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Identification of Active Gold
Nanoclusters on Iron Oxide
Supports for CO Oxidation
Andrew A. Herzing,1,2 Christopher J. Kiely,1* Albert F. Carley,3

Philip Landon,3 Graham J. Hutchings3*

Gold nanocrystals absorbed on metal oxides have exceptional properties in oxidation catalysis,
including the oxidation of carbon monoxide at ambient temperatures, but the identification
of the active catalytic gold species among the many present on real catalysts is challenging. We
have used aberration-corrected scanning transmission electron microscopy to analyze several iron
oxide–supported catalyst samples, ranging from those with little or no activity to others with
high activities. High catalytic activity for carbon monoxide oxidation is correlated with the presence
of bilayer clusters that are ~0.5 nanometer in diameter and contain only ~10 gold atoms.
The activity of these bilayer clusters is consistent with that demonstrated previously with the use of
model catalyst systems.

G
old nanoparticles on oxide supports are

being used to catalyze an increasing

number of reactions (1–6), but there is

continuing interest in the relatively simple low-

temperature oxidation of CO (1–3, 7), especially

concerning the nature of the active species. Some

proposals emphasize the size and morphology of

the gold particle and its interface with the support

(1, 8), whereas others postulate that the metal

oxidation state (9, 10) and support material can

have strong effects (1, 11). Most of the fundamen-

tal insights into this reaction have come fromwell-

defined model studies (12–15) in which specific

structures are tailor-made (14). However, the

difficulty lies in linking these informative model

studies to those carried out on real catalysts, which

are inherently more complex. Here, we report a

microscopy study of an Au/FeOx catalyst and

demonstrate that, among a number of gold nano-

structures present, the origin of the activity is

associated uniquely with gold bilayer nano-

clusters that are ~0.5 nm in diameter and con-

tain ~10 Au atoms.

Gold supported on FeOOH is a highly active

catalyst for the low-temperature oxidation of CO

(16), and we recently reported a link between

catalyst performance and catalyst drying condi-

tions (10). A pair of 2.9 atomic%Au/FeOx samples

(denoted samples 1 and 2) were derived from the

same coprecipitated precursor. Sample 1was dried

in a tube furnace (static air; furnace was ramped

after insertion at 15°C/min to 120°C; 16 hours),

whereas sample 2 was dried in a gas chromatog-

raphy (GC) oven (flowing air; sample inserted

into the furnace at 120°C; 16 hours). The Au

loading in each was identical, and the underlying

disordered FeOOH supports had similar surface

areas (~190m2 g−1). X-ray energy-dispersive spec-

troscopy (XEDS) analysis and high-angle annular

dark-field (HAADF) imaging experiments (10)

indicated that both samples contained 2- to 15-nm

Au particles, with mean particle sizes of 5.4 nm

for sample 1 and 7.0 nm for sample 2.

If the CO oxidation activity was dictated solely

by the Au particle size, as some researchers have

suggested (1, 8), then these two samples should

have exhibited similar activities. In fact, sample

1 would probably be expected to have a slightly

better performance by virtue of the Au particles

being slightly smaller, on average. However, catalyt-

ic testing of these two samples under standard con-

ditions (total flow rate of 66,000 h–1; 0.5 volume %

CO) revealed that sample 2 achieved 100% CO

conversion at 25°C, whereas sample 1 gave only

trace CO conversion (<1%). Even at much higher

flow rates, sample 2 remained active (i.e., at a total

flow rate of 450,000 vol.gas/vol.catalyst.h; the

conversion was 25%), whereas sample 1 was to-

tally inactive. Previously (10), we were unable to

determine the origin of this marked effect because

of the resolution and sensitivity limitations of the

characterization techniques available.We consider

that at least two possibilities exist to explain this

difference: (i) There could be highly dispersed Au

species present in sample 2 that were beyond the

resolution limit of the conventional HAADF and
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Fig. 1. Low-magnification aberration-corrected HAADF-STEM images from (A) the inactive, tube
furnace catalyst (sample 1) and (B) the highly active, GC oven catalyst (sample 2). Au particle size
distribution in both samples appears to be very similar at this magnification.
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scanning transmission electron microscopy

(STEM)–XEDS techniques used previously, or

(ii) the active catalyst contained some form of

cationic Au species that was absent in the inactive

sample. These two possibilities need not be

mutually exclusive.

