Chapter 9

Noise and Frequency Control

So far we only considered the deterministic steady state pulse formation in
ultrashort pulse laser systems due to the most important pulse shaping mech-
anisms prevailing in todays femtosecond lasers. Due to the recent interest
in using modelocked lasers for frequency metrology and high-resolution laser
spectroscopy as well as phase sensitive nonlinear optics the noise and tuning
properties of mode combs emitted by modelocked lasers is of much current
interest. Soliton-perturbation theory is well suited to successfully predict
the noise behavior of many solid-state and fiber laser systems [1] as well as
changes in group- and phase velocity in modelocked lasers due to intracavity
nonlinear effects [5]. We start off by reconsidering the derivation of the mas-
ter equation for describing the pulse shaping effects in a mode-locked laser.
We assume that in steady-state the laser generates at some position z (for
example at the point of the output coupler) inside the laser a sequence of
pulses with the envelope a(T = mT,,t). These envelopes are the solutions
of the corresponding master equation, where the dynamics per roundtrip is
described on a slow time scale T'= mTx. Then the pulse train emitted from
the laser including the carrier is

A(T 1) = f o(T = mTy, ) et (=5 me)| g

m=—00

with repetition rate fr = 1/Tg and center frequency w.. Both are in general
subject to slow drifts due to mirror vibrations, changes in intracavity pulse
energy that might be further converted into phase and group velocity changes.
Note, the center frequency and repetition rate are only defined for times long
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compared to the roundtrip time in the laser. Usually, they only change on
a time scale three orders of magnitude longer than the expectation value of
the repetition rate.

9.1 The Mode Comb

Lets suppose the pulse envelope, repetition rate, and center frequency do not
change any more. Then the corresponding time domain signal is sketched in
Figure 9.1.

IA()]

1foe

Figure 9.1: Pulse train emitted from a noise free mode-locked laser. The
pulses can have chirp. The intensity envelope repeats itself with repetition
rate fr. The electric field is only periodic with the rate fog if it is related to
the repetion rate by a rational number.

The pulse a(T = mT,,t) is the steady state solution of the master equa-
tion describing the laser system, as studied in chapter 6. Let’s assume that
the steady state solution is a purturbed soliton according to equation (6.64).

t—to
T

a(t,T) = (Ao sech( )+ a.(T, t)> e 0Ty (9.2)

with the soliton phase shift

Py = 55140 = 5 (9-3)
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Thus, there is a carrier envelope phase shift A¢. from pulse to pulse given

by
1 1
A = —_— —
¢CE <U9 UP) We

= wJdr (1 - %) — ¢y + mod(2m)

p

2L — ¢y + mod(2m) (9.4)

The Fourier transform of the unperturbed pulse train is

+o0
A(“) = a(w—w,) Z eI (Abcp—(w—we)TrR)m

m=—00

+00 ) A
= a(w—w,) Z /TR (575 —w)

n=—oo

= a(w—w.) f Trd (w - (A;ZCE + an>) (9.5)

n=—oo R

which is shown in Figure 9.2. Each comb line is shifted by the carrier-envelope

offset frequency fop = %%f from the origin

Figure 9.2: Opitcal mode comb of a mode-locked laser output.

To obtain self-consistent equations for the repetition rate, center fre-
quency and the other pulse parameters we employ soliton-perturbation the-
ory. This is justified for the case, where the steady state pulse is close to a
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soliton, i.e. for the fast saturable absorber case, this is the chirp free solution,
occuring when the ratio of gain filtering to dispersion is equal to the ratio
of SAM action to self-phase modulation, see Eq. (6.61). Then the pulse
solution in the m—th roundtrip is a solution of the nonlinear Schrodinger
Equation stabilized by the irreversible dynamics and subject to additional
perturbations
2
TR(%A = jD%A — jO|A]PA
(9.6)

82
g = DA+ DyzzA+ YNAPA+ Lpers

Due to the irreversible processes and the perturbations the solution to (9.6)
is a soliton like pulse with perturbations in amplitude, phase, frequency and
timing plus some continuum

A(t,T) = [(A,+AA, )sech[(t — At)/7] + a.(T,1)]
(9.7)

10T/ TR (3 AP(T)E ,—j00

with pulse energy wy = 2A427.

