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Molecular fingerprinting with the resolved modes of a
femtosecond laser frequency comb
Scott A. Diddams1, Leo Hollberg1 & Vela Mbele1,2,3

The control of the broadband frequency comb1 emitted from a
mode-locked femtosecond laser has permitted a wide range of
scientific and technological advances—ranging from the counting
of optical cycles for next-generation atomic clocks1,2 to measure-
ments of phase-sensitive high-field processes3. A unique advantage
of the stabilized frequency comb is that it provides, in a single laser
beam, about a million optical modes with very narrow linewidths4

and absolute frequency positions known to better than one part in
1015 (ref. 5). One important application of this vast array of highly
coherent optical fields is precision spectroscopy, in which a large
number of modes can be used to map internal atomic energy
structure and dynamics6,7. However, an efficient means of simul-
taneously identifying, addressing and measuring the amplitude or
relative phase of individual modes has not existed. Here we use a
high-resolution disperser8,9 to separate the individual modes of a
stabilized frequency comb into a two-dimensional array in the
image plane of the spectrometer. We illustrate the power of this
technique for high-resolution spectral fingerprinting of molecular
iodine vapour, acquiring in a few milliseconds absorption images
covering over 6 THz of bandwidth with high frequency resolution.

Our technique for direct and parallel accessing of stabilized fre-
quency comb modes could find application in high-bandwidth
spread-spectrum communications with increased security, high-
resolution coherent quantum control, and arbitrary optical wave-
form synthesis10 with control at the optical radian level.

The proposition of using the frequency comb from a mode-locked
laser for optical spectroscopy has existed for at least three decades.
The proposal and early experiments of groups in Novosibirsk and
Stanford11,12 highlighted the advantages of a mode-locked laser fre-
quency comb for two-photon spectroscopy. The more recent devel-
opments in stabilization of the carrier-envelope offset frequency1,13

provide powerful new tools that have led to recent advances in high-
resolution (,10211) spectroscopy performed directly with the out-
put of the mode-locked laser6,7. In all such experiments, the various
atomic systems under study acted as the high-resolution spectral
discriminator that effectively selected an individual frequency comb
element (or groups of comb elements) out of a greater number of
elements that passed through the sample. Here we take a significantly
different approach, in which a high-resolution spectrometer is used
to spatially separate and resolve individual comb elements in a
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Figure 1 | Experimental set-up. a, A high-resolution virtually imaged
phased array (VIPA) disperser is used in combination with a diffraction
grating to spatially resolve the stabilized frequency comb of a Ti:sapphire
femtosecond laser. The full output spectrum of the laser and the 633 nm
region isolated by the bandpass filter are shown in b. The spectrometer
output consists of a two-dimensional array of the frequency comb modes,
where each ‘dot’ represents an individual mode (c). Within a column (y),

which is tilted by the grating dispersion, the dots are separated by the mode
spacing (3 GHz in this case). Within each row (x), the dots are separated by
the VIPA free spectral range (FSR, ,50 GHz in this case)17. The manner in
which successive modes can be indexed and counted is indicated by the
arrows in the rightmost two columns. For clarity, not all modes are shown in
this diagram.
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parallel architecture. Thus, a multi-channel detector can measure the
amplitude of the individual comb elements. Using a fraction of the
input field as a reference, the relative phase shift introduced by a
resonant transition could also be measured with an approach similar
to spectral interferometry14.

Our approach is shown schematically in Fig. 1a. The frequency
comb is produced with a broadband Ti:sapphire laser having a repe-
tition rate frep 5 1 GHz (refs 15, 16). Both the carrier-envelope offset
frequency (f0) and frep are stabilized to a low-noise microwave fre-
quency standard (a hydrogen maser), such that the frequency of each
element of the comb may be determined absolutely with a fractional
uncertainty at or below ,2 3 10213 for averaging times of 1 s and
longer. Although an optical reference would provide ,1 Hz optical
resolution4 and fractional uncertainty into the 10217 range5, the
microwave reference is sufficient for these experiments. Indeed, for
most spectroscopy experiments we could imagine, the atomic ref-
erence provided freely by the global positioning system (GPS) would
be more than adequate. The output of the Ti:sapphire laser spans
roughly 600–1,000 nm, providing tremendous bandwidth for spec-
troscopic measurements (Fig. 1b). However, imaging and recording
the full bandwidth in a single measurement proved challenging. Thus
we use an optical bandpass filter to restrict the spectrum to 10 nm of
bandwidth around 633 nm, which still provides ,75 billion resolv-
able spectral bins in 1 s of averaging. Within this 10 nm bandwidth, a
Fabry–Perot cavity (finesse ,300) consisting of two spherical mir-
rors is used to further filter (thin) the frequency comb to a mode
spacing of 3frep, which better matches the resolution of the spectro-
meter that follows. By changing the length of the Fabry–Perot cavity,
we have filtered the comb at integer multiples of the repetition rate up
to 14frep. Such flexible filtering of the comb is useful not only in
spectroscopy, but also for waveform synthesis and communications
applications.