To investigate this unexpected difference in

reactivity, we re-examined the samples using a

state-of-the-art JEOL 2200FS in STEM mode

equippedwith a double-hexapole spherical aberra-

tion corrector manufactured by CEOS GmbH (17).

The improvement to the HAADF image resolution,

from the use of a 0.1-nm diameter aberration-

corrected STEM probe containing 50 pA of

current, makes this an ideal instrument to test

whether there were Au species present in the

highly active sample that were not detected

earlier (10). Previously, this method has success-

fully been used to image atomic dispersions in the

La/Al2O3, Pt/Al2O3, and Au/TiO2 systems (18).

The lower-magnification HAADF images for each

of the dried Au/FeOx catalysts (Fig. 1, A and B)

confirm the earlier results, with particles between 2

and 15 nm in diameter. However, at higher magni-

fication (Fig. 2, A to D, and figs. S1 and S2), the

actualAuparticle size distribution andmorphology

in these samples are quite different. Both samples

contain larger (2 to 15 nm) Au particles and a

considerable number of individual Au atoms

(indicated by white circles) dispersed on the iron

oxide surface.

The observation of these individual atoms

ensures that we are now resolving all of the types

of Au species present. However, in addition a

large population of subnanometer Au clusters

was found in the active sample 2 (circled in black

in Fig. 2, C and D) (see also fig. S1) that was not

detected in the inactive sample. These Au clusters,

the majority of which were 0.2 to 0.5 nm in

diameter, contain at most only a few Au atoms.

The contrast level exhibited by the 0.2- to 0.3-nm

clusters, which are predominant in Fig. 2D, is sim-

ilar to that of the individualAu atoms, implying that

they are monolayer structures. In comparison, the

0.5-nm clusters highlighted in Fig. 2C exhibit

markedly higher contrast in the HAADF image than

that of the 0.2- to 0.3-nm clusters, suggesting that

these larger clusters are most likely bilayers of Au.

Determination of the exact number of atoms

in these various structures is complicated by sev-

eral factors, including the slight contraction of the

Au–Au bond distance known to occur in particles

of this size (19). However, a rough estimate is still

informative, and bilayers of ~0.5-nm lateral di-

mension would contain ~10 atoms (fig. S3A). In

comparison, the 0.2- to 0.3-nm clusters of similar

contrast tomonolayers could contain about three to

four atoms (fig. S3B). In contrast, an estimate

based on the volumetric packing density of Au

(~59 atoms/nm3) suggests that the larger nano-

particles (5 to 7 nm) would contain 1900 to 5250

atoms if they have a hemispherical geometry. Thus,

the subnanometer clusters and individual atoms

observed in the highly active sample represent

only a veryminor fraction of the total Au content.

We used atomic-resolution STEM imaging to

estimate the number fraction of the total Au

particles represented by both clusters and nano-

particles by surveying several support areas that

had ~100 larger nanoparticles, along with their

neighboring vicinities (17). In terms of their fre-

quency of observation, the individually adsorbed

Au atoms represented 44 T 4.5%of theAu species,

whereas 19 T 3.4% were 0.2- to 0.3-nm clusters,

18 T 3.0% were 0.3- to 0.5-nm clusters, and 19 T

3.5% were particles >1 nm (~50% were >5 nm).

However, considering the number ofAu atoms

in each of these structures (as discussed above)

suggests that the individual atoms represent only

0.13 T 0.07 atomic % and that the monolayer and

bilayer subnanometer clusters combined represent

only 1.05 T 0.72 atomic % of the total Au loading

(18), with the remaining 98.82 T 0.80 atomic % of

Au contained in the larger particles. Because of the

very large disparity in the number of atoms they

contain, the number of subnanometer clusterswould

have to exceed that of the 5-nm particles by a mar-

gin of nearly four to one for them to represent just

2 atomic % of the total Au loading. Therefore, it

is probable that these minority Au species would

not be easily detected with traditional “bulk”

techniques such as extended x-ray absorption fine

structure or Mossbauer spectroscopy, or even by

surface analysis techniques such as x-ray photo-

electron spectroscopy (XPS), because their con-

tribution to the total signal would be minimal

compared with that of the larger nanoparticles (17).