The perturbations cause fluctuations in amplitude, phase, center fre-
quency and timing of the soliton and generate background radiation, i.e.
continuum

AA(T,t) = Aw(T)fu(t) +A0(T)fo(t) + Ap(T) f,(t) 05)
9.8
+AHT) fe(t) + ac(Tt).

where, we rewrote the amplitude perturbation as an energy perturbation.
The dynamics of the pulse parameters due to the perturbed Nonlinear Schrodinger
Equation (9.6) can be projected out from the perturbation using the adjoint
basis and the orthogonality relation, see Chapter 3.5. Note, that the f; cor-
respond to the first component of the vector in Eqs.(3.22) - (3.25). The dy-
namics of the pulse parameters due to the perturbed Nonlinear Schridinger
Equation (9.6) can be projected out from the perturbation using the adjoint
basis f; corresponding to the first component of the vector in Eqs.(3.44) -
(3.47) and the new orthogonality relation

Re{ :o ﬁ*(t)fj(t)dt} =0 . (9.9)
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We obtain
Opw = —Lawstr /+Oof*(t)L (T,0)dts  (9.10)
o = T Awt g e ) Jelt bpentd '
0 29, Aw 1 teo
AN = e +T—RRe{ /_ ) e(t)Lpert(T,t)dt} (9.11)
I g1 = —2apt 2rel [ PO LTt (912)
8T p - Tp p TR € . P pert ) .
o . 2D 1 oo
8—TAt = T—RAW+T—RR€{ . ft (t)Lpert(T,t)dt} (913)

Note, that the irreversible dynamics does couple back the generated con-
tinuum to the soliton parameters. Here, we assume that this coupling is
small and neglect it in the following, see [1]. Due to gain saturation and the
parabolic filter pulse energy and center frequency fluctuations are damped
with normalized decay constants

1 (294 — 2vA2) (9.14)

w

I 4 g 1

Tp n §Q§T2 T_R

(9.15)

Here, g, is the saturated gain and g, is related to the differential gain by

g = (9.16)
+ P Tgr
dgs
gda = dg + Wy (917)

o

Note, in this model we assumed that the gain instantaneously follows the
intracavity average power or pulse energy, which is not true in general. How-
ever, it is straight forward to include the relaxation of the gain by adding a
dynamical gain model to the perturbation equations. For simplicity we shall
neglect this here. Since the system is autonomous, there is no retiming and
rephasing in the free running system.
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9.2 Noise in Mode-locked Lasers

Within this framework the response of the laser to noise can be easily in-
cluded. The spontaneous emission noise due to the amplifying medium with
saturated gain g, and excess noise factor © leads to additive white noise in
the perturbed master equation (9.6) with Lyex = £(¢,7"), where ¢ is a white
Gaussian noise source with autocorrelation function

(€W, THER,T)) = TaP,0(t —t)o(T —T') (9.18)

where the spontaneous emission noise energy P, - Tr with

2, hew,
P, =0%h,. =0
TR Tp

(9.19)

is added to the pulse within each roundtrip in the laser. 7, is the cavity decay
time or photon lifetime in the cavity. Note, that the noise is approximated
by white noise, i.e. uncorrelated noise on both time scales ¢,7". The noise
between different round-trips is certainly uncorrelated. However, white noise
on the fast time scale ¢, assumes a flat gain, which is an approximation.
By projecting out the equations of motion for the pulse parameters in the
presence of this noise according to (9.8)—(9.13), we obtain the additional
noise sources which are driving the energy, center frequency, timing and
phase fluctuations in the mode-locked laser

%Aw _ —%AerSw(T), (9.20)
%A&(T) _ 2;:?02%89@), (9.21)
%AP(T) — —%AerSp(T), (9.22)

iAt _ ﬂAp+St(T), (9.23)

or Tr
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with
Su(T) = TiRRe{ /_ :o f;;(t)g(T,t)dt}, (9.24)
Sy(T) = TiRRe{ / :O ‘;(t)g(T,t)dt}, (9.25)
S,(T) = TiRRe{ / :o ‘;(t)g(T,t)dt}, (9.26)
S/(T) = TiRRe{ /_ :o ;(t)g(:r,t)dt}. (9.27)
The new reduced noise sources obey the correlation functions
(Sul(T')Su(T)) = 4]205@_?), (9.28)
(So(T)Se(T)) = %(1#{—2) %5@-?), (9.29)
STISD) = 3200 -T), (9:30)
(S{T)S,(T)) = %2%5@—?), (9.31)
(SAT')S,(T)) = 0 forij. (9.32)

