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Noise Characterization of Sub-10-fs
Ti:Sapphire Oscillators

Andreas Poppe, Lin Xu, Ferenc Krauszember, IEEE,and Christian Spielmann

Abstract— A complete noise characterization of sub-10-fs  Noise characterization drawing on the theory of von
Ti:sapphire oscillators in terms of pulse energy fluctuations, der Linde [12] has been previously performed on prism-
timing jitter, and the coupling between these two noise gisharsion-controlled self-mode-locked Ti:sapphire lasers

components is presented for the first time. The noise performance . .
of a self-mode-locked mirror-dispersion-controlled (MDC) operating at pulse durations50 fs [14]-{16]. More recently,

oscillator pumped by an Ar—ion laser and, alternatively, a diode- €Nergy noise and timing jitter measurements performed on a
pumped laser (Millennia, Spectra Physics Inc.) is compared. 10-fs MDC Ti:sapphire laser over a limited frequency range

The all-solid-state sub-10-fs system exhibits an excellent noisenave also been reported [17]. Drawing on the theory of Haus
performance far superior to its Ar—ion-pumped counterpart. 5.4 Mecozzi [13], in this paper we present a complete noise

The root-mean-square (rms) pulse-energy fluctuation of the . S
all-solid-state source is as low as 0.19% over the frequency range characterization of a sub-10-fs laser, which includes not only

of 0.06 Hz—1.5 MHz. A coupling between energy noise and timing €Nergy noise and timing jitter, but also the coupling between
jitter has been observed for what is to our knowledge the first these two quantities. Investigations have been performed over

time in a passively mode-locked femtosecond Ti:sapphire laser. g frequency range extending from 0.06 Hz to 1.5 MHz.
Index Terms—Laser noise, laser stability, mode-locked lasers, The noise performance of the MDC Ti:sapphire oscillator

noise measurement, pulsed lasers, timing jitter. investigated has been found to be far superior to those

of femtosecond Ti:sapphire oscillators reported previously

in the literature. Furthermore, it has been found that 1)

replacement of the Ar—ion laser with a diode-pumped pump
HE INVENTION of the self-mode-locked (or Kerr-lenssource (Millennia, Spectra Physics, Inc.) significantly reduces
mode-locked, KLM) Ti:sapphire laser oscillator [1]-[3]both pulse energy noisand timing jitter [17], [18], resulting

has benefited a wide range of application fields of ultrafagt an all-solid-state sub-10-fs source with unprecedented noise

optics. These systems are superior to other ultrashort-pui$aracteristics and 2) timing jitter is strongly coupled to the
oscillators in terms of achievable output power as well as pulgfergy noise in a sub-10-fs Ti:sapphire oscillator.

duration and have now become the major workhorse for ultra-
fast optical studies. Improved broad-band dispersion control
by prisms [4], [5] and chirped mirrors [6]-[10] have allowed
the routine generation of sub-10-fs pulses directly from theseA continuous-wave (CW) mode-locked laser emits a train of
oscillators. Owing to the availability of chirped mirrors capablaltrashort pulses, resulting in an (instantaneous) output power
of providing both high reflectivity and tailored dispersion over
unprecedented bandwidths sub-10-fs pulses with megawatt
peak powers can now be obtained with extremely compact
mirror-dispersion-controlled (MDC) oscillators containing no

intracavity components other than the gain medium [11]. \vherePis the average output powek(T) is the normalized
Fluctuations of the pulse parameters in the continuous traj()|se energy fluctuation7 is a “slow” time variable on

of pulses may adversely affect a number of applications. Pu scale of many cavity round-trip times [13z, A(t) is

energy variations (henceforth, energy noise) generally sey@ normalized dimensionless power envelope of the pulses,

limit to the signal-to-noise ratio (SNR) achievable in pumps,q J(T) accounts for fluctuations in the pulse arrival time,
probe experiments. Random changes in the time mstant&fmmomy referred to as timing jittér.

the arrival of the individual pulses (henceforth timing jitter) o frequency spectrum d?(¢) consists of distinct spikes

becomes a severe limitation if, for instance, different ultrafagt r5rmonics of the pulse repetition frequenty = 1/Tx

sources are employed in time-resolved spectroscopy. surrounded by some pedestal accounting for timing and pulse
Manuscript received October 20, 1997; revised January 30, 1098. This w&RErgY fluctuations. Assuming the harmonic numbeof the
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I. INTRODUCTION

