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Carrier-Envelope Offset Phase-Locking With
Attosecond Timing Jitter

Florian W. Helbing, Giinter Steinmeyaviember, IEEEand Ursula KellerSenior Member, IEEE

Abstract—Inside a femtosecond laser oscillator, no coupling
mechanism between the propagation speeds of the carrier and
the pulse envelope exists. Therefore, the relative delay between 1.04
carrier and envelope of a femtosecond oscillator will exhibit
irregular fluctuations unless this jitter is actively suppressed.
Both intensity and beam pointing fluctuations in the laser can

9 =0.5T
P

introduce carrier-envelope phase changes. Based on our analysis, 0.5
we are capable of reducing or avoiding certain mechanisms by
proper design of the laser cavity. We use such an optimized cavity
to stabilize the carrier envelope-phase to an external reference 0.0

oscillator with a long-term residual jitter corresponding to only
10 attoseconds in a (100 kHz—0.01 Hz) bandwidth. This is the
smallest long-term timing jitter of a femtosecond laser oscillator
demonstrated to date. However, it is important to note that this -0.51
stabilization was obtained with an f-to-2f heterodyne technique

using additional external spectral broadening in a microstructure

fiber which introduces additional carrier-envelope phase noise.

Electric field (a.u.)

We present a direct heterodyne measurement of this additional -1.0+ : . )
carrier-envelope phase noise due to the continuum generation -10fs -5 -0 5 10
process. time (s)

. Index Terms—Mode-locked lasers, optical Kerr effect, phase g 1 Electric field structure of a few-cycle pulse for different values of the
jitter, phase synchronization, ultrafast optics. carrier-envelope-offset phass, of 0 (solid line),0.5 (dashed-dotted line),
andr (dotted line). Envelope: A(t) is also shown.

I. INTRODUCTION . . . .
lasers this carrier envelope offset is a freely varying parameter
ROGRESS in ultrashort pulse generation [1] has reachbdcause the steady-state boundary condition only requires that
a level where the slowly varying envelope approximatiothe pulse envelope is the same after one round trip. Therefore,
starts to fail. Pulse durations of Ti:sapphire laser oscillators hawe CEO phase may exhibit large fluctuations, even when all
reached around 5 fs, which is so short that only about two optigher laser parameters are stabilized. We have discussed the
cycles of the underlying electric field fit into the full-width half physical origin of these fluctuations before [8], [9] and will re-
maximum (FWHM) of the pulse envelope (Fig. 1) [2], [3]. Simview them later in this paper. Because nonlinear laser-matter in-
ilar pulse durations but much more energy can be obtained frasraction depends strongly on the strength of the electric field,
hollow fiber pulse compression [4] and synchronously pumpeldese CEO fluctuations cause strong signal fluctuations in non-
optical parametric oscillators [5]. More recently, even shortéinear experiments such as high harmonic generation [10], at-
pulses of 3.8 fs have been achieved with adaptive pulse comptesecond pulse generation [11], photoelectron emission [12],
sion of a cascaded hollow fiber supercontinuum [6]. These astr.
currently among the shortest pulses generated in the visible andifferent techniques have been proposed to measure the CEO
near-infrared spectral regime. For such short pulses the méequency in the time domain [13] and in the frequency domain
imum electric field strength depends strongly on the exact poff. The frequency domain technique is much more sensitive
tion of the electric field with regards to the pulse envelope, i.eand is generally the technique that is being used today. Using the
the carrier envelope offset (CEO) [7]. In passively modelocketito-2f heterodyne technique with additional external spectral
broadening [14], [15] we achieved a long-term CEO stabiliza-
tion with residual 10-attosecond timing jitter which corresponds
Manuscript received December 23, 2002; revised May 14, 2003. This wd@ 0-025 rad rms CEO phase noise in a (0.01 Hz-100 kHz)
was supported by ETH Zirich and by the Swiss National Center of competefz@ndwidth. Thef-to-2 f interference technique requires an oc-
in research (NCCR) in quantum photonics. __tave-spanning spectrum. So far, all attempts to utilize an oc-
F_. W. Helbing an_d U. Keller are with the Institute qf QuanFum Electronic . . )
Swiss Federal Institute of Technology, CH-8093 Zirich, Switzerland (e—ma?@ve spanning spectrum d'reCtIy from a laser source for mea
helbing@phys.ethz.ch). suring the CEO frequency with aftto-2f scheme have only
G. S_teinmeyer is _with the Max-Bo!’n-Institut far Nichtli_n.eare' Optik “”dr,eached unsatisfactory control of the CEO frequency, which was
gg:lﬁec;;s);-)ektroskople, D-12489 Berlin, Germany (e-mail: ste|nmey@mbr|hainly caused by poor signal strength [16]. Recentlyf 4®3f
Digital Object Identifier 10.1109/JSTQE.2003.819104 scheme with an improved signal to noise ratio (SNR) and CEO
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phase-locking capability was presented [17]. However, the pub- Intensity
lished SNR is inferior to those routinely achieved with measure-
ment setups employing externally broadened spectra. Therefore,
most experiments employ additional spectral broadening, e.qg.,
in an external microstructure fiber. The continuum generation
process with its strong nonlinearity, however, introduces ad-
ditional CEO noise. It is important to note that the CEO sta-
bilization is achieved for the pulseafter the microstructure
fiber, which means that the pulses directly from the Ti:sapphire
laser will exhibit excess CEO phase noise even with a perfectly
working CEO stabilization. In our experiments, we observed
typical phase drift values of about 1.2 rad/mW oscillator power

fluctuations, as will be discussed in more detail later in this

Fig.2. Equidistant frequency comb of a mode-locked laser for equal group and
paper. Lo o

phase velocities, i.e., the electric field pattern reproduces from pulse to pulse.
Comb lines are are integer multiples ...

