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Phase-coherent frequency measurement of the Ca intercombination line at 657 nm
with a Kerr-lens mode-locked femtosecond laser
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The frequency of the calcium3P1-1S0 intercombination line at 657 nm is phase-coherently measured in
terms of the output of a primary cesium frequency standard using an optical frequency comb generator
comprising a sub-10-fs Kerr-lens mode-locked Ti:sapphire laser and an external microstructure fiber for self-
phase-modulation. The measured frequency ofnCa5455 986 240 494 276 Hz agrees within its relative
uncertainty of 4310213 with the values previously measured with a conceptually different harmonic frequency
chain and with the value recommended for the realization of the SI unit of length.

DOI: 10.1103/PhysRevA.63.021802 PACS number~s!: 42.62.Eh, 06.20.Fn, 06.30.Ft
re
m
es
d

nt
-
es
a
fre
u
d
th
ha
en

re
pl

ith

n
de
ee
u

se
C

a
nc

t
e
6
o

nc
g

ting
er-
an-

ed

t of

lse
less
ble,

ncy
he
self-
,
n
e
illa-
ent

pan
ed

e-

ding
ed

s of

of
e

s

d at
So far, the use of optical frequency standards for the
alization of basic units, e.g., of time and length, was ha
pered by the difficulties of measuring their high frequenci
As a result, the most precise frequency values recommen
by the Comite´ International des Poids et Measures~CIPM!
are based on very few frequency measurements@1#. Recent
progress in femtosecond pulse generation and the adve
microstructure optical fibers@2–4#, however, have substan
tially facilitated such optical frequency measurements. Th
schemes@5–7# start with the highly periodic pulse train of
Kerr-lens mode-locked laser that corresponds in the
quency domain to a comblike frequency spectrum of eq
distant lines. The spectral span of this comb reflects the
ration of an individual pulse, while the spacing between
lines is determined by the pulse repetition frequency. It
been shown that the fast, spectrally far-reaching Kerr-l
mode-locking mechanism enforces a tight coupling@8# of the
optical phases of the individual lines. As a result, the f
quency of any of these lines is given by an integer multi
of the pulse repetition frequencyf rep and a frequencynceo

@9–11# that accounts for the offset of the entire comb w
respect to the frequency origin, e.g., for thenth modenn
5nceo1n frep . If these quantities are known, the unknow
frequency of any external optical signal can be precisely
termined by counting the frequency of the beat note betw
this signal and a suitable comb line. In this Rapid Comm
nication, we report an application of this method to pha
coherent measurements of the frequency of an optical
frequency standard operating on the1S0-3P1 intercombina-
tion transition at 657 nm.

The frequency of this state-of-the-art standard has alre
been measured with a conventional harmonic freque
chain @12,13#, and the frequency value ofnCa
5455 986 240 494 150 Hz has been recommended by
CIPM for the ‘‘Practical realization of the definition of th
meter~1997!’’ @1# with a relative standard uncertainty of
310213. The present experiments allow the comparison
two conceptually different phase-coherent optical freque
measurement concepts, the conventional type operatin
1050-2947/2001/63~2!/021802~4!/$15.00 63 0218
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the absolute-frequency domain and the novel type opera
in the difference-frequency domain. This comparison is p
formed without the need for intermediate transportable st
dards.

Two of the three required measurements mention
above, the pulse repetition ratef rep and its multiple integer
factor, are straightforward to carry out. The measuremen
the carrier-envelope offset frequencynceo, which arises
from the relative velocity of the carrier phase and the pu
envelope, is a more demanding task. Several more or
complex schemes, depending on the comb span availa
have been proposed for the measurement ofnceo @10#. The
simplest concept requires an octave span of the freque
comb that is not directly available from our laser. Thus, t
available span has to be expanded, e.g., by external
phase modulation~SPM!. Microstructure air-silica fibers
which allow for tailoring the group-velocity dispersio
~GVD! properties@2# are highly suited for SPM of moderat
peak power pulses available from mode-locked laser osc
tors since they provide both lateral and temporal confinem
of the pulses over long interaction lengths. If the octave s
is achieved, then thenceo measurement can be accomplish
by second–harmonic generation~SHG! of the spectral lines
in the low-frequency wing of the comb. Whereas the fr
quencies of the comb lines are shifted bynceo with respect to
the origin, their harmonics are shifted by 2nceo. Thus, the
beat notes between these harmonics and the correspon
high-frequency-wing lines of the comb show the desir
component atnceo.

As depicted in Fig. 1, our measurement setup consist
four parts: the frequency comb generator~i!, the detectors
and electronics for servo control and/or data acquisition
the pulse repetition frequency~ii !, the beat note between th
laser and Ca-standard radiation~iii !, and the carrier-
envelope-offset frequency~iv!.