Il. THEORETICAL BACKGROUND
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[19], [20] the power spectrum aP(¢) is given by
— — — — LD - Nd:YVO, [ =] Ar-1
P =PSB )+ 8.0 =0 fw] - @)
where S,, represents the noise spectral density. These noise Ti:sapphire
side bandsS,(f — n - fr) are a function of the frequency M2 M1

offset f = f — n - fr to their “carrier frequency™ - fg and
can be written as [13], [19]

S.(fy=8 21 fr-n)S 2n fr-n)2Ss(f). (3
w(f) = Se(f)+2rfr-n)Ses(f)+2nfr-n)"Ss(f) .( ) Spectrum Analyzer -
Here Sp(f) and S;(f) can be shown to be equivalent

to the power spectral densities 6f7) and J(T) [see (1)], Fig. 1. Schematic of the experimental setup. The MDC Ti:sapphire oscillator
; i can be pumped alternatively by an Ar—ion laser or a frequency-doubled

respe_ctlvely, whereas the ter$iy s (f) accouqts fora poss@le_ diote pumped NA-YVG laser,

coupling between the pulse energy fluctuations and the timing

jitter. By neglecting coupling, this decomposition of the noise .
sidebands into power spectral densities of pulse paramete 0 measure the radio-frequency (RF) power spectrum of the

fluctuations was first derived by von der Linde [12]. Th u -10_-fs MDC Ti:sapphire laser the output beam wa; directed
theory of Haus and Mecozzi [13] resulted in the more comple&% a plcosecond_ photodiode (AR-S3, Antel .Optromcs Inc.)
expression given by (3). WhereaSu(f) and S,(f) are having a bandwidth of 14 GHz. The photodiode signal was
even functions off, Sps(—f) = —Sps(f), consequently fed to a Rohde & Schwarz FSA spectrum analyzer accepting
: ’ . e equency components in the range of 100 kHz—2 GHz with
a coupling between energy fluctuations and timing jitter % minimum resolution bandwidth of 6 Hz and a dynamic

predicted to give rise to asymmetric noise sidebands. . . .
Measuring the noise sidebands at several harmonig; of range of 140 dB. This allowed analyzing the harmonic spectra
allows a unique determination oSy (f) and S,(f) [12] between the first and the 24th harmonic of the 80-MHz
. : ’ i’ Ise train. The low-frequency<(l00 kHz) components of
14]-[22]. Th f th ¥ S e
[L4]-[22] © Integration of these spectra over a glve&e power spectrum were acquired with a HP 35665A digital

frequency rang¢f11lin7 fmax](o < fmin < fmax < fR/Z) y|e|dS A :
the root-mean square (rms) of the respective fluctuations (o&&ec”“m analyzer (130 dB dynamic range). Opumum SNR
was achieved at a photocurrent of 1.7 mA, which was kept

that given frequency range): :
g q y ge) constant in all measurements.

Jhign

7o Pig) = VAE(T)) = \/2/ Sel)df () IV. NOISE MEASUREMENTS

low

and

" A. Spectral Characterization

o1 fiows fuign) = V{(J(T)?) = \/2/ Sy(f) df. (5) Spectral measurements around different harmonics have
low been performed for frequency offsets to the respective carrier

extending from 20 Hz to 1.5 MHz. In order to be able to
keep both the relative resolution nearly constant over this

The Ti:sapphire oscillator (Fig. 1) is pumped either by thiroad-spectral range and the measurement time short, the
488-514-nm lines of an Ar—ion laser (Innova 310, Coherent) noise side band spectra have been obtained from up to 9
by an intracavity frequency-doubled diode-pumped Nd:Y,VOsubsequent scans recorded over increasing frequency spans
laser (Millennia, Spectra Physics). The resonator is form¢800 Hz, 1, 3, 10 kHz, etc.) with correspondingly increasing
by a highly-doped 2.3-mm-long Brewster-angled crystal, fowesolution (6 Hz, 10, 30, 100 Hz, etc.). Normalization of
chirped mirrors M1-M4 (FemtoSource/Pro Mirror Set, Femtadhe measured spectra to the carrier pow®r [see (2)] and
Lasers GmbH) and a 16%-transmitting output coupler. Modke respective resolution bandwidth yields the noise spectral
locking is accomplished by self-focusing in the Ti:sapphirdensity S,.(f). Integrated over a 1-Hz bandwidth it can be
crystal transformed into self amplitude modulation (synthesidepicted on a logarithmic scale in units of dBc/Hz. In what
ing a fast saturable absorber) by an intracavity aperture néaliows, all the noise spectra including the constituents of
the chirped mirror M3. This oscillator can produce pulseS,(f) [as given by (3)] will be presented on a logarithmic
as short as 7.5 fs with average powers up to 900 mW. Fegale in dBc/Hz, the noise sidebands asx1€]S,(f)x 1
more details about these MDC-KLM oscillators and theifz] the energy noise spectrum as Al[Sg(f)x 1 Hz] the
performance the reader is referred to [11]. timing jitter spectrum, 1&lg[(27 fr)%2Ss(f)x 1 Hz], and the