Il. CEO FREQUENCY

In the following, we restrict our discussion to the frequencyherek is the wave number andthe vacuum speed of light.
domain technique [7]. In the time domain the passively modErom the fundamental definitions of phase veloaiy= w/k
locked pulse from a Ti:sapphire laser can be described as  and group velocity, = dw/dk one finds that

B(t) = A(t) exp(iwet + ipo(t)) & i _ 1 (dz_yw + n(w>> _ i + d?;ff Y ®

where E(?) s the electric field wave packet is the (an- Combining (4) and (5), we can calculate the phase lag between

gular) carrier frequency which is the center of gravity of thﬁ1e pulse envelope and the carrier by integrating along the beam
mode-locked spectrun(¢) the pulse envelope, ang(t) the arth of one cavity round trip

absolute phase of the pulse (Fig. 1). Inside the cavity the carts

propagates with phase velocity, whereas the envelope prop- L/ 1 L w2 dn(w, z)
agates with the group velocity,. PGPoO = —w/ (v— - v—> dz = / P T
. . . 0 g P 0
Forv, = wv,, both phases evolve equally with time, i.e., ©6)
vo(t) = counst, and the electric field pattern is repeated at the
pulse repetition periold’r It is striking that this group-phase offset (GPO) only arises from

oo the first-order dispersion of the material along the beam path. In
Frrain () = A(t iwot+igo(t))® S(t—mTw). (2 a laser cavity, GPQ con_tnbunops of all mtrapawty component§
train(?) () expliwet+io(t)) Z (t=mTh)- (2) add up. For a typical Ti:sapphire laser cavity the GPO contri-
bution of the crystal alone is on the order of 1000 radians with
Mathematically, the reproducing field is described by the convadditional components from mirror dispersion and the air path.
lution of the pulse with a delta comb function. In the frequenayloreover, geometrical dispersion, i.e., a spectrally dependent
domain this corresponds to the spectrum of path length, may add to the cavity round tidppcpo if ele-
oo ments such as prisms or gratings are used.
5o _ Al . _ From (6) it follows that the group-phase offset phagg-o
Eirain(f) = A(f = fo) Z Of = mfrep)- () changes byApgpo per round-trip timel'y, i.e.,

m=—00

m=—00

The spectrum of the pulse train for which an equidistant fre- ngPO = M,

7
quency comb is formed underneath the single pulse spectrum ot Tr @
A(f — fc) is shown in Fig. 2 forfcro = 0. The comb lines  As group-phase offsets of integer multiple2afdo not change
are spaced by the pulse repetition frequeyicy and are given the electric field pattern of a laser pulse, the quantity of interest
by integer multiples of,.,, which mathematically correspondsis
to the delta comb function in (3). Note that a measurement of a
singlepulse spectrum would result in a continuous pulse spec- Ay = Apgpo mod 27 (8)
trum A(f — f.) without the frequency comb. _ _ _

Generally, # v, because group and phase velocity insig&hich describes thehangeof the carrier-envelope offset phase
the cavity both depend on the material and angular dispersiémin (1) per round trip Even tiny variations of the intracavity
inside the cavity. When a pulse propagates through a disperdiaterial properties can give rise to variationsiaf, due to the

medium with refractive index.(z) and lengthL, its Fourier large value ofApgro. Thepulse-to-pulséluctuations ofA¢g
components experience a phase shift are extremely small as they correspond to changes during one

round-trip time. However, for extended observation times these
L L n(w)w tiny variations may well add up to significant changes (see also

P(w) = — k(w,z)dz = — dz @) ihe di : . T .
0 0 c e discussions concerning the observation time in Section VI).
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Af=0.5m = const. from a continuous wave (cw) laser for which the phase velocity
Al A I\ y ' e determines the axial mode spacing.
VUUV “va VVV The uniformity of the mode-locked frequency comb has
been demonstrated to a relative uncertainty below 10

[18]. Timing jitter in the arrival time of the pulses [19]-[22]
Fig. 3. Electric fieldE(t) of three subsequent pulses from a mOde'IOCkeBroduces a “breathing” of the otherwise fuIIy equidistant
laser, i.e., the time-domain picture of the comb in Fig. 4. Envelap1) is . =
shown as dashed lines. Here, the electric-field patterns of the pulses experiedé@guUency comb. On the other hand, the timing jitter of the

constanpulse-to-pulse phashift A¢, = 0.5 while the value ofy, increases  CEOQ results in a translation of the full frequency comb.
with time.

I1l. M EASUREMENT OFCEO FREQUENCY

Intensity — /. - - . ]
Even though a measurement of the repetition rate is straight-
forward, it is virtually impossible to access the CEO frequency
directly, as the laser spectrum contains no energy close to zero
frequency. One, therefore, has to use an indirect way to measure
N I||||H 1l H|||| Frequency the ;econd comb parameter via heterodyning of two pulse har-
i b i monics.
o P Let us examine a single pulse from the laser pulse train in the
time domain. The electric field of the pulse can be described by
0 (1) whereyy is the absolute phase of the pulse. This absolute
phase must not be confused with the previously defined CEO-
phase, which was introduced as the absolute phase difference
Apcro = ¢olt=Tx — ¥olt=o Of two subsequent pulses.