The power spectra of amplitude, phase, frequency and timing fluctuations
are defined via the Fourier transforms of the autocorrelation functions

|A1D(Q)|2 = /+OO<AUA)(T + 7AW (T))e ¥ dr, ete. (9.33)
After a short calculation, the power spectra due to amplifier noise are
. 2
‘Aiim = =, /73:1 n 92%, (9.34)
2
IADQ)P = é E <1 + 7{—2) %’ + %%%} . (9.35)
AP T = mg%, (9.36)
s 2
‘Atf(m - % [%21% i (1/Tgl+ ) %?'é;'f ,ﬂ (9.37)
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These equations indicate, that energy and center frequency fluctuations be-
come stationary with mean square fluctuations

<(iw>2> :QPZU:‘” (9.38)

2 P,
Awr)?) = =—2L .
(Bwrp) = 32 (9.39)
whereas the phase and timing undergo a random walk with variances
4 2\ P,
nlT) = (80(r) = 200)P) =5 (1455 ) Tl (0ao)

lp T T
+16%—7§ (exp [—ul -1+ u)
R Wo Tp Tw

olT) = <(At(T) - At(o)) > _ W_Q&m (0.41)

T 3 w,

44|D]* P, T T
(2] 1-2)

)
3THT* w, Tp Tp

The phase noise causes the fundamental finite width of every line of the
mode-locked comb in the optical domain. The timing jitter leads to a fi-
nite linewidth of the detected microwave signal, which is equivalent to the
lasers fundamental fluctuations in repetition rate. In the strict sense, phase
and timing in a free running mode-locked laser (or autonomous oscillator)
are not anymore stationary processes. Nevertheless, since we know these
are Gaussian distributed variables, we can compute the amplitude spectra of
phasors undergoing phase diffusion processes rather easily. The phase differ-
ence ¢ = AJ(T) — AA(0) is a Gaussian distributed variable with variance o
and propability distribution
1

ply) = \/%6"5?, with o = (%) . (9.42)

Therefore, the expectation value of a phasor with phase ¢ is

2

. 1 Too 2
(%) = \/%/ e 22 el?dyp (9.43)

1
= 6720.




9.2. NOISE IN MODE-LOCKED LASERS 317

9.2.1 The Optical Spectrum

t—to
T

a(t,T) = (AO sech( )+ a.(T, t)) ¢ 00Ty (9.44)

In the presence of noise the laser output changes from eq.(9.1) to a random
process. Neglecting the background continuum we obtain:

AT = mTh) = i (Ao + AA(mTr)) sech (t ) At(mT@)@s)

T

m=—0o0

IAGCEm i (wet Ap(mTR))t ,—i AO(mTR)

For simplicity, we will neglect in the following amplitude and carrier fre-
quency fluctuations in Eq.(9.45), because they are bounded and become only
important at large offsets from the comb. However, we keep them in the ex-
pressions for the phase and timing jitter Egs.(9.34) and (9.36). We assume
a stationary process, so that the optical power spectrum can be computed
from

Sw) = lim = (AL(w)Ar(w) (9.46)

 T=2NTr—oo T

with the spectra related to a finite time interval

. Ag
T (2555 )

Ar(w) = [T AW dt = dolw—w) TN e

(9.47)
o1& AT )+ A0(mT )]
where Gg(w) is the Fourier transform of the pulse shape. In this case
. > t it s
ag(w) = Agsech | — | e“"dt = AgnTsech (§w7'> (9.48)
o T
With (9.46) the optical spectrum of the laser is given by
. ~ j LCE ) (m—m!

