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Gaussian pulses note: do not mistake those for Gaussian beams

a light pulse with a Gaussian envelope E(t) = Ae~at* giwot (a > 0) can be modified by adding a
guadratic phase

E(t) = Ae~®t" giwot+ibt? — po=Tt?piwot \yith 3 single complex parameter T' = a — ib describing
both the envelope and nonlinear phase.

intensity: I = |E|? = A2e~2at”
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Gaussian pulses, 2
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if b = 0 we have Fourier limited pulses; their spectra width results
solely from finite time duration

Shape e(t) K

Gaussian function  exp[—(t/tg)*/2] 0.441
note: other envelope shapes Exponential function exp[—(t/to)/2]  0.140
resul_t Ina s_IlghtIy different Hyperbolic secant 1/ cosh(t/to) 0.315
Fourier fimit Rectangle — 0.892
ot-ov=K ’ . . . 9 2 .

Cardinal sine sin“(t/to)/(t/to)” 0.336

Lorentzian function [1 + (t/to)?]”'  0.142




propagation of a Gaussian pulse in a dispersive system

example: propagation in a medium with a given n(w):
E( O) A —(w—r(f)o)z
w, = —0e 4
~ ~2F .
E(w,2) = E(w, 0)e k)2
if k varies slowly in the range of the pulse spectrum then we can write it as a Taylor series up to the quadratic term:

1
k((,()) == kO + kl((,() - (1)0) +5k2(w - (,()0)2 + tcey, kO - k(wO) kl - ak /dwla)or k2 = de/dwzle

which leads to

E(a) 7) = E(a) 0)e™t i[koz+kiz(w—wg)+kz(w—w()? /2]

back to the time domain:

kzz](w —wo)?+i(w—wo)t dow
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we still have a Gaussian pulse with a new I'’ parameter

1—1+'2k
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we can calculate k; and k:

n(w)w
k = (w)

c
L =k _ o
1~ dw c

— dzk da) dwz
ky =



propagation of a Gaussian pulse in a dispersive system, 2

general rule: for a system which has a given spectral phase f(w):

A —(w-wp)?
— e ar
V2T
Eout(w) = E(w: O)e_iﬁ(w)

Ein(w) =

Again, if § varies slowly in the range of the pulse spectrum then we can write it as a Taylor series up to the quadratic

. : : 11, .
term ... and we end up with a Gaussian pulse described by a new parameter I'’; 7T + i2p,, with

[ﬁz = dzﬂ/dwzlwo]

some examples of optical system with non-
trivial (w):

diffraction grating compressor, optical path is

frequency dependent.
DG,

for a diffraction grating with grove spacing d flat

: . A
sina +sinff = n- mirror



diffraction grating compressor
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u l

: . . . . 1 . 1,
first order diffraction:  sina + siny =4/, = 2712; = siny = anz — sina

phase (definition): B(w) = %L(w)
with L(w) being the optical path: P(w) = AB+ BC = -+ = ﬁ(l + sinysina )
l . I x . ’ . : L ¢ — Qi

P(w+dw) = o5y (1 + siny'sina ) with a new angle y' such that: siny’ = 2x S —sina

i giny — 2RC 4w
for small dw: siny’ = siny —

l .. _; . . ~ _ sinal_cd_w

P(w+ dw) — P(w) = o5’y (1 + siny’'sina ) cosy (1 + sinysina ) = —2n cosy 4 07
ar _ sina lc
dow 7Tdcosy w?

d?P  4msina Ic
dw? = dcosy w3 full calculations in : Tracey, IEEE, J. Quant. Electron. QE-5,454 (1969)
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prismatic compressor . . . ) . .
Negative dispersion using pairs of prisms

R. L. Fork, O. E. Martinez, and J. P. Gordon
AT&T Bell Laboruatories, Holmdel, New Jersey 07733

Received December 12, 1983; accepted February 22, 1984

We show that pairs of prisms can have negative group-velocity dispersion in the absence of any negative material
dispersion. A prism arrangement is described that limits losses to Brewster-surface reflections, aveids transverse
displacement of the temporally dispersed rays, permits continuous adjustment of the dispersion through zero, and

yields a transmitted beam collinear with the incident beam.