Fig. 4. Equidistant frequency comb of a mode-locked laser. Comb lines areFOr a fixed phase shift for a single pulse at a fixed position in

spaced by the repetition rafg.,, and exhibit a nonvanishing offset frequencyspace, we can determine the pulse spectrum from (1)
fcro atzero frequency unless the electric field pattern exactly reproduces from - - )
pulse to pulse (compare to Fig. 3). Note the difference to the case of a vanishing E(w) = A(w — w.) exp(ipg)- (13)

CEO frequency as depicted in Fig. 2. . Lo . .
duency P 9 The field of the second-harmonic &f(w) is then written as

LN

We define the (angular) carrier-envelope offset frequency asE™ (w) = ~ / E(W)E(w - w') dw'

A A - -
27 fCEO = WCEO = % = (';GPO mod 27 = yexp(2ipg) /A(w’ —we)A(w — ') dw' (14)
R R .
_(9 mod 2 ©) where the proportionality factoy includes the second-order
=\t ¥ero ) susceptibility and a constant phase shift. Note that the second-

harmonic fieldZ(S® is centered at twice the fundamental car-
arer frequencyw.. The main conclusion is that absolute phases
add up in a sum frequency generation and subtract in difference
+oo frequency generation. The latter has been exploited in optical
Eirain(t) = A(t) exp(iw.t + iwcrot) ® Z 6(t —mTg). rectification [23]. Difference frequency generation within one
m=—o00 frequency comb cancels out the absolute phases of the gener-
(10)  ating pulses, which has also been demonstrated in mid-IR pulse
%?neration [24], [25]. As the optical rectification process can be
understood as difference frequency generation between spec-
tral components from one and the same pulse, absolute phases
~ ~ +oo subtract in optical rectification, which can be employed to syn-
Euain(f) = A(f = fo) - > 6(f = mfrep — foro). (11)  thesize terahertz or mid-IR pulses with a static absolute phase.
m=—oc0 Parametric amplification may also be used to generated pulses

The whole equidistant frequency comb of (3) is shiftedfby, ~ With staticeo [26].

due to the per round-trip carrier-envelope offset phase shift ofLet Us now consider a delayed superposition of both fields,
Ago. Fig. 4 depicts the spectrum of such a pulse train where ie~ ) andE, at a frequency in the area of spectral overlap of
observe an equidistant frequency comb. All frequencies of tHe two harmonics

comb can be calculated from the simple equation I(w) x |ESD (W) + E(w)|?

Taking into account the varying carrier-envelope offset ph
the electric field of the pulse train becomes (see Fig. 3)

Using the Fourier shift theorem we can obtain the expression
the frequency domain

Jm = Mfrep + fcEO- (12) = |exp(ipo) A(w — we)

o . . + 7 exp(iwAt + 2ipg) AP (w — w,)|?
The frequency comb spacing is equidistant and given by the - 2 2| 7 (SH) 2
; ok : = A(w = w)|” + 77 [A T (w — we)|
round trip propagation time of the pulse envelope (i.e., by the . + (SH) )
group velocity and not the phase velocity). This means that the + 29|A(w — we) AV (w — we )|
axial modes of a modelocked laser are not the same as the ones x cos(wAt + @o + 7/2). (15)
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ig. 5. Practical scheme for determining the CEO frequency of a laser cor i
Scheme is based on (19), i.e., the case of heterodyning the fundamental \
the second harmonic. Graphically, this scheme mirrors the origin &t f;, APD Q
transferring thefcro beat from dc into a region with nonvanishing spectra ]éto

content. Lock In/DSA ¢ f/Ulc- A <} ...........

In the following, we will focus our interpretation on the cosine
term _'n (15)' This term givesrise to a spectral mterfergnc_e p%@. 6. Schematic setup used for tracking and stabilizing the CEO frequency of
tern if the delayAt is chosen a nonzero value. In principleafemtosecond oscillator. AOM: acousto-optic modulator. MSF: micro-structure

detection of this interference signal should allow for the ddber. SHG: 1-cm long LBO crystal. G: grating. APD: avalanche photo diode.
f/U: frequency-to-voltage converter. DSA: Fourier dynamic signal analyzer.

termlna_tlon (?f the absolute pha@@. D|sper_5|ve_ effects, how- Ref: quartz-stabilized rf synthesizer used to provide the reference frequency.
ever, will typically prevent a direct determination of the absastab/Mod: settings used for stabilizing or modulating the CEO frequency,

lute phase using spectral interferometry. Still, this method dgspectively.
lows monitoring shot-to-shot changes @f, as has been de-
scribed in [27] and [28]. Equation (15), therefore, holds the key The above procedure can be extended to the more general
for Sing|e-sh0t measurement of the CEO phase Chmmo case of beating thé/th and theNth harmonics of the comb
in amplified laser systems. spectrum. This yieldéM —N) fcro as the beat signal and re-
Spectral interferometry cannot be directly used with typicAluires the comb spectrum to include a frequency ratit/gfvV.
laser oscillators because of the high repetion rates of oscillatdp$her more economic ways to deal with nonoctave-spanning
Therefore, we need to reconsider (15) and extend it to the muftRectra, such as transfer oscillators and interval bisection, are
pulse case. Let us adjust = 0 and assume a linearly evolvingdescribed in [7]. Another way of generating the necessary
absolute phase(t) = 27 fcgot (10) which corresponds to aspectral width for application of the fundamental-SHG beating
constant shot-to-shot phase differedcecro. In this case, the scheme is to use spectral broadening via self-phase modula-
interference term in (15) gives rise to a beat signal with constdith (SPM). This can be understood fully analogously to the
frequencyfcro. This beat signal is exactly synchronous withPreviously discussed schemesdP) three-wave interaction.
relative phase changes between carrier and envelope of the plils&PM, three input waves of a frequency comb are mixed
propagating through the laser cavity. to yield a new component via four-wave interaction iy @
Note that none of the discussed methods allows determitgnlinearity
tion of the absolute phase. In fact, all methods discussed so fary | 4 r, " ¢~ — fepo + (my 4 may — m3) frep-  (20)