The high-resolution spectrometer (Fig. 1a) provides ,1.2 GHz
resolution in the visible (633 nm) spectral region by combining
a virtually imaged phased array (VIPA) spectral disperser8 with a
conventional grating in an orthogonal arrangement9,17. The VIPA
is essentially a plane-parallel solid etalon, where the input beam
(focused to a line) is injected at an angle through an uncoated

entrance window on the front face. The remainder of the front face
is coated with a high-reflective dielectric coating, while the back face
has a dielectric coating with 96% reflectivity. The multiple reflections
within the VIPA etalon interfere such that the exiting beam has its
different frequencies emerging at different angles. As with all etalons,
the VIPA has a free spectral range (FSR; ,50 GHz in this case) deter-
mined by its thickness and material index of refraction. The result is
that for an input with spectral bandwidth greater than 50 GHz, the
output orders are spatially superimposed on each other. This prob-
lem is well known in classical spectroscopy, and has been overcome
by using a second dispersive element along an orthogonal spatial
dimension18. Recent implementations, directed towards separating
densely spaced optical communications channels, use a diffraction
grating orthogonal to the VIPA9,17. In such a case, the grating should
provide spectral resolution better than that of the VIPA’s FSR. We
achieve ,20 GHz resolution for visible light with a 2,400 lines mm21

grating used at a large angle of incidence, such that ,24,000 lines of
the grating are illuminated.

The output of the VIPA/grating spectrometer is imaged onto a
charge-coupled device (CCD) camera (6.7 mm pixel pitch), resulting
in an array of ‘dots’, representing the power of the individual comb
modes spaced by 3 GHz. Thus, the spectrometer transfers the one-
dimensional comb into something more reminiscent of a two-
dimensional ‘brush’. This is illustrated in Fig. 1c, while actual data
are shown in Fig. 2a. In the vertical direction of this image, the data
repeats every 50 GHz at the FSR of the VIPA, and a subset of unique
data are enclosed by the black boxes superimposed on the data of
Fig. 2. Inside this boundary, almost 2,200 individual modes can be
clearly resolved, spanning the ,6.5 THz bandwidth captured on the
CCD. The skew of the columns of modes results from the particular
choice of the 3 GHz mode spacing, the FSR of the VIPA, the angular
dispersion of the grating, and additionally, a slight rotation of the
experimental apparatus relative to the camera axes. The repetitive
nature of the data in the vertical direction is more evident in Fig. 2b,
which is an image acquired in 5 ms with an iodine vapour cell
inserted in the beam path before the spectrometer. The cell is at room
temperature (25 uC), and multi-passed to yield an equivalent length
of ,2 m. As seen, numerous modes are attenuated owing to their
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Figure 2 | Two-dimensional
spectrograms of optical frequency
‘brush’. The array of ‘dots’ is the
false-colour image of ,2,200
individual modes spanning
6.5 THz. (For the chosen colour
map, blue represents higher optical
power; a standard dilation filter was
applied to aid visual clarity, and this
causes the individual modes to have
a square-like appearance.) In the
vertical direction of this image, the
data repeat every 50 GHz, and a
subset of unique data are enclosed
by the black box superimposed on
the data. a, Background image
taken without iodine present.
b, Image acquired with iodine
present. Numerous modes are
attenuated owing to absorption by
the iodine vapour, thus providing a
unique fingerprint of the molecular
vapour. The circled modes are those
of a reference laser used in the
calibration of the data. c, Same as
b but with a different value of frep for
the frequency comb, revealing a
different set of absorbing
transitions.
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coincidence with various absorbing transitions in the iodine. At
room temperature, the Doppler-broadened linewidth of the iodine
transitions is ,400 MHz; however, the hyperfine splitting causes
additional broadening of the lines to ,1–2 GHz.

An advantage of using the self-referenced frequency-stabilized
comb for this spectroscopy is that the frequencies of the modes emit-
ted from the laser are absolutely fixed according to nn 5 nfrep 1 f0,
where n is the integer mode index (n < 500,000). In principle, each
pixel of the CCD image then can be assigned a unique frequency.
However, this requires that n be determined for each of the imaged
modes, keeping in mind that only one-third of the original modes are
transmitted by the filter cavity. In this example, the calibration
is accomplished with the aid of a continuous wave (CW) He–Ne