<e+j[27f(f—fc)(At(mTR)—At(m'TR))—(9(mTR)—9(m'TR))]>
(9.49)
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Note, that the difference between the phases and the timing only depends on
the difference k = m—m’. In the current model phase and timing fluctuations
are uncorrelated. Therefore, for N — oo we obtain

. A
S() = laolw —we) P S T (THRE)r

(3 12m(er—a) (AR Tr) = AT )] (=3(O((m-+R)Tr)=0(mTr) )

(9.50)
The expectation values are exactly of the type calculated in (9.43), which
leads to

|ao(w — we)|? - JTR—L ko—$00(kTr)
Sw) = ST 3 (fePesontmo (951)

o3 [(w=we) )20 (kTR)]

Most often we are interested in the noise very close to the lines at frequency
offsets much smaller than the inverse energy and frequency relaxation times
7, and 7,. This is determined by the long term behavior of the variances,
which grow linearly in |T'|

4
oo(T) = 3 (1 + 124—16— ) \T| = 2Awy|T, (9.52)
1 ) 72/ D\?2 3
O't(T) = g <7T + T—I% (ﬁ) ) w—O|T| = 4Awt|T| (953)
with the rates
2 7T2 P
1(, 72 (DY’ Pn
Awt = 6 <7T + T—% (ﬁ) ) —O (955)
From the Poisson formula
+o0 ) +oo
> hlkle 7 = " G(x + 2nm) (9.56)

k=—o0 n=-—00
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where
“+o00

Gla) = / hkle=7*= d, (9.57)
and Egs.(9.51) to (9.55) we finally arrive at the optical line spectrum of the
mode-locked laser

ao(w —wo)? R 2Aw,
SW) =" n;x) L A (9.58)

which are Lorentzian lines at the mode comb positions

A
Wy, = We+nwpg— @, (9.59)
Tr
A
_ % nlpw, (9.60)
Tr
with a half width at half maximum of

Aw, = Awy + [T(wn — we)?Aw;. (9.61)

Estimating the number of modes M included in the comb by

T
M==E (9.62)

T
we see that the contribution of the timing fluctuations to the linewidth of
the comb lines in the center of the comb is negligible. Thus the linewidth of

the comb in the center is given by 9.54

2 2 ©2g
A = 1 1 Tu ° .
wo = 3 ( + g0 ) N (9.63)
2 2 C)
= 1 v .64
3(+12+6 qﬁ)NOTp (9.64)

where Ny = 72> is the number of photons in the cavity and 7, = Tr/(20) is the
photon lifetime in the cavity. Note that this result for the mode-locked laser
is closely related to the Schawlow-Towns linewidth of a continuous wave laser
which is Afy = 5= N . For a solid-state laser at around 1um wavelength with

a typical intracavity pulse energy of 50 nJ corresponding to Ny = 2.5 - 101!
photons and 100 MHz repetition rate with a 10% output coupler and an
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excess noise figure of © = 2, we obtain Afy™ 5 ]?OTP = 8uH z without the am-
plitude to phase conversion term depending on the nonlinear phase shift ¢,.
These intrinsic linewidths are due to fluctuations happening on a time scale
faster than the round-trip time and, therefore, can not be compensated by
external servo control mechanisms. For sub-10 fs lasers, the spectra fill up
the full gain bandwidth and the KLM is rather strong, so that the ampli-
tude and center frequency relaxation times are on the order of 10-100 cavity
roundtrips. In very short pulse Ti:sapphire lasers nonlinear phase shifts are
on the order of 1 rad per roundtrip. Then most of the fluctuations are due to
amplitude fluctuations converted into phase jitter. This contributions can in-
crease the linewidth by a factor of 100-10000, which may bring the linewidth

to the mHz and Hz level.

9.2.2 The Microwave Spectrum

Not only the optical spectrum is of interest als the spectrum of the photo
detected output of the laser is of intrest. Simple photo detection can convert
the low jitter optical pulse stream into a comb of extremely low phase noise
microwave signals. The photo detector current is proportional to the output
power of the laser. From Eq.(9.45) we find

e
I(t) = n— AT 0] =ns— (9.65)
+oo
Z (wo + Aw(mTR)) % sec h? (t ) At(mTR)) ,
——00 T

where 7 is the quantum efficiency. For simplicity we neglect again the ampli-
tude noise and consider only the consequences due to the timing jitter. Then
we obtain for the Fourier Transform of the photo current

+N

s ew —jw(m m
Ir(w) :nth‘)T ol (w) Y e iwlmTatAtmT) (9.66)
m=—N
2 <1 2 —jwTT
lag|” (w) = asech (x) e dx (9.67)
T

= — 9.68
sinh(Zwr)’ ( )
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and its power spectrum according to Eq.(9.46)