The statistical accuracy of the current HAADF

analysis must be considered, because undercount-

ing of the subnanometer Au clusters may result

from the nature of the STEM imaging process in

an aberration-corrected instrument. The ability to

detect single atoms on an oxide is highly depen-

dent on the vertical position of the focused elec-

tron probe relative to the surface (20). Because

adsorbed atoms can be present on either the top

or bottom surface of the underlying oxide par-

ticle, imaging with single-atom resolution is pos-

sible only when one of the surfaces is exactly in

focus. Practically, this limitation means that in

any given image, single atoms are probably only

detected on one surface of the support particle,

and atoms on the opposite side may not be visi-

ble, whereas larger nanoparticles can be detected

on either side of the support over a much wider

range of defocus values. In the intermediate case

of 0.2- to 0.5-nm clusters, it is not clear if the same

narrow defocus range required to resolve individ-

ual atoms is necessary. However, even if it is pes-

simistically assumed that our analysis has detected

only 50% of the total number of all the individual

Au atoms, the atomically dispersed Au would still

represent only 61 T 3.6% of the total number of

Fig. 2. High-magnification aberration-corrected STEM-HAADF images of (A and B) the inactive
(sample 1) and (C and D) the active (sample 2) Au/FeOx catalysts acquired with the aberration-
corrected JEOL 2200FS. The white circles indicate the presence of individual Au atoms, whereas the
black circles indicate subnanometer Au clusters consisting of only a few atoms. Note the presence
and image intensity difference of two distinct cluster-types: In (C) there are 0.5 nm higher-contrast
clusters, whereas in (D) 0.2- to 0.3-nm low-contrast clusters dominate. This difference indicates
that bilayer and monolayer subnanometer Au clusters are present in the active catalyst.
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Au species, or ~0.25 T 0.2 atomic % of the total

Au loading.

The observation that the active species in our

Au/FeOx catalysts consist of subnanometer clus-

ters differs from numerous earlier investigations

that identified 2- to 5-nm particles as the critical

“nanostructure.” However, a number of recent

experimental and theoretical (21–23) studies have

suggested that the CO oxidation activity should

continue to increase as the Au particle size ap-

proaches 1 nm because of the presence of a larger

fraction of Au atoms with low coordination in the

smaller particles. Low-coordination Au atoms

possess a d-band that is closer to the Fermi level

than their close-packed counterparts, so they can

adsorb O2 molecules more readily. More specif-

ically, Falsig et al. predicted that adsorption

energies for CO and O are ideally suited for max-

imizing the reaction rate of CO oxidation at sixfold

coordinated Au corner atoms, whereas the adsorp-

tion energies at close-packed Au faces are inferior

for this purpose (23). Because clusters smaller than

1 nm should have an even greater fraction of low-

coordinated Au atoms, reaching ~90% as a cluster

size of 0.5 nm is approached, the role of sub-

nanometer clusters may be crucial. Rashkeev et al.

(24) have recently presentedHAADF evidence that

subnanometer mono-, bi-, and trilayer Au clusters

coexisted in activeAu/TiO2 catalysts, although they

were unable to isolate the relative importance of

each of these subnanometer species and did not re-

port any spectroscopic measurements to determine

the possible role of substrate surface chemistry.

Scanning tunneling microscopy studies on

model catalysts by Matthey et al. (15) showed

that subtle changes in the chemistry of an oxide

surface could alter the energetically favorable Au

structures that it stabilized and supported. Specif-

ically, an oxygen-rich TiO2 (110) surface could

stabilize a range of Au species from one to seven

atoms in size. In contrast, single Au atoms and Au

trimers were the only stable configurations on a

reduced TiO2 (110) surface, whereasweakly bonded

two-dimensional Au raftlike species were the only

stable structures on a stoichiometric TiO2 (110)

surface. Similar oxygen-rich surfaces to those re-

ported for TiO2 have also been identified for FeOx

(25); however, to our knowledge, systematic

surface science studies and first-principle calcu-

lations of the stable Au structures present on

FeOOH or Fe2O3 have not yet been performed.

On the basis of the observations of the two

dried catalysts alone, we are unable to definitive-

ly comment on whether the bilayer 0.5-nm clus-

ters, themonolayer 0.2- to 0.3-nm clusters, or both

are responsible for the high activity observed or

whether some subtle substrate chemistry effect is

coming into play. Although individual Au atoms

and larger (3 to 5 nm) particles are stable on both

catalysts, the subnanometer Au clusters were only

stable on the surface of catalyst 2 dried under a

flowing air. The critical role played by such slight

changes in the catalyst preparation route may help

to explain the sometimes radically differing

activities reported. We have used XPS to probe

the nature of the surface species present in both

samples. Analysis of the Au(4f) spectra (fig. S4.1)

showed that, in both catalysts, the Au(4f7/2)

binding energy was 85.1 eV, characteristic of

Au+ species. The signal from sample 1 shows some

broadening to higher binding energy that probably

arose from a small amount of Au3+, most likely

present as AuOOH. The presence of hydroxylated

Au species in this inactive sample suggests that the

lack of air circulation during the drying process

inhibits the removal of the hydroxyl species from

the catalyst surface, whereas this process occurs

more efficiently under flowing air conditions.