only monitorchangesof the absolute phase with time. Basecﬂt_ tairlv obvi that thi N ¢
on the previous discussion, tifeto-2 f heterodyne scheme can IS Tairly obvious that this process can generate new requency

be understood in a more figurative way if we consider heterg2MPONents while still maintaining the original CEO frequency

dyning of two combs (Fig. 5) [7]. The laser comb consists é}f the comb. Note that the same argumentation holds for the
lines located at individual frequencies case of low-repetition rate sources, which are CEO-tracked by

spectral interferometry [27], [28].

Jm = Mfrep + fero- (16)
Selecting some low-frequency portion of the comb and fre- IV. f-TO-2f CEO HETERODYNING TECHNIQUE
quency doubling it gives rise to the comb The general setup of a CEO tracking scheme is depicted in
2fm = 2fcrO + 2m frep. (17) Fig. 6. In nearly all cases, the laser source is initially broad-

.er]ed employing either microstructured fibers [29] or hollow
If the fundamental comb spectrum covers more than an optica filled i I i
octave it will also contain modes at gas-filled fibers [30]. Subsequently, one generates two different

harmonics from the spectrally broadened beam. For simplicity,

Jom = fcEo + 2 frep. (18) the fundamental and the second harmonic are most frequently

Beating the combs of (17) and (18), therefore, extracts the Ci$@d. The two harmonics are then heterodyned in an interfer-
frequency from the comb spectrum ometer as shown in Figs. 5 and 8. It depends on the application
whether to slightly unbalance the arm lengths in the Michelson

2fm = Jom = fero- (19) interferometer and then detect the entire spectrum [27] or to

Note that this requires an octave-spanning spectrum, ixmatch the arm lengths and detect the interferometer output with
fom/ fm = 2. a single photo detector [7].
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Fig. 7. Typical rf spectrum of the heterodyne signal between fundamental aA
second harmonic. Spectrum contains some spurious contributions from mixin
processes in the detector electronics. CEO frequency and its mirror are clearly

visible at more than 40 dB above noise level at 25 and 62 MHz, respectivelyoptiCS applications as already discussed in the introduction. For
better stabilization it helps to understand the physical origin of

The latter approach is used to measure the CEO frequencyftfise CEO fluctuations [8], [9], which are mainly caused by
a laser oscillator, and it is only useful for laser repetition ratd@riations of intracavity dispersion. In this section, we will in-
in the megahertz range. The former approach of spectral intggstigate how changes of dispersion affect the CEO frequency.
ferometry can track CEO-phase changes from pulse to pulsé\ny change of the linear intracavity dispersion will affect the
but requires detection of single-shot spectra. The spectral intérpcro Via (6) and give rise to a variation of the CEO fre-
ference pattern needs to be static for the exposure time of fency. Changes of the cavity length, e.g., may also affect the
spectrometer array, as otherwise the interference contrast WilfO frequency via its dependence on the repetition rate. How-
vanish. This restricts the use of the former method to repetiti€ier, this effect is typically orders of magnitude weaker than
rates in the kilohertz range and below. contribution from dispersion. It should be noted that the con-

Fig. 7 shows a typical rf spectrum measured by the cw heteftection between dispersion and the CEO frequency gives rise
dyning setup. The CEO beat note and its mirror frequency dfecoupling of laser power noise to CEO fluctuations via non-
clearly visible at 25 and 62 MHz. The measured signal level ligear optical effects. However, one can also employ the very
40 dB above the noise floor in a 100-kHz bandwidth. In our esame coupling to counteract fluctuations of the CEO frequency
periments, we found a signal level of about 30 dB in a 100-kH3d to achieve active control of this laser parameter. A more de-
measurement bandwidth necessary for reliable locking of tfdled discussion is given in our previous publications [8], [9].
carrier-envelope offset frequency. Note that a smaller measure-
ment bandwidth reduces the noise level with respect to the CEO VI. CEO NOISE MEASUREMENTS