laser stabilized to the well-known a16 component (line ‘f’) of
the R(127)11–5 transition in 127I2, with frequency equal to
474,612.353604 GHz (ref. 19). This laser is overlapped with the fre-
quency comb in a single-mode optical fibre, and sent through the
same high-resolution spectrometer. Its output is visible in Fig. 2b as
the three noticeably more intense modes (corresponding to three
orders of the VIPA) that are circled. Simultaneous heterodyne mea-
surement between the He–Ne laser and the filtered frequency comb
in a separate high-speed detector yields unique identification of the
mode index n and absolute frequency calibration. Following the
labelling technique shown diagrammatically in Fig. 1c, adjacent col-
umns consisting of 16 modes can then be concatenated to display the
data on a more traditional linear frequency axis. This is done for the
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Figure 4 | Absorption spectra of P(32)6–3, R(59)8–4 and R(53)8–4
transitions in iodine. Eight line spectra, each obtained from images similar
to Fig. 2, are offset vertically for clarity. In the successive spectra, the
repetition rate (frep) was increased by 700 Hz. As a result, a specific optical
mode is scanned a total of Dnopt 5 2.3 GHz with ,330 MHz steps across the
absorption feature due to the overlapping P(32)6–3, R(59)8–4 and R(53)8–4

transitions22. The inset shows the de-convolved absorption feature (red
triangles representing the relative transmission through the iodine versus
the same optical frequency of the abscissa of the main plot), obtained from a
fit to the peak value of the attenuated mode. The result of CW laser
spectroscopy (blue line)20 is shown for comparison.
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Figure 3 | Concatenated line
spectra. a, Adjacent line spectra
from seven columns identified by
arrows in Fig. 2b are concatenated to
show the power detected from .100
individual modes (red traces,
bottom axis). No dilation filtering
was applied in this case. Modes that
are attenuated owing to the
absorption of the iodine vapour
appear with smaller amplitude
relative to adjacent modes. The slow
(,150 GHz) amplitude modulation
arises from imperfections in the
imaging and is of no physical
consequence. Vertical grey lines
identify the calculated mode
frequencies, while the blue trace
along the upper axis is the measured
transmission spectra of iodine using
CW laser techniques20.
b, c, Expanded sections from
a showing the attenuation of specific
modes, the 1.2 GHz resolution limit
of the spectrometer, and the
pixelization of the CCD camera
(small points on the red trace).
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seven columns between the arrows at the bottom of Fig. 2b, and the
result is given in Fig. 3. The lower trace (red) in each of the plots of
Fig. 3 is obtained from concatenating line traces along the un-
processed CCD image. Along the top axis, we also plot (blue) the
iodine transmission spectra obtained from CW laser spectroscopy20.
The calculated positions of the comb modes are indicated by the
vertical (grey) lines. Only modes that coincide with an iodine trans-
ition are attenuated, thus demonstrating the potential for this tech-
nique to yield quantitative and accurate results.

The width of the intensity peaks in Fig. 3 data show the spectro-
meter resolution to be ,1.2 GHz at 474 THz, which is within a factor
of two of the calculated resolution. This is well-matched to the pixel
resolution of the camera, which corresponds to about 440 MHz.
However, this should not be confused with the linewidth of the comb
modes, which is ,100 kHz with the present maser reference, but
could be significantly smaller (,1 Hz) with an optical reference for
the frequency comb. Within the 1.2 GHz spectrometer resolution, we
estimate that the absolute frequency position of an individual comb
element is determined to 20 kHz in 5 ms of averaging, decreasing to
100 Hz at 1 s. Scanning the repetition rate of the laser (with the filter
cavity also tracking) enables one to scan out the full optical spectrum
with a resolution suitable for the system under study. In Fig. 2c a
second image of the same spectral region but with a different repe-
tition rate is shown. Visual differences with Fig. 2b are clearly seen.
More quantitative results are obtained by again comparing line traces
from images acquired with different repetition rates. This is shown in
Fig. 4, where line traces covering 30 GHz are displayed for eight
different values of frep offset sequentially by 700 Hz—corresponding
to a 330 MHz offset from trace-to-trace in the optical domain. In this
manner, a specific absorption feature can be mapped. Rapid elec-
tronic tuning of the repetition rate under computer control would
yield a complete scan over many THz with appropriate resolution
(,200 MHz) for Doppler-limited spectroscopy at video rates.

Although the straightforward absorption spectroscopy performed
here is sufficient for strong transitions, the high resolution of this
approach would benefit from cavity-enhanced sensitivity (achieved
by, for example, putting the vapour cell inside an optical cavity), as
has been demonstrated in the case of broadband cavity ring-
down spectroscopy21. Additionally, multiple spectrometers at vari-
ous wavelengths could be combined with image correlation
techniques for identification of species of interest. In fact, the ability
to spatially isolate and detect the individual modes of the stabilized
frequency comb will give a way to implement (in a massively parallel
manner) almost any of the powerful CW laser spectroscopic tech-
niques that have been developed.
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