This explanation was confirmed by the O(1s)

and C(1s) spectra from these samples (figs. S4.2

and S4.3, respectively). Both catalysts exhibit a

main O(1s) component characteristic of oxidic

oxygen (O2–) at 530.4 eV, together with a shoulder

at 531.8 eV. The latter feature originates from a

combination of hydroxyl and carbonate species

and is much more pronounced in sample 1. The

C(1s) spectra, which show clear evidence of car-

bonate species, are similar for both. Therefore, the

higher intensity of the O(1s) shoulder at 531.8 eV

in the inactive catalyst 1 arises from the increased

presence of hydroxyl groups relative to the active

catalyst 2 dried in flowing air. This higher degree

of hydroxylation and reduction of sample 1 seems

to enhance the ability of the subnanometer clusters

to sinter into larger particles and thus deactivate the

catalyst. Hence, on the basis of the evidence pre-

sented so far, we are unable to determine whether

it is the presence of subnanometer clusters or the

differing degree of hydroxylation of the support

that is controlling the activity.

Three separate portions of the highly active cat-

alyst 2, denoted 3, 4, and 5, were calcined (3 hours

at 400°, 550°, and 600°C, respectively). These

heat treatments converted the support material to

crystalline Fe2O3 and progressively reduced the

surface area (catalysts 2: 190m2 g−1, 3: 45 m2 g−1,

4: 16 m2 g−1, and 5: 11 m2 g−1). Atomic ab-

sorption spectroscopy confirmed that all of the

Au (2.9 atomic %) was retained. CO conversion

decreased from100% in the fresh, uncalcined state

to 91% (400°C), 31% (550°C), and <1% (600°C).

Fig. 3. Aberration-corrected
STEM-HAADF images of the
active 2.9 atomic%Au/FeOx

catalyst 2 calcined for 3 hours
at (A andB) 400°C (sample 3),
(C and D) 550°C (sample 4),
and (E and F) 600°C (sample
5). The heat-treatment pro-
cedures have substantially
decreased the population of
subnanometer Au clusters
relative to the highly active,
dried catalyst, while at the
same time they have increased
the population of particles in
the 1- to 3-nm range.
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Aberration-corrected STEM-HAADF images

(Fig. 3, A to F, and figs. S5.1 to 5.3) revealed that,

although substantial particle sintering had occurred

in all calcined catalysts, each sample also retained a

population of the subnanometer clusters and in-

dividual Au atoms previously seen in the dried

catalyst that had persisted through the various

calcination treatments.

Thenumber frequencyof thevariousgold species

encountered in samples 2, 3, 4, and 5 is sum-

marized in Fig. 4. The number fraction of atom-

ically dispersed species drops from ~44% to 35%

across this sample set, whereas, simultaneously,

the number fraction of particles greater than 1 nm

progressively increases from 19 to 35%.However,

our previous deductions from comparing samples

1 and 2 indicate that the supported subnanometer

cluster species (and not the dispersed Au atoms or

>1-nmparticles) are active for CO conversion. It is

also apparent from Fig. 4 that the number pop-

ulation of monolayer clusters remains relatively

constant at ~19%, whereas the bilayer cluster fre-

quency gradually drops from 18% to <5% across

this same sample set. Hence, the dramatic decrease

in catalytic activity exhibited by samples 3, 4 and

5 can be directly correlated to the marked decrease

in the number density of the 0.5-nm bilayer

clusters as a result of their sintering into less active

1- to 2-nm Au particles.

XPS of samples 3, 4, and 5 (fig. S6) showed

no notable difference in either of the Au(4f),

Fe(3s), or Fe(2p) profiles (fig. S6.1 and 6.2) as-

sociated with this series of calcined catalysts.

The O(1s) signals (fig. S6.3) are also all similar,

with a high–binding energy tail indicating the

presence of some residual hydroxyl and carbonate

species, but these are very different from the dried

sample (spectra shown in Fig. 5). The presence of

carbonate species is confirmed by the weak, high

binding feature in the C(1s) spectra (fig. S6.4).