beat signal but does not improve the stabilization because they, quantify the strength of CEO fluctuations in a Ti:sapphire
CEO frequency stabilization needs a large bandwidth (see Sgeser, we set up the heterodyne detection scheme described in
tion VI). In some early experiments, we observed that this begétail before. In most of the experiments, we use a Ti:sapphire
frequency may change very rapidly by up to several megahegicillator similar to the setup described in [2]. One variant of
in 1 s. This behavior is already strongly reduced by enclosing the laser uses a sequence of two fused silica prisms in combina-
laser in a box. Excursions of the CEO frequency are further déon with chirped mirrors for dispersion compensation. Alterna-
creased in a prismless laser setup. With these improvements twvely, we use the same laser converted to a prismless scheme,
still without any active stabilization, the CEO frequency stayis which only chirped mirrors are employed for dispersion com-
within a 500-kHz interval for observation times of several mingensation. Both lasers deliver pulses in the 10-20-fs duration
utes. The major contribution to residual fluctuations are sloregime with a few 100 mW of output power. For the calculation
drifts of environmental parameters like air pressure, crystal tewf-amplitude-to-phase coupling effects the peak intensity inside
perature, etc. (Fig. 8). the 2.3-mm-long Ti:sapphire gain crystal is the decisive param-
eter. This value was calculated from the spatial and temporal
pulse parameters as 4%30'! W/cn? for the laser with prisms
and 102 W/cn? for the prismless laser. Except for the mirrors
As will become clear in the fOIIOWing eXperimental SeCtion%Sed in the laser, the pump geometry and the mechanical setup
the CEO frequency is an extremely sensitive parameter, whighve been left widely unchanged to allow for a comparison of
will strongly respond to the slightest environmental changes gfe two lasers.
the laser cavity. The CEO frequency can display excessive flucAVe electronically convert the CEO frequency into a voltage,
tuations in unstabilized femtosecond oscillators. Control of tlgnploying a phase-locked loop. This voltage is then spectrally
CEO phase with arigid lock to an rf reference is, therefore, vegnalyzed by a dynamic signal analyzer (HP3562A). Multiplying
important not only in frequency metrology but also for nonlineahe measured voltage noise by the conversion factor of the

(é. 8. Typical passive stability of the CEO frequency.

V. PHYSICAL ORIGIN OF CEO FREQUENCY FLUCTUATIONS
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Fig. 9. CEO frequency noise density versus Fourier frequency of different

femtosecond lasers. Top trace depicts the noise of an unstabilized oscillator

with intracavity prisms for dispersion compensation. Bottom and the middfdg. 10. Root mean square phase noise for the three cases shown in Fig. 9. Top

trace shows the noise of a laser with mirror-only dispersion compensatidfce (unstabilized laser with prisms) and middle trace (unstabilized prismless

with and without stabilization, respectively. All traces were determined with laser) have been directly integrated from the measurements in Fig. 9 according to

frequency-to-voltage converter. (23). Bottom trace for the prismless stabilized laser is independently measured
using homodyne detection employing an rf lockin.

frequency-to-voltage converter yields the single-sideband filecom measurements ef one can derive an estimation of the
quency noise density;ceo(f) in units Hz/v/Hz versus offset phase fluctuations for any given measurement pefigd
frequencyf. Fig. 9 shows measurements of the CEO frequency
noise of the free-running laser with intracavity prisms and the
prismless laser with and without stabilization. All measure-
ments are composed of several sweeps with different spectral
resolutions and are combined in a logarithmic plot, coverinthe quantityd,.. (7meas) Can also be obtained by analyzing
the range from 1 Hz to 100 kHz. The noise spectra typicalthe fluctuations in the frequency domain, i.e., measuring the
show some discrete components at line frequency harmonagaounto,, ., (f) which characerizes how mughy(¢) fluctu-

and a broad background reaching up to several kilohertz offges at a given Fourier frequengyluring the observation period
frequency. The laser with intracavity prisms shows by far tHE, ...
worst noise behavior with a pronounced maximum centered at -
about 500 Hz. The prismless laser shows a more than ten times 85050 (Limens) = ¢2/ 2 (f)df (23)

599(:1;0 (TmeaS) = (22)

improved passive stability. An explanation of this dramatic Teceo
reduction is given by additional contributions from beam .

pointing variations, which can translate into CEO phase noi
if intracavity geometrical dispersion compensation eleme

low

th flow = l/ﬂneas being the lowest an(fhigh = frep =
Tr the highest possible Fourier frequency during the obser-
are present [8], [9]. As prism or grating sequences empl?f tion timeTx. The phase noise density can be computed from

wavelength-dependent beam deflection to generate a negatieMeasured frequency noise density as
dispersipn, be.:am.pointi_ng v_ariations vv_iII cou.ple int(_) changgs _ogceo(f)
of the dispersion, including first-order dispersion. This effect is Tpero (f) = ¥

avoided in prismless cavities, which only use chirped mirrors tor the i d oh ise d ined f . b
for dispersion compensation. Data for the integrated phase noise determined from Fig. 9 by

A further reduction of the noise can be achieved with acti\}ésmg (23) is shown in Fig. 10. The integration is always carried

stabilization, which is shown for comparison and will be disrom a variable lower bounh., to an upper boungk,.,. The

cussed below upper boundfign is determined by the detection bandwidth and

Let us assume that the CEO frequency has been monitoredar. be as high as the pulse repetition frequefigy. The lower
. ) - — bound fi.. is determined by the measurement duration or in-
atime periodleas, resulting in a valugcro = (9o(Tmeas) —

26(0))/(27 Tene). If We compare theV = Tinens/ T Mea- tegration time as discussed above. The longer the measurement

surements of the instantaneous CEO phage) with a linearly takes, the lowerf, is. Given the rapid noise rolloff toward

evolving phaseo (0) + 27 forot, jitter of the laser may lead to high frequenmes,_thg_bandmdth of_our analyzer does no_t_ ap-
an instantaneous phase deviation pear to obscure significant contributions to the rms phase jitter.