The noise measurements reported below have been pgrectrum of the coupling term a8x1g[(27 fr) Sk (f)x1 Hz].
formed at pulse durations of typically 8 fs and with the Fig. 2 shows the dc-baseband £ 0) noise spectrum and
laser covered to suppress environmental influences. The puting average of the left-hand and right-hand side noise bands of
threshold was found to be at0.5 W and with the absorbedthe Ar-laser-pumped oscillator at harmonics of ordemof
pump power levels of 3 and 5 W the respective output pow2r 10, 20. The averaging eliminates the coupling term from
reached~350 mW and~550 mW for the Nd:YVQ and (3). A comparison of the second-harmonic sideband with the
the Ar—ion laser as pump source, respectively. The resonabaseband noise reveals that timing jitter dominates the noise
length was~1.86 m, which corresponds to a repetition frespectrum already at the second harmonic at frequencies below
quency of fr =80 MHz. 1 kHz. As a consequence of (3), the sideband spectral intensity

Ill. EXPERIMENTAL SETUP
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Fig. 4. 23rd harmonic of the pulse repetition frequency in the power
ectrum of the Ar—ion pumped sub-10-fs Ti:sapphire oscillator, showing

Fig. 2. Noise sidebands of different harmonics of the power spectrum of | é{mmetric noise sidebands.

sub-10-fs Ti:sapphire laser pumped by the Ar—ion laser. For explanation sé€
the first paragraph of Section IV-A.

Fig. 3 also plots the spectrum of the coupling term, which is
-60 evaluated from the noise sideband of the 23rd harmonic shown
J  Energy noise in Fig. 4. The pronounced asymmetry of the noise bands
| at positive and negative frequency offsets provides a clear
| 1: evidence for the occurrence of a significant coupling between
\ timing jitter and pulse energy fluctuations. A comparison of
the noise spectral density introduced by the coupling with
that originating purely from timing jitter (Fig. 3) indicates that
disregard of the spectral asymmetry may severely compromise
LYt & the accuracy of the determination of the timing jitter in a
”/\ 5 sub-10-fs Ti:sapphire oscillator.
Coupling term A closer inspection of the noise spectra shown in Figs. 2 and
k NW’“ 3 provides further support for the coupling. The big spikes at

—
. T -

-80 b \/“\*\';

100 Freoi g

SN

120 L pumplaser

Power spectral density [dBc/Hz]

S around 70 and 110 Hz in the base band noise spectrum (Fig. 2)
Timing jitter show up at the same position in the side bands of higher-order
-140 TS Y S S S YY S T U1 SRS S S S W Y harmonics, in which timing jitter dominates. This implies that

10 100 1k 10k 100k these spikes must also be present in the timing jitter spectrum,
as confirmed by Fig. 3. Because of the relatively low noise
of the pump source in this frequency regime (as compared
Fig. 3. Energy noise, timing jitter, and coupling-term spectrum of th&) SE(f) and SJ(f)) pump fluctuations can not cause these
Ti:sapphire laser and power spectrum of the Ar—ion pump laser. To avoid . ; .
excessive errors in the evaluation, the energy-timing coupling term is shov(\}p'kes '_n SE(f) and SJ(f) through mdependem Channelsg
only over a limited range, where this coupling provides a dominant cosuggesting that a coupling between energy noise and timing
tribution to the noise sidebands. For explanation see the first paragrapi]iﬁbr is responsible for the observed behavior
Section IV-A. . - ST

Fig. 5 shows the energy noise and timing jitter spectra for

. ) ) . the all-solid-state sub-10-fs Ti:sapphire laser. The pump noise
should, therefore, increase quadratically with harmonic ordgr o\ significantly lower, resulting in an energy noise of the

at f < 1 kHz. The corresponding 14-dB and 20-dB increasg.sapphire laser that is no longer limited by pump power
of the 10th and 20th harmonic sidebands with respect to thaf.t,ations at frequencies20 kHz.
of the second harmonic is clearly evident in Fig. 2. A comparison of the noise characteristics of the Ar—ion-
The energy noise and timing jitter spectra determined frog)mped and all-solid-state Ti:sapphire laser is shown in Fig. 6.
these measurements are shown in Fig. 3. For frequencigfereas the energy noise spectrum of the Ar—ion-pumped
J>300 Hz, the energy noise is limited by pump powefysiem is pump-source-limited in the frequency range of
fluctuations. Below 1 kHz both the energy noise and the timing3_100 kHz at a level of —100 dB starting from the same
jiter is by 1-2 orders of magnitude lower than those previousfyye| it rolis off with —10 dB/decade to reach the pump noise
reported for a prism-controlled KLM Ti:sapphire laser [15h¢ ~, 120 dB at around 20 kHz in the all-solid-state system.
pumped similar Ar—ion laset. The two spectr a approximately coincide beyond 0.5 MHz,