~i! The Kerr-lens mode-locked~KLM ! Ti:sapphire laser is
similar to that described in@14#. The laser generates pulse
with a duration of;10 fs, a repetition ratef rep5100 MHz,
an average power of 120 mW, and a spectrum centere
©2001 The American Physical Society02-1
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FIG. 1. Schematic of the ex
perimental setup. The frequenc
comb generator consists of th
Ti:sapphire femtosecond lase
and the microstructure fiber
SESAM denotes the semiconduc
tor saturable absorber mirror, an
PZT piezotransducers. Wherea
the repetition rate is phase locke
to the hydrogen maser,f Ca and
nceo are counted. LBO denotes th
LiB3O5-frequency doubling crys-
tal, PD photodetectors, PM photo
multiplier, PLL phase-locked loop
tracking oscillators, and FVC a
frequency-to-voltage converter
respectively.
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790 nm. The group-velocity dispersion of its cavity is co
trolled by double-chirped mirrors and an intracavity fus
silica prism pair. A similar external prism pair~not shown in
Fig. 1! is used for pulse recompression. Approximately
mW of the laser output is coupled into a 10-cm-long piece
microstructure fiber with a core diameter of 1.7mm and a
zero-GVD wavelength of 780 nm@2#. The output spectrum
of the fiber was measured to cover the range from 520 nm
1100 nm, while the comb structure with distinct lines spac
by 100 MHz was expected to be preserved even in the
treme wings of the SPM-broadened spectrum. This was c
firmed by measurement of the fringe visibility~after appro-
priate optical filtering! at the output of a two-beam
interferometer with 100-MHz fringe spacing yielding
100% visibility throughout the entire comb.

~ii ! The repetition frequency of the laser was detec
with a fast Sip-i -n photo diode yielding a 100-MHz signa
with a signal to noise (S/N) ratio of 140 dB (BW51 Hz!. It
was phase locked to the 100-MHz output signal of a hyd
gen maser that was controlled by the PTB primary Cs s
dards. The actuator of this servo loop is a double piezo
vice ~PZT1A andB) that tilts the output coupler where th
spectral components are laterally displaced by the intraca
double-prism GVD compensator. Tilting of the output co
pler predominantally modifies the resonator round-trip gro
delay @9#, which, in turn, determinesf rep .

~iii ! The frequencyf Ca of the beat note between the radi
tion from the Ca standard~at optical frequencynCa) and the
nearest comb mode was both measured and long-term s
lized. For this purpose, the output of the Ca standard
combined with the emission from the output of the micr
structure fiber, which was filtered by an interference filt
The beat note was detected by a Sip-i -n photo diode. Its
output signal with a typicalS/N ratio of 30 dBBW5100
kHz! was filtered by a phase-lock-loop tracking oscillat
~PLL! and subsequently counted by a totalizing counter. T
beat signal frequency was kept within the hold-in range
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the PLL by an additional servo loop controlling the length
the Ti:sapphire-laser resonator with the help of a piezotra
ducer~PZT2!. The error signal of this slow loop was gene
ated by a frequency-to-voltage converter~FVC! that moni-
tored the output frequency of the PLL. Unwanted cross–t
between thef rep and f Ca servo loops was minimized by ad
justment of the lever point of thef rep-tilting actuator to the
lateral position of the red comb components at 657 nm. T
was accomplished by choosing appropriate gain values~of
opposite sign! for the piezotransducers PZT1A andB.

~iv! The frequencynceo was measured, as mentione
above, by external self-phase modulation in the microstr
ture fiber and subsequent second-harmonic generation
nonlinear optical crystal. The infrared portion of the fib
output around 1070 nm was frequency doubled with a n
critically phase-matched, 10-mm-long LiB3O5 ~LBO! crys-
tal, which was heated to about 140 °C in order to fulfill th
type-I phase-matching condition for this wavelength. P
sible additional self-phase modulation in the LBO crys
only affects the phase of thenceo signal but not the fre-
quency. The beat note between the resulting green SHG
nal and the green output of the fiber was detected by a p
tomultiplier ~PM! after spectral and spatial filtering bot
fields with a single-mode fiber and a 600 l/mm grating,
spectively. The PM output signal with a (S/N) ratio of up to
40 dB (BW5100 kHz! was filtered with a second trackin
oscillator and counted by a second totalizing counter. B
counters were synchronously gated by the same 1-Hz c
signal derived from the 100-MHz hydrogen maser signal

The optical Ca frequency standard has been descr
elsewhere@13,15#, and only the relevant details shall b
given here. This standard is operated in a different build
and is linked to the Ti:sapphire laser by a 150-m-lo
polarization-preserving single-mode fiber. Two independ
systems are available, producing clouds of between 106 and
107 ballistic Ca atoms that are released from magneto-opt
traps~MOT 1 and MOT 2!. Each trap is loaded for 15 ms
2-2
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TABLE I. The differences of the measured Ca3P1-1S0 transition frequencies with respect to the val
recommended by CIPM and the absolute and relative uncertainties. SeriesA and B refer to the frequency
comb generator and previous measurement refers to the harmonic chain.