The data in Fig. 10 renders a graphical display for the severity

(24)

_ a-! 1Conversion from frequency noise densities to phase noise densities con-
e(t = qTr) = 27 fcrot — Z Apcro(ITR)- (21) tained an erroneous factdw in [9, eq. (6)]. This factor is now removed. Ex-
=0 perimental data in Fig. 10 is now scaled accordingly.
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of the CEO phase noise issues. In the unstabilized lasers, the 8
CEO phase noise exhibits a divergence toward zero frequency, < |
roughly following al/f dependence. 2« cumulated phase
noise is already reached at observation times below 1 ms. If the
linear trend of the phase versus time is known from a CEO fre-
guency measurement, the jitter in an unstabilized laser will to- « ]
tally wash out the CEO phase within a fraction of 1 ms. Any
experiment that will require a constant or controlled CEO phase
for longer than 1 ms will require an active stabilization of this
guantity.

We can also conclude from Fig. 10 that CEO phase fluc-
tuations have rather high-frequency components compared to
timing jitter of the pulse repetition period [19]-[22]. Typically

measurement

/

Hz m2/W

Coupling coeff. (10

solid-state lasers only exhibit significant timing jitter of thear- © {1 [theoretical estimate} - = - =~ - == - = - - -
rival time of the pulses below 1 kHz [20], [31]. Therefore, we 0- ——
will require a minimum control bandwidth of several kilohertz 10" 102 10° 10*

to establish an active servo lock to stabilize the timing jitter
of the CEO phase. This clearly favors acousto-optic or electro-

optic mechanisms for setting the CEO frequency. Fig. 11. Transfer function from intracavity intensity modulation to CEO
frequency change for the range from 10 Hz to 50 kHz. Modulation is induced
by an acousto-optic modulator between pump laser and a Ti:sapphire oscillator.
Pump laser modulation is converted to units of the peak intensity change
VIl. CONTROLLING THE CEO FREQUENCY OF A inside the laser crystal. CEO frequency was monitored employing the scheme
FEMTOSECONDLASER described in Section IV.

Modulation frequency (Hz)

The question arises as to what mechanisms can be used |

counteract fluctuations of the CEO frequency. Such a meansvgtp)appear. Itis well known [34] that a temperature change af-

control is the prerequisite for any type of active stabilizatiorﬁefCtS the group mdex and the phase index of a material in a
Wfferent way. This causes a thermally dependent group-phase

The problem in CEO stabilization is less a problem of finding a X
effect to control the CEO frequency, but more one of selective%}nfset and affects the measufed CEO fr_equency a_lccord_lng 0 (9).
Normally, the Kerr effect is treated in a nondispersive way

and rapidly changing only this laser pulse parameter. ) ) o .
Tilting of the end mirror of the prism arm of the laser was dé—35]’ which totally suffices to describe |soIate_d effects of e|thgr .
envelope or the phase. Nevertheless, it has to be antici-

scribed as one of the first methods to adjust the CEOfrequer% led that intensitv-induced " i ture-induced
[32]. This method has the advantage of minimum impact ed that intensily-induced as well as temperature-induce
ctronic group and phase changes are not identical. This

other laser pulse parameters, but it is limited by the inertia 6 o . )
the mirror. Mirror tilting is actually an example for group-phasg:(;an? tﬁ:;éhsﬁigt” Ef:n:t tilzo fghf'tss g.';cmfsnig'gebp:cr;dmeg;
offset contributions from geometrical dispersion [33]. UnfortudOUP-P ' * Previous discussi :

lear that we have to deal with the difference between group

nately, this method cannot be used in a prismless laser setup. . : .
The CEO frequency can also be changed by an adjustmanfi phase delays or the linear dispersion of the Kerr effect.
.q’ﬂe dependence of the nonlinear refractive index versus

.Of the laser pump power as was first pr_oposed in [13]. On%\'/avelength has been subject of both experimental [36] and
inally, the change of CEO frequency with pump power w %eoretical investigations [37]

explained by a common-mode shift of the laser spectrum. To- ;

. . o . . Based on the theoretical model for the spectral dependence
gether with the intracavity dispersion, this type of laser dy- : ! . N
namics would give also rise to a changing CEO-phase. Nevé (w) in [37], one can define a nonlinear contribution to the
theless, such a spectral shift is not observed in all mode-lockegl)O as
lasers. A similar effect also arises from group-phase contribu-

tions from the Kerr-effect. Here, the varying peak power of the

intracavity pulses affects the dispersive properties of the g‘Wﬁere[ is the intensity in the Kerr medium. This contribution

medium (81, [3] L has to be put in relation with the SPM-induced phase shift
Fig. 11 shows a transfer function, i.e., the measured change

of CEO frequency induced by an acousto-optic amplitude mod- Apspy = L_anI - A(p(ﬂl) _ " (26)
ulator, which is located between pump laser and the Ti:sapphire ¢ PO w dny/dw

laser. The transfer function displays a reduction of the couplif@r sapphire at 800-nm center wavelength, one calculates
coefficient from about 10" Hz m?/W to 10~% Hz m?/W. We w dns/dw = 8 x 10~17 cm?/W. This means that the contribu-
attribute coupling of the intracavity peak power and CEO phatien of the Kerr nonlinearity to the group-phase offset is about
mainly to intensity-induced changes of the refractive index. Aitze times smaller than SPM assuming = 3.6 x 10~ cm?/W

low frequencies, contributions from a thermally induced indg85], [37]. Plugging in numbers for the experimental conditions
change may be present, which disappear at higher modulatainFig. 11, one further estimate$fcro/dl = 4 x 107°
frequencies. In the latter case, only contributions from the elddz per W/cn?. This agrees well with the measured value
tronic contribution to the refractive index, i.e., the Kerr effect] fceo/dI ~ 10~ Hz cn?/W in Fig. 11.