31t remains to be verified by a comparative characterization of a prism-
controlled and MDC oscillator under the same experimental conditions, tifis improvement is due to the removal of the prisms from the cavity.

Frequency [Hz]
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Fig. 7. Time evolution of the pulse repetition ratg(T") (thick dashed line)
and its random walk definetifz(T') = fr(To) — fr(T)— Afr(T), where
the drift componentA fr(T') is given by (6) (thin solid line).

Fig. 5. The same as in Fig. 3 for the all-solid-state sub-10-fs laser without

the coupling term.
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where the gain medium starts efficiently filtering pump fluc-
tuations due to thes3-us lifetime of the upper laser level.
The timing jitter spectra roll off for frequencies above 100
Hz with ~ —20 dB/decade. In a laser generating solitonlike
pulses, this behavior has been predicted by Haus and Mecozzi
for frequencies obeying < fr[g/(2,7)%], wherey is the
saturated gaing), is the gain bandwidth, and is the pulse
duration [13]. Since the pulse duration in our oscillator does
not substantially exceed the inverse gain bandwidth, the above
condition is met below 100 kHz, in accordance with the
experimental observation.

Particular care has to be taken when measuring the noise
sidebands of higher harmonics at low frequency offsets, be-
cause the harmonic spectrum may be subject to some drift
and/or random walk in a passively mode-locked laser [13].
This is because a restoring force introduced by a modulator
driven by an external frequency synthesizer in an actively
mode-locked laser is absent in such a system. A change in the
pulse repetition frequencyg during the spectral scan due to
these effects may distort the noise spectral density and falsify
the evaluated timing jitter. In order that this can be avoided,
the evolution of the pulse repetition frequenty(T’) has been
accurately monitored during the measurements (see Fig. 7)
and each scan has been repeated several times for the same
experimental conditions. As revealed by Fig. 7, the repetition
frequency was indeed continuously drifting over an extended
period of time. This monotonic component of the change in
fr was found to follow an exponential evolution as given by

Afr(T) = Fexp(—=T/Ty) (6)

with F' = 1120 Hz and7; = 160 min. The deviations fr(T")

from this deterministic motion is also depicted in Fig. 7.
Owing to the small value< 410 Hz) of this random walk and

the associated long time scale, repeated scans at low frequency
offsets to higher harmonics under unchanged experimental

Fig. 6. Comparison of the energy noise and timing jitter spectra for tl%Ondltlons allowed an accurate and reliable determination of
all-solid-state and Ar—ion-pumped MDC Ti:sapphire laser.

the timing jitter spectrum down to 20 Hz.
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1.015 TABLE |
' . THE rms RuLSE ENERGY FLUCTUATIONS o EVALUATED
1.010 - a FOR DIFFERENT FREQUENCY RANGES
1.005 K Frequency domain measurements
1.000 7 N b Frequency Ar pumped Ti:S | All-solid-state Ti:S
50995 L o Range [Hz] Ar-ion | TiS | Millennia | Ti:S
B ro 20 - 200 0.031 0.086 0.035 0.095
o 09901 e T 200 - 2k | 0.062 | 0063 | 0019 | 0.035
3 0.985 X = 1 : . : . : L 2k - 20k 0.112 0.126 0.019 0.028
= 0 4 8 12 16 20k - 100k 0.169 0.187 0.030 0.035
& 1005 100k - 1.5M - | 0138 - 0.070
= b = -
=) Time domain measurements
-3 0.0625 - 16 - 0.523 - 0.136
[P} _ 5 - _
N 1.000 1 512 0.111 0.076
han 16 - 8.2k - 0.120 - 0.108
g 0.06 Hz - 1.5 MHz - 0.595 - 0.189
S
Zo 0995 1 1 L 1 1 1 L 1 L 1 1
0.0 0.2 0.4 0.6 0.8 1.0 TABLE 1l
1.005 THE rms TIMING JTTER FLUCTUATIONS, ¢, EVALUATED
Cc FOR DIFFERENT FREQUENCY RANGES
o3 [ps]
1.000 - Range [Hz] | Ar pumped Ti:S | All-Solid-State Ti:S
' 20 - 200 6.53 3.08
200 - 2000 <0.66 <0.28
20 - 2000 6.56 3.09
0.995 ] L 1 : t L i 1 1 i 1 ! |