nCa(expt)2nCa(CIPM) ~Hz! 1s uncertainty~Hz! Relative uncertainty

SeriesA 100 328 7.2310213

SeriesB 148 132 2.9310213

SeriesA1B 126 180 4.0310213

Previous measurement@15# 220 113 2.5310213

CIPM recommendation@1# 0 270 6.0310213
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Then the trapping lasers at 423 nm and the magnetic q
rupole fields are switched off, and a homogeneous magn
field of 0.23 mT is switched on for spectral separation of
Zeeman components. At the same time the cloud start
expand and to fall down due to its thermal velocity (T>3
mK! and gravity, respectively. After a settling time for th
magnetic field of 0.2 ms, the atoms are interrogated
pulses from a frequency-stabilized dye laser. For the
quency measurements MOT 1 was employed, in which
low-velocity atoms are directly captured from a therm
beam by three mutually perpendicular counterpropaga
beams with two different frequencies. The atoms were
cited in a time-domain analogue of the optical Ramsey e
tation by two pulses separated by 216.4ms followed by two
pulses with the same separation from a counterpropaga
beam@15#. The frequency of the interrogating laser field w
stabilized to the central fringe~full width at half maximum
of the fringes 1.16 kHz! of the interference structure tha
occurs when the fluorescence of the excited atoms is m
sured as a function of the laser frequency. The uncertaint
the frequency of the Ca optical frequency standard dur
both measurement series was estimated to 53 Hz. A m
detailed uncertainty budget is given in@15#. Several tests
have been performed to check the validity of this estima
By reversing the temporal order of the excitation pulse
shift of a few hertz was determined. The frequency of
laser stabilized to atoms of MOT 1 was compared with
frequency when stabilized to a second MOT 2. Here,
atoms of an effusive beam are decelerated in a Zee
slower and these slow atoms are deflected and directed
wards the magneto-optical trap@16#. The frequency differ-
ence measured when the laser was stabilized alternative
atoms from MOT 1 and MOT 2 by three pulses of a stand
wave was 12615 Hz. An additional laser field at 672 nm
was used in MOT 1 to repump the atoms that are lost via
1D2 state @17#. The magnetic field of 0.23 mT caused
second-order Zeeman shift of the Ca frequency of13.1 Hz.

Two measurement series were carried out on differ
days with a total measurement time of 3000 and 4200
respectively. On these days the frequency deviation of
hydrogen maser and the Cs clock resulted in deviation
the measured Ca frequency of126 Hz and 24 Hz, respec
tively. The deviations of the corrected measured mean va
from the CIPM–recommended value ofnCa(CIPM)
5455 986 240 494 150 Hz are listed in Table I togeth
with the corresponding relative 1s uncertainties, which com
prise the estimated relative frequency uncertainties of
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standards and those of the frequency measurements. The
ues of the previous measurement@13# using the harmonic
frequency chain and the CIPM values@1# are shown for com-
parison.

Figure 2 shows the Allan standard deviation of the data
seriesB together with the corresponding frequency instab
ties of the Ca standard@18# and those of the hydrogen mas
@19#. The inset of Fig. 2 shows a histogram of the data
series B ~1-s averages! with respect to the CIPM-
recommended frequency. The center frequency of the fi
Gaussian ofnCa(CIPM)146 Hz agrees within the uncer
tainty with the mean value of seriesB. The instability of the
frequency measurement process is about one order of m
nitude larger than the frequency instability of the Ca stand
and of the hydrogen maser. So far, the measurements are
limited by the nonoptimum detection of the frequency flu
tuations of the Ti:sapphire laser. Substantial improvemen
the measurement process can be expected if the insta
neous residual phase error betweenf rep and the hydrogen
maser reference signal is simultaneously measured, i.e.,
high harmonic off rep .

To conclude, the frequency of an optical frequency st
dard based on the calcium3P1-1S0 intercombination transi-
tion at 657 nm has been measured in terms of the output
primary cesium frequency standard using an alternative t
of optical frequency chain. Accurate frequency measu

FIG. 2. The Allan standard deviation of measurement seriesB is
plotted versus the averaging timet together with the frequency
instabilities of the Ca standard and the hydrogen maser. The i
shows the distribution of the measured values of seriesB ~averaging
time 51 s, bin width51 kHz, s55.75 kHz!.
2-3
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ments of this optical standard are of particular importan
since it represents one of the realizations of the unit of len
with lowest uncertainty. Furthermore, the optical frequen
of the Ca standard is used as a reference for highly accu
frequency measurements of other optical or ultraviolet tr
sitions @20#. The frequency value presented in this Rap
Communication agrees within its relative uncertainty w
the CIPM-recommended value, which is based on a meas
ment with a harmonic frequency chain. The agreement ju
fies the confidence in the data obtained from both meas
ment schemes. The advantages of the scheme empl
t.
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here, such as the substantially reduced complexity and
accurately known, dense grid of reference frequenc
throughout the visible and near-infrared range, allows a
riety of new applications including the realization of optic
clocks or ultraprecise measurements in fundamental phys
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