(nl) Lw? _dng(w)

Avaro = =14, (25)
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VIIl. CEO PHASE Lock [Pump |— AOM | Ti:Sa |
The schematic setup of the servo loop in our experiments is VSE]
depicted in Fig. 6. The measured CEO beat signal is first elec- L |
tronically cleaned by suitable band-pass filters and then am-
plified. The processed signal is mixed with a reference oscil-

lator using a double-balanced mixer (MiniCircuits ZP3). The
loop is closed by feeding the intermediate-frequency signal into
the input of the acousto-optic pump power modulator. It is im-
portant to adjust the overall loop gain for a sufficient phase
margin. This suppresses the parasitic oscillation of the stabiliza-
tion scheme.

In the case of active stabilization of the CEO frequency, a di-

rect measurement of the phase noise density with an rf lock-in phase phase
is generally far superior to the frequency-to-voltage conversion retrieval retrieval
scheme described before. As a phase reference is available, a ho- | ~ |
modyne measurement provides much more reliable information -

at low offset frequencies. These homodyne noise measurements A¢

can be easily extended into the megahertz range. We directly FFT

measured the phase noise jittercgo with a Stanford SR844

rf lock-in (phase sample frequency 20 kHz). This data is also

shown in Fig. 10 and C.an be eaSIIy compared with th.e meas%f%-. 12. Setup schematic. AOM: acousto optic modulator, Ti:Sa: Ti:Sa
ments of the free-running laser. Our measurements indicate tfiiator, MSF: microstructure fiber, SHG: second harmonic generation,
the measured CEO phase of the stabilized oscillator is alwdys-2f: interferometer measuring the CEO frequency, RF Osc: RF synthesizer.
kept within an rms range of 25 mrad relative to the reference os-

cillator, up to integration times of one minute. Translating th'&scillator was constant. Thus, strictly speaking, only the pulses

phase jitter back to a timing jitter, one finds thataZS'mradjitt%rxiting the microstructure fiber are CEO stabilized, but not

;:orresponds to a relative timing jitter between carrier and envg, <o e ntering the fiber, which exhibit an additional CEO phase
ope noise contribution.

For a measurement of the strength of contributions from
amplitude-to-phase conversion in the fiber, we track the
phase difference between two differently implemented CEO
of less than 10 attoseconds. It has to be emphasized that sutieguency measurement schemes (see Fig. 12). One of these
rigid lock can only be achieved with a double-balanced mixegchemes generates the second harmonic from the light that
but not by phase locks with extended phase locking range,Riopagated through the fiber, the other scheme generates the
have been used by other groups [16]. The tradeoff is that th@cond harmonic directly from the oscillator output. The latter
more rigid lock also requires a higher passive stability of tigecond harmonic, therefore, has not experienced any ampli-
laser. tude-to-phase coupling artifacts in the microstructure fiber.

While a residual jitter of 10 attoseconds is clearly the loweBoth second harmonics are heterodyned with corresponding
value reported in literature for extended observation times, oftgiddamental portions of the fiber continuum, as described in
has to be well aware of the limitations of the measuremefgction Ill. To ensure full independence of both measurement
scheme employed. First, it has to be noted that in the abd&®iups and for maximum signal-to-noise ratio, we used different
measurements, the noise diagnostics and the stabilizatiavelengths for the two independent heterodyning schemes.
circuitry were completely separated to allow for an independéiftthe following, the scheme that employs SHG from the laser
check of the quality of the stabilization. However, the opticaiscillator will be referred to as the “blue” scheme, the other
part of the measurement setup was not duplicated in the¥te the “green” scheme.
experiments. In particular, air turbulence in the Michelson In the experiments, a 4-cm piece of a microstructure fiber
interferometer may cause spurious drift components to theanufactured by Crystal Fibers is employed for continuum gen-
measured signal. We expect this not to be a severe effemtation. The CEO frequency of the free-running oscillator is
and it can be easily avoided by switching to a common patioarsely adjusted to 30 MHz by tilting an Brewster-angled in-
interferometer as used in single shot CEO measurements. tracavity glass plate, which is also used for fine tuning of in-

Another spurious contribution arises because of amptiracavity dispersion. Both RF CEO frequencies, green and blue,
tude-to-phase coupling effects inside the microstucture fibare mixed with the same 29.8-MHz local oscillator using double
(MSF). These effects originate from the strong nonlinearityalanced mixers (MiniCircuits ZP3) and low-pass filtered, re-
of the continuum generation process. Even tiny variations sfilting in downshifted frequencies at about 200 kHz. Due to
the pulses entering the MSF can cause major changes of e symmetric mixing scheme employing the same local oscil-
spectral phase of the supercontinuum [38] and thus alter th&or, phase differences between the “green” and “blue” CEO
measured CEO signal even though the CEO frequency of finequencies are conserved in the downshifted IF signals. Both

)
Stopo = 9PCEO (27)

(&
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Fig. 13. Spectra of the phase differente between the two measured CEO frequencies and the laser power.