(UGN 0)2 o

SI(W) - T HCL()’2 (w)f Z e_jWkTR <e—jw(At(kTR)—At(0))>’
R
k=—o00
(neNo)Q 9 2 +00 kT, 71{(w7)20t(kTR)]
= o [laol* @) Y e e (9.69)
R
k=—o00

Using the Poisson formula again results in

(neNo)® 2, N2 R okt —jw(AL(KTR)—AH0))
Sitw) = B o (@) 3 ekt iat-aio)
R
k=—o00
+oo
neNo 20wy
= E ’ 9.70
| aol” ( ‘ = (w—nwp)?+ Awi, (9.70)

with the linewidth Awy,, of the n-th harmonic

T

Awr, = (QWnT—R> Awy

_ (%)2 Ay, (9.71)

The fundamental line (n = 1) of the microwave spectrum has a width which
is M?—times smaller than the optical linewidth. For a 10-fs laser with 100
MHz repetition rate, the number of modes M is about a million.

9.2.3 Example: Yb-fiber laser:

Figure 9.3 shows the schematic of a streched pulse modelocked laser operating
close to zero dispersion. Therefore, the contribution of the Gordon-Haus
jitter should be minimized. Infact, it has been shown and discussed that
these types of lasers reach minimum jitter levels [2][3][4].

The timing jitter of the streched pulse laser shown in Figure is computed
in table 9.1.

The theoretical results above are derived with soliton perturbation the-
ory. The stretched pulse modelocked laser in Figure 9.3 is actually far from
being a soliton laser, see [3|[4]. The pulse is breathing considerably during
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output

anomalous
dispersion fiber

Figure 9.3: Schematic of a streched pulse modelocked laser.

Gain Halt=Width Half Maximum

Q, = 2 - 72=070.02um= 38THz

Saturated gain

gs = 1.2

Pulse width

Trwam = 5088, 7 = Tpwun/1.76 = 30fs

Pulse repetition time

Tr = 12ns

Decay time for

1 _4_ g — 41

center freq. fluctuations ™ 3QTTR - 3TR
Intracavity power P =100mW

Intra cavity pulse energy wy = 1.2n], Ny = 0.6 - 1010

/ photon number

Noise power spectral density P, = @357; hw,
Amplifier excess noise factor 0 =10
ASE noise 5—’; = Tiglifo %H z
Dispersion 5000 f 52

Frequency-to-timing conv.

4 4D Ty _ (23310000\2 _ 2
72 A T_Ié, — (?Z 1000 ) =(3.7)

Timing jitter density

N 2
At(Q) _ 1 x72pP,
T) GER (1+

Wo

4 4D 1 )
2 74 (Té/T%+T}%Q2)

Timing jitter [ fiin, fmax] for

Jinin << 1/7,,
fain = 10kHz, D = 5000 f s>

2 72

Table 9.1: Parameters for the streched pulse modelocked laser of Figure 9.3.
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J0deS Ref -20,00dBcHz

-40,00
-E0,00

-E0.00
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-110.0
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N

-140.0

-150.0

160,00

Figure 9.4: Timing jitter measurement of the output from the streched pulse
modelocked laser measured with a HP 5504 signal analyzer.

passage through the cavity up to a factor of 10. Therefore, the theory should
take that into account by assuming an average pulse width when the noise
is added in the cavity. For more details see [3][4]. In reality, these quantum
limited (ASE) and rather small optical and microwave linewidths are diffi-
cult to observe, because they are most often swamped by technical noise such
as fluctuations in pump power, which may case gain fluctuations, or mirror
vibrations, air-density fluctuations or thermal drifts, which directly cause
changes in the lasers repetition rate. Figure 9.4 shows the single-sideband
phase noise spectrum L(f) of the N=32nd harmonic of the fundamental repe-
tition rate, i.e 1.3 GHz, in the photo current spectrum 9.70. The phase of the
N=32nd harmonic of the photocurrent 9.65 is directly related to the timing
jitter by

Ap(T) = 27N frAHT) (9.72)

The single-sideband phase noise is the power spectral density of these phase
fluctuations defined in the same way as the power spectral density of the
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photocurrent itself, i.e.
L(f) =21Sa,(w) (9.73)