This feature is broader for sample 5, possibly re-

flecting carbonate species in distinct chemical envi-

ronments, and is consistent with small differences

in the high–binding energy tail in the O(1s) spec-

trum for this sample.

To determine whether the small differences in

samples 3 and 4 and the larger differences with

the other samples correlate with the catalytic per-

formance, we deconvoluted the O 1s signals into

oxide and the higher–binding energy hydroxyl

and carbonate species to obtain the relative frac-

tions of each species present. However, the data

for either the relative area percent of the higher–

binding energy species (samples 2: 60%, 3: 28%,

4: 34%, and 5: 47%) or the hydroxyl/oxide ratio

(samples 2: 1.5, 3: 0.4, 4: 0.5, and 5: 0.9) do not

correlate with the observed activity trend. Thus,

the similarity in the surface chemistry of samples

3 and 4, in particular, and the Au oxidation state

in these calcined samples strongly imply that the

progressive decrease in catalytic activity upon sin-

tering is attributable to the gradual decrease in the

population of the subnanometer bilayer clusters of

gold.

Theoretical andmodel studies (23, 26–29) have

shown that a critical factor in the catalytic activity

of Au is the ability of the clusters to simultaneously

adsorb both reactant molecules. Yoon et al. and

Hakkinen et al. (27, 28) showed that the smallest

Au cluster on MgO known to be active for CO

oxidation is an octamer. Our observations are con-

sistent with these theoretical studies, because the

active bilayer subnanometer clusters in our system

contain ~10 atoms, whereas the monolayer clus-

ters (which have only three to four atoms) and the

isolated Au atoms appear to be essentially inactive

for CO oxidation.

Finally, CO oxidation activity of model Au cat-

alysts on TiO2 surfaces is maximized when the Au

structures are two atomic layers thick (14, 28, 29),

resulting in turnover frequencies (TOFs) as high

as 3.7 s−1. In the present case, the TOF of catalyst

2 exhibiting 100% CO conversion was initially

calculated to be 0.016 s−1 under standard conditions

and 0.027 s−1 at the higher flow rate where total

conversion (which is amore reliable estimate of the

catalyst activity) was not observed. However, if the

TOF is recalculated assuming that the bilayer clus-

ters are the only active species and using a rea-

sonable estimate of the fraction of the total Au that

they contain (0.6 atomic %), the result is a TOF of

2.7 s−1 at the standard conditions and 3.5 s−1 at the

higher–flow rate condition. These re-estimated

TOF values are reasonably similar to the value of

3.7 s−1 of the model Au/TiO2 catalyst (14).

These studies describe the full range of active

and inactive Au species that are present within

supported Au/FeOx and Au/Fe2O3 catalysts. Sub-

tle changes in sample-preparation route and cal-

cination temperature can influence the formation,

stability, and relative population of these various

Au species. Herein, we have reported that highly

active subnanometer Au clusters can be synthe-

sized with a traditional chemical preparation route.

Although the highest-activity catalysts correspond

to uncalcined materials, experiments involving sys-

tematic calcination treatments have allowed us to
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Fig. 5. O(1s) photoemission
spectra from the Au/Fe2O3 catalysts
(A) dried at 120°C and then cal-
cined at (B) 400°C, (C) 550°C, and
(D) 600°C.
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(iii) 0.5-nm bilayer Au clusters, and (iv) Au nanoparticles >1 nm in diameter, as a function of
catalyst calcination temperature and measured CO conversion. The error bars correspond to two
SDs on the size measurements.
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deduce that it is primarily the 0.5-nm bilayer clus-

ters, rather than 0.2- to 0.3-nm monolayer Au

clusters, that are active for CO oxidation on FeOx

supports.
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Laser Frequency Combs for
Astronomical Observations
Tilo Steinmetz,1,2 Tobias Wilken,1 Constanza Araujo-Hauck,3 Ronald Holzwarth,1,2

Theodor W. Hänsch,1 Luca Pasquini,3 Antonio Manescau,3 Sandro D’Odorico,3

Michael T. Murphy,4 Thomas Kentischer,5 Wolfgang Schmidt,5 Thomas Udem1*

A direct measurement of the universe’s expansion history could be made by observing in real time
the evolution of the cosmological redshift of distant objects. However, this would require
measurements of Doppler velocity drifts of ~1 centimeter per second per year, and astronomical
spectrographs have not yet been calibrated to this tolerance. We demonstrated the first use of a
laser frequency comb for wavelength calibration of an astronomical telescope. Even with a simple
analysis, absolute calibration is achieved with an equivalent Doppler precision of ~9 meters per
second at ~1.5 micrometers—beyond state-of-the-art accuracy. We show that tracking complex,
time-varying systematic effects in the spectrograph and detector system is a particular advantage
of laser frequency comb calibration. This technique promises an effective means for modeling and
removal of such systematic effects to the accuracy required by future experiments to see direct
evidence of the universe’s putative acceleration.