0.00 001 002 003 004 005 006
the corresponding rms quantities according to (4), (5), (7).
Time [s] Tables | and Il show the rms pulse energy noise and the timing

Fig. 8. Normalized (averaged) output power of the all-solid-state sub—loj_gter’ respectively, evalua,ted for different frequency ra”ges- It
source recorded on various time scales. The dashed line in (a) representdSh@oteworthy that obtained from spectral as well as time-

Ar—ion-pumped source. domain investigations compare excellently (in the overlapping
frequency range). The all-solid-state system performs signifi-
B. Energy Noise Measurements in the Time Domain cantly better than its Ar—ion-pumped counterpart in terms of

In contrast with the timing jitter, the low-frequency Com_both energy noise and timing jitter throughout the investigated

ponents of the pulse energy noise can be easily obtaingﬁquency range. Part.icularly striking is the.superiority of the
Measuring the evolution of the average output power, i.& —§olld—state source in terms of energy noise in the subhertz
E(T), directly in the time domain gives access to the lo _ég|me: L .
frequency components of the energy noise spectrum, with aThe improved timing jitter is, however, somewhat surpris-

cutoff limited merely by the measurement tirfig,. In fact Ing. Unless some thermal fluctuations induced in the gain

samplingE(T) atT; = To+kT,/N over a period (;T (k :' medium by pump power fluctuations can be made responsible,

1,---,N) allows to calculatemthe rms energy noisné over tht(lgis may indicate that a substantial component of the timing
) )

. tter originates from energy fluctuations in the sub-10-fs MDC
ow — 1 Trn 1igh — 1/2)N, Trn JI . . . . .
frequency interval of/ [T frign = (1/2)N/Tn] 85 oscillator. This coupling can be understood in terms of a shift

N of the mode-locked spectrum induced by a change in the pulse
1 . . . . _ . .
0 15(fiow, fnigh) = ZE(Tk)Q. (7) energy, which is due to some reS|duaI high (_)rder dispersion
N-1&4+ in the resonator and to the finite-response time of the Kerr
nonlinearity in the gain medium [23]. The nonzero net cavity
Fig. 8(a)—(c) shows the normalized output power E(1) dispersion (i.e., frequency-dependent round-trip time) trans-
of the all-solid-state system recorded over a time interval Rftes this frequency shift into a change in the round-trip time,
T, = 16, 1, and 1/16 s, respectively. Fig. 8(a) also depictfiving rise to a coupling between pulse energy and timing.
the output of the Ar—ion-pumped system (dotted line) for
comparison. This superior noise performance of the all-solid-
state source is evident. Each graph consists of 1024 data points,
which allow to determine the rms energy noise in the frequencyWe have performed a comprehensive noise characterization
range of[ fumin = 1/Tims fumax = 512/T,m] (see Section IV-C). of a mode-locked laser operating in the sub-10-fs regime
for the first time. The pulse energy fluctuations have been
characterized over a frequency range from 0.06 Hz to 1.5 MHz.
Careful characterization of the drift and random walk of the
The noise spectral densities plotted in Fig. 6 and the timpulse repetition rate allowed accurate measurement of the tim-
domain data shown in Fig. 8 can now be used to determiimg jitter spectra down to 20 Hz. A comparison with data previ-

V. CONCLUSION

C. RMS Energy Noise and Timing Jitter
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ously reported on the literature [15] suggests that the noise pRt U. Keller, K. D. Li, M. J. W. Rodwell, and D. M. Bloom, “Noise
formance of compact mirror—dispersion—controlIed Ti:sapphire characterization of femtosecond fiber raman soliton lasdEFE J.

. . . . . . Quantum Electron.vol. 25, pp. 280-287, 1989.
lasers is superior to their prism-dispersion-controlled Préz2; M. J. w. Rodwell, D. M. Bloom, and K. J. Weingarten, “Subpicosecond

decessors. When pumped with a diode-pumped laser this laser timing stabilization,’lEEE J. Quantum Electron.vol. 25, pp.
817-827, 1989.
L. Xu, Ch. Spielmann, A. Poppe, T. Brabec, F. Krausz, and T. W.

all-solid-state source delivers sub-10-fs pulses with rms purlég
energy fluctuations as small as 0.19% over the frequency ra gé
of 0.06 Hz-1.5 MHz.

The authors wish the thank Prof. H. A. Haus for helpfu!
discussions.
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