The phase fluctuations in a certain frequency intervall can then be easily
evaluated by

f max
A =2 / L(f)df. (0.74)
f min
And the timing jitter is then
A 1 f max
= 2 L . .
' QWNfR /min (f)df (9 75)

For the measurements shown in Figure 9.4 we obtain for the integrated tim-
ing jitter from 10kHz to 20 MHz of 50 fs. This is about 200 times larger than
the limits derived in table 9.1. This discrepancy comes from several effects,
most notable amplitude to phase conversion in the photodetector during pho-
todetection, an effect not yet well understood as well as other noise sources
we might not have modelled, such as noise from the pump laser. However,
these noise sources can be eliminated in principle by careful design and feed-
back loops. Therefore, it is important to understand the dependence of the
group and phase velocity on the intracavity power or pulse energy at least
within the current basic model. Additional linear and nonlinear effects due to
higher order linear dispersion or nonlinearities may cause additional changes
in group and phase velocity, which might also create unusual dependencies
of group and phase velocity on intracavity pulse energy. Here we discuss as
an example the impact of the instantaneous Kerr effect on group and phase
velocity of a soliton like pulse.

9.3 Group- and Phase Velocity of Solitons

The Kerr-effect leads to a change of phase velocity of the pulse, resulting in
the self-phase shift of the soliton, ¢,, per round-trip. A change in group ve-
locity does not appear explicitly in the solution of the NLSE. Self-steepening
which becomes important for ultrashort pulses leads to an additional term in
the NLSE and therefore to an additional term in the master equation (9.6)

59 ,
Lpery = —w—caﬂa(ﬂ t)[Fa(T,1)). (9.76)
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The impact of this term is expected to be small of the order of 1/(w,7) and
therefore only important for few-cycle pulses. However, it turns out that this
term alters the phase and group velocity of the soliton like pulse as much
as the nonlinear phase shift itself. We take his term into account in form of
a perturbation. This perturbation term is odd and real and therefore only
leads to a timing shift, when substituted into Eq.(9.6).

OAt(T) 6’ feo 0 S [t
TR oT » = _(,Q_CAO Re{ . ft (t)a sech ; dt (977)
2
_ 04 % (9.78)

We o We .
This timing shift or group delay per round-trip, together with the nonlin-
ear phase shift leads to a phase change between carrier and envelope per
roundtrip given by

0

1 1
A¢CE = _¢0 + Wo TRa_TAt(T) = —56/1% + 5Ag = 55143 (979)

sel f steep

The compound effect of this phase delay per round-trip in the carrier versus
envelope leads to a carrier-envelope frequency

A
fee = ;ifE fr= ;b—; R- (9.80)

The group delay also changes the optical cavity length of the laser and there-
fore alters the repetition rate according to

—Q(boE R = _mlofCE’ (9.81)

sel f steep - W,

Afr = —[RALT)|

where mg is the mode number of the carrier wave. Eqgs.(9.80) and (9.81)
together determine the shift of the m-th line of the optical comb f,, = for+
mfr due to an intracavity pulse energy modulation and a change in cavity
length by

Afm =Afer+mAfr = fcr (1 - Q—m) aw _ mng. (9.82)

mo Wo Ly

Specifically, Eq. (9.82) predicts, that the mode with number m = mg/2,
i.e. the mode at half the center frequency, does not change its frequency
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as a function of intracavity pulse energy. Of course, one has to remember,
that this model is so far based on self-phase modulation and self-steepening
as the cause of a power dependent carrier-envelope offset frequency. There
may be other mechanisms that cause a power dependent carrier envelope
offset frequency. One such effect is the group delay caused by the laser gain
medium another one is the carrier-envelope change due to a change in carrier
frequency, which gives most likely a very strong additional dependence on
pump power. Nevertheless, the formula 9.82 can be used for the control of
the optical frequency comb of a femtosecond laser by controlling the cavity
length and the intracavity pulse energy, via the pump power.

9.4 Femtosecond Laser Frequency Combs

Nevertheless, the formula (9.82) can be used for the control of the optical
frequency comb of a femtosecond laser by controlling the cavity length and
the intracavity pulse energy, via the pump power. According to Fig. 9.2
every line of the optical comb determined by

fm = feg +mfr. (9.83)

Note, if the femtosecond laser emits a spectrum covering more than one
octave, then one can frequency double part of the comb at low frequencies
and beat it with the corresponding high frequency part of the comb on a
photo detector, see Fig. 9.5 The result is a photodector beat signal that
consists of discrete lines at the beat frequencies

fe=Fkfr=E fcE (9.84)

This method for determining the carrier-envelope offset frequency is called
f-to-2f interferometry.The carrier-envelope offset frequency can be extracted
with filters and synchronized to a local oscillator or to a fraction of the
repetition rate of the laser, for example fr/4.