R
ecent cosmological observations suggest

that the universe’s expansion is accelerat-

ing. Several lines of evidence corroborate

this, including results from distant supernovae (1, 2),

the cosmic microwave background (3), and the

clustering of matter (4, 5). However, the current

observations are all essentially geometric in nature,

in that they map out space, its curvature, and its

evolution. In contrast, a direct and dynamical de-

termination of the universe’s expansion history is

possible by observing the slow drift of cosmolog-

ical redshifts, z, that is inevitable in any evolving

universe (6). No particular cosmological model or

theory of gravity would be needed to interpret the

results of such an experiment. However, the cos-

mological redshift drift is exceedingly small and

difficult to measure; for currently favored models

of the universe, with a cosmological constant pa-

rametrizing the acceleration, the redshifts of objects

drift by less than ~1 cm s−1 year−1 (depending on

their redshifts).

Nevertheless, the suggestion that the so-called

Lyman-a “forest” seen in high-redshift quasar

spectra is the best target for this experiment (7)

was recently supported by cosmological hydro-

dynamical simulations (8). The forest of absorption

lines is caused by the Lyman-a transition arising in

neutral hydrogen gas clouds at different redshifts

along the quasar sight-lines. Detailed calculations

with simulated quasar spectra show that the

planned 42-m European Extremely Large Tele-

scope (E-ELT), equipped with the proposed

Cosmic Dynamics Experiment (CODEX) spectro-

graph (9), could detect the redshift drift con-

vincingly with 4000 hours of observing time over

a ~20-year period (8). Therefore, as the observation

is feasible (in principle), overcoming the many

other practical challenges in such ameasurement is

imperative. Important astrophysical and technical

requirements have been considered in detail, and

most are not difficult to surmount (8, 10). One (but

not the only) extremely important requirement is

that the astronomical spectrographs involved must

have their wavelength scales calibrated accurately

enough to record ~1 cm s−1 velocity shifts (~25-kHz

frequency shifts) in the optical range. Moreover,

this accuracy must be repeatable over ~20-year

time scales.

Although the redshift drift experiment requires

demanding precision and repeatability, precisely

calibrated astronomical spectrographs have several

other important applications. For example, Jupiter-

and Neptune-mass extrasolar planets have been

discovered by the reflex Doppler motion of their

host stars (11–13), but detectingEarth-mass planets

around solar-mass stars will require ~5 cm s−1

precision maintained over several-year time scales

(14). Another example is the search for shifts in

narrow quasar absorption lines caused by cosmo-

logical variations in the fundamental constants of

nature (15–17). Recent measurements (18–21)

achieve precisions of ~20 m s−1, but the possibility

of hidden systematic effects, and the increased

photon-collecting power of future ELTs, warrant

much more precise and accurate calibration over

the widest possible wavelength range.

Laser frequency combs (LFCs) offer a solu-

tion because they provide an absolute, repeatable

wavelength scale defined by a series of lasermodes

equally spaced across the spectrum. The train of

femtosecond pulses from a mode-locked laser oc-

curs at the pulse repetition rate, frep, governed by

the adjustable laser cavity length. In the frequency

domain, this yields a spectrum, fn = fceo + n × frep,

withmodes enumerated by an integer n~ 105 to 106.

The carrier envelope offset frequency, fceo ≤ frep,

accounts for the laser’s internal dispersion, which

causes the group and phase velocities of the pulses

to differ (22). Thanks to the large integer n, the op-

tical frequencies fn are at hundreds of THz whereas

both frep and fceo are radio frequencies and can be

handled with simple electronics and stabilized by

an atomic clock (22). Each mode’s absolute fre-

quency is known to a precision limited only by

the accuracy of the clock. Even low-cost, portable

atomic clocks provide ~1 cm s−1 (or 3 parts in 1011)

precision. Because LFC light power is much higher

than required, the calibration precision possible is

therefore limited by the maximum signal-to-noise
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