.205(121) | 781 518 127.23(22)
V46 781 518 116.83(24)
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