Figure 9.6 shows the setup of an octave spanning 200 MHz Ti:sapphire
laser where the carrier envelope offset frequency fog is locked to a local
oscillator at 36 MHz using the f-to-2f self-referencing method [6]

The spectral output of this laser is shown in Figure 9.7 The spectral com-
ponents at 1140 are properly delayed in a chirped mirror delay line against
the spectral components at 570 nm. The 1140 nm range is frequency dou-
bled in a 1mm BBO crystal and the frequency doubled light together with
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Figure 9.5: f-to-2f interferometry to determine the carrier-envelope offset
frequency.
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Figure 9.6: Carrier-envelope phase stabilized 200 MHz octave-spanning
Ti:sapphire laser. The femtosecond laser itself is located inside the grey
area. AOM, acousto-optical modulator; S, silver end mirror; OC, output
coupling mirror; PBS, polarizing beam splitter cube; PMT, photomultiplier
tube; PD, digital phase detector; LF, loop filter; VSA, vector signal analyzer.
The carrier-envelope frequency is phase locked to 36 MHz.
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Figure 9.7: Output spectrum of the Ti:sapphire laser on a linear (black curve)
and on a logarithmic scale (grey curve). The wavelengths 570 and 1140 nm
used for self-referencing are indicated by two dashed lines.

the fundamental at 570 nm is projected into the same polarization via a po-
larizing beam splitter. The signal is then filtered through a 10nm wide filter
and detected with a photomultiplier tube (PMT). A typical signal from the
PMT is shown in Figure 9.8.Phase locking is achieved by a phase-locked loop
(PLL) by feeding the error signal from the digital phase detector to an AOM
placed in the pump beam (see Fig. 9.6) which modulates the pump power
and thus changes the carrier-envelope frequency via Eq.(9.82). A bandpass
filter is used to select the carrier-envelope beat signal at 170 MHz. This
signal is amplified, divided by 16 in frequency, and compared with a refer-
ence frequency fLO supplied by a signal generator (Agilent 33250A) using
a digital phase detector. The carrier-envelope beat signal is divided by 16
to enhance the locking range of the PLL. The phase detector acts as a fre-
quency discriminator when the loop is open, the output is thus the difference
frequency between the carrier-envelope frequency and the designated locking
frequency. The output signal is amplified in the loop filter, which in our case
is a proportional and integral controller, and fed back to the AOM, closing
the loop. The output of the phase detector is proportional to the remaining
jitter between the carrier-envelope phase evolution and the local oscillator
reduced by the division ratio 16. The power spectral density (PSD) of the
carrier-envelope phase fluctuations are measured with a vector signal ana-
lyzer (VSA) at the output of the phase detector. After proper rescaling by
the division factor the phase error PSD is shown in Fig. 9.9. The measure-
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Figure 9.8: Radio-frequency power spectrum measured with a 100 kHz reso-
lution bandwidth (RBW). The peak at the carrier-envelope frequency offset
frequency exhibits a signal-to-noise ratio of ~35 dB.

ment was taken in steps with an equal amount of points per decade. The
PSD of the carrier-envelope phase fluctuations can be integrated to obtain
the total phase error. In the range above 1 MHz (see Fig. 9.9), the accu-
racy of this measurement is limited by the noise floor of the vector signal
analyzer. We obtain an integrated carrier-envelope phase jitter of about 0.1
radian over the measured frequency range. The major contribution to the
phase noise comes from low frequency fluctuations <10 kHz. If in addition to
the carrier-envelope frequency also the repetition rate of the laser is locked to
a frequency standard, such as for example a Cesium clock, the femtosecond
laser frequency comb in the optical domain is completely determined with
microwave precision and can be used for optical frequency measurements [6].
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Figure 9.9: Carrier-envelope phase noise power spectral density (left) and
integrated phase jitter (right) resulting in only 45 as accumulated carrier-

envelope timing jitter.
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