signals are then simultaneously digitized with a 12-bit resol
tion at a 6.7 MSa/s sampling rate. Finally, the phases of bcg
200-kHz IF signals are retrieved by a Fourier filtering techniqL‘z
[39]. Fig. 13 shows a typical example of such a measurement
the free-running laser. The two different detection schemes a§
cumulate a phase difference of a few radians in an observatg -
time of 2.5 s. 5
Itis important to note that this phase drift is a relatively wea@ -
. . @
effect, compared to the phase fluctuations of the free-runnig ; I
oscillator itself, which easily accumulates 1000 times moQ - il Lk e i i
phase jitter in the same time interval. Nevertheless, the dio | '
effect in the detection is significant compared to the residu -1o0 |
jitters observed in the stabilization experiments. Generally, 0.0 0.5 1.0 15 2.0 255
phase difference between two independent CEO measuren..... time (s)
schemes could also stem from a slight relative phase drift _
A¢ of the two separate interferometers. To isolate nonline%?lje%"'c'Eg"}’roe traces of the phase difference’ between the "green” and
. . . . . .. quency without pump power modulation. Phase drifts exhibits
drift contributions from fiber nonlinearities, we modulate thg sjow drift which is very dependent on the environmental circumstances but
oscillator power at a perturbative level of less than 0.1%. Tlve the order of 1 rad/s. Additional oscillation with an amplitude of about 1 rad
Ad signal then shows oscillations at the modulation frequen i épresent due to amplitude-to-ph_ase coupling from pronounced low-frequency
. . o er power noise (compare to Fig. 13).
which is a clear proof of peak power-dependent contributions
from nonlinear amplitude-to-phase-coupling processes to the
measured CEO frequency signals. Fig. 13 shows spectrafwther encourages use of sources that generate the necessary
A¢ and the laser power. Apart from the sharp needle at thendwidth directly, which, however, exhibit other drawbacks:
modulation frequency of 1.8 kHz, the noise floor of botk f-to-2f scheme demonstrated in [16] performed poorly in
spectra exhibits a strong similarity. This similarity furtheterms of phase jitter. The technically more demandifigo-3 f
supports the importance of amplitude-to-phase conversionsgheme used in [17] exhibited an improved phase stabilization,
the microstructure fiber. Evaluating a series of measuremeriigf the low pulse energy due to the 1-GHz repetition rate of
we compute coupling coefficientd\¢ per oscillator peak the used oscillator is disadvantageous for experiments in the ex-
power change ranging from 1 to 1.6 rad/mW with an averagi@me nonlinear optics regime.
value of 1.17 rad/mW. The rms power noise of the noise floor If the laser output is used directly, but a continuum generation
of spectrum depicted in Fig. 13 (without the peak at 1.8 kH# used in the CEO-detection scheme, the resulting error budget
is evaluated as 0.17 mW (6 Hz-5 kHz). With the couplinn our experiments ien the ordeiof 1 rad/s (compare to Fig. 14)
constant of 1.17 rad/mW, even such a small jitter alreadvith its exact value being strongly dependent on various envi-
translates to 0.2-rad rms phase noise between the two CE@mental and laser parameters during the measurement. This
measurement paths, introduced solely by amplitude-to-phasdue would limit metrological applications to 18 precision
conversion of intrinsic laser noise. if the frequency measurement is not done by beating the fiber
As a consequence, one should always try to use the continucomtinuum with the frequency to be measured. Experiments in
directly for an experiment to avoid phase jitter in the fiber itextreme nonlinear optics would be restricted to integration times
self, be it in metrology or in extreme nonlinear optics. Thisf about 1 s. Even though the CEO stabilization of oscillators

.}iw{tﬂwilh'i

W!M

e




HELBING et al. CARRIER-ENVELOPE OFFSET PHASE-LOCKING WITH ATTOSECOND TIMING JITTER 1039

was reported to reduce power noise above Fourier frequencies employing oscillator pulses for absolute phase dependent
of a few kilohertz [8], [40], the large residual power noise at low nonlinear experiments or precision metrology.

Fourier frequenCieS will render the CEO phase of the OSCi”atorBased on our ana|ysi5, we achieved a phase lock of the CEO
pulses fluctuating, regardless of the quality of the CEO stallfequency to an external rf reference oscillator. The residual
lization after the microstructure fiber. phase jitter between laser and reference was found to be less
In contrast to the measurement scheme demonstrated betggg 20 mrad, for integration times up to 1 min. This small jitter

[41], [42], our scheme did not require a stabilization of the CEghrresponds to a timing jitter between carrier and envelope of
frequency and thus minimized laser perturbations as it does B@broximately 10 attoseconds. The demonstrated control of the
need any servo loop. Moreover, using only one microstructut80 phase with attosecond residual timing jitters is an impor-
fiber avoids measurement errors resulting from differences @t prerequisite for experiments in extreme nonlinear optics and
the coupling into the fibers as well as from their different Propyrecision frequency metrology.

erties. In this sense, this data is an improved analysis of am-
plitude-to-phase coupling effects in continuum generation, the
process that is at the very core of nearly every demonstrated

CEO measurement reported so far. The authors would like to thank R. S. Windeler, Lucent Tech-
nologies, and Ove Poulson, NKT Research, for microstructure
IX. ULTRASHORT PULSES AND FREQUENCYMETROLOGY fibers. They also gratefully acknowledge support by H. R. Telle,

The relative phase between the carrier and the envelope ofat€nger, and B. Lipphardt from the PTB frequency metrology

optical pulse is the key parameter linking the fields of precisidH ©UP-
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