general formula (P is optical path):

d°P _ [d*n dB _ (dn)? d26) dP
dA\2  |d\2dn  |d\/ dn?|dB
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/ ! is simplified upon assumption of Brewster
prisms and minimum deviation condition:
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propagation of a Gaussian pulse in a dispersive system (time domain):

a given spectral phase (w) leads to:

1
=—+i2
1—‘out 1—‘i ’82
B, = d*f/dw?
Wy

let’s use the notation: I, = ay — ibg, [yt = a —ib

=+ i =———ti|——+28, | = ——
Fout  Tin & ag? + by” (0L02+b02 ﬂz) a—ib

» Iml,,; = 0 — Fourier limited pulse

» Rel,y =0-6t >

A
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Im(l/rout)“ )
El/rout = 1/Fin + lZﬁZ
Tin = ao — ibg
S /
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a persistent student can finish the calculations:

a = Qo _ 2f2a09+bo(1+26,bg)
(1+2B2b9)%+(2B2a0)?’ (142B2b0)?+(2B2a0)?

one can easily type those into computer code



propagation of a Gaussian pulse in a dispersive medium — some facts:

spectral phase B(w) = kz
the second derivative of the phase f, = k,z

T [\ wp n(®) _’_F/\

U let’s start with a Fourier limited pulse [;,, =ag+i:0, a; >0, by =0

a
a= szao)z < ag, 6t =,/2In2/a = /1 + (2k,za,)?\/2In2/a, > St
- the output pulse is always longer than the input one
b= 2kzza0

- the chirp sign depends on k,
example: for optical glasses in the visible range we have k, > 0 — positive chirp (red comes out first)

U the input pulse has non-zero chirp I, = ag +i:by, ag >0
Qo

a= (1+2k22b0)2+(2k22a0)2
the result depends on the sign of the product k, b,

can be either larger or smaller than a,.

. k,by > 0 gives a < ag and thus &t > 6t
. for k,by < 0 a is first decreasing and then increasing. we search for the minimum which
corresponds to a shortest possible pulse ...
|
ZOpt o Zkz(a02+b02)

for a given value of by we can take a medium such that k,b; < 0 and propagate the pulse in the
medium over the distance z,, to get the shortest pulse possible.



mode-locking in a laser oscillator:

mode-locking:

E,(t) = A,sin(w,t + @)

the electrical field of the laser beam is:

n=N

E(t) = Z A sin(w,t + ¢,)
n=-N

in a complex notation:

n=N
E(t) — eiwot Z Anei(nSwt+<pn)
n=-N

quite different results for different phase relations:

» random phases

» the same phases, e.g. ¢, =0

W, = wy +néw
n=0+1,+2,..

B B
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mode-locking a numerical simulations:

2r
mode amplitudes
0 200 0
6000
laser intensity for random phases
0

t/tw

200 modes, temporal pictures for a full round-trip time

‘random phases-

200

laser intensity for all phases equal zero

t/tw



mode-locking, a simple model with a rectangular spectrum

2N + 1 modes with the same amplitudes A, the same (zero=
phases

n=N

E(t) :Aeiwot 2 ei(n&ut)

n=-—N

\ J
Y

geometrical series

|22+ 1) 50
sin (6wt/2)
Aw = 2Néw
intensity: N v
Y >
sin? [<2N2+ 1 + 1) Sa)t] 6w =2m/yp
1(t) = A? Wy = Wy + néw

sin? (3t/, ) n=04+1,+2 ..N



mode-locking, a simple model, 2 |
L Aw
sin? [<2N2+ 1) Swt] I -
1(t) = A? = : v
: owt >
Sln2 ( /2)
properties: _ _
Q10 =I(n-Z), n=123.. | wp = Wo + oW bw =21y
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|
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intensity — 10 modes each with amplitude 1 intensity — 100 modes each with amplitude 1
100 104}
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mode-locking; what is inside the cavity R, =1 R,

j_w‘} """""

we assume a cavity with no dispersion and perfect mode-locking ‘ L

w, = Wy +néw, n=+1,+2,..+ N
and k, = ko + n%

a ,closed” resonator forms a standing wave for each mode
N R Aw
E(z,t) =A Z sin(k,z)sin(w,t) hl
N n=-—N V=
T
=A Z sin [(ko + nz) Z] sin[(wy + ndw)t] .
n=——N w, = Wy + néw dw = 2m /2L
some calculations using trigonometric formulas ..... n=0,+1,..+ N
lead to
_1 _ sin(N+1)x _ sin(N+1)y . __ n(z—ct) __ m(z+ct)
E(z,t) = 2A [cos(a)ot koz) o, cos(wot + kyz) —, | with x = - andy = -
\ Y J | Y J
pulse propagating in pulse propagating in
the +z direction the +z direction

we have short pulse bouncing between the resonator mirrors



mode-locking; the role of intracavity dispersion

for a laser cavity with dispersion the simple relation w; =i i

does not hold. An example; for a cavity filled with a medium

. . . . . C
with a given dispersion n(w) we have w; =i Il In the

case of a smooth dispersion relation we can expand the last
formula into the Taylor series around wy:

a)n:an+[?n2+gn3+---,

and calculate electric field amplitude

n=+1,+2,..&+ N

E(t) = et@ot Yn=N_ A el@nt and intensity of the laser beam

numerical simulations for a Gaussian spectrum: 2N + 1 =500, a =1, =5 X 1077,y =0

104 —0.02 0.0 0.02 { 12.54 12.56

initial pulse

the pulse after 4 round-trips

Aw
4,» \t

| W [ I~ v
‘ »

ow

Wi

12.60 25.10 25.12 2514 25.16

t/Tw

the pulse after 8round-trips

dispersion kills mode-locking!



mode-locking mechanisms

active mode-locking (usually acousto-optic modulator with a
standing acoustic wave) driven by an electrical signal with a proper

R,

frequency.

N B B 0000 [ e

1 -
5 5 loss
& 3 modulator
s 5 L

t

A 4

\4
A

Ty -round-trip time; 7, = L/v, with v, being an effective (averaged over the resonator) group velocity

time-dependent losses in the resonator force pulse regime — a pulse transmitted through the modulator
when its transmission is maximum experiences minimum loss

the method can be applied to ps lasers only, 1ps = 107125



mode-locking mechanisms, 2

passive mode-locking, intracavity saturable absorption

saturable absorber, problems:
*  relaxation speed

*  absorber thickness saturable
ssolution: SESAM (Semiconductor Saturable Absorber Mirror) loss
SESAM'’s structure
carrier dynamics in semiconductors
30-40 Pairs
I 1
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SESAM - properties

refractive index
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D.J. H. C. Maas et al., OE16, 7571-7579 (2008)



SESAM in Ti3*:Al,O, laser

8

6_

—— experiment
---- ideal sech 6.5 fs

Interferometric Autocorrelation

Fig. 1.

Interferometric autocorrelation of a self-starting
KLM pulse compared with an ideal 6.5-fs pulse at 750 nm.
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Self-starting 6.5-fs pulses from a Ti:sapphire laser

Jung, F. X. Kirtner, N. Matuschek, D. H. Sutter, F. Morier-Genoud, G. Zhang, and U. Keller

Ultrafast Laser Physics, Institute of Quantum Electronics, Swiss Federal Institute of Technology,
ETH Honggerberg-HPT, CH-8093 Zurich, Switzerland

V. Scheuer, M. Tilsch, and T. Tschudi

Institute for Applied Physics, TH Darmstadt, D-64289 Germany

double-
chirped
mirror

/

R=10cm

Ti:Sapphire, 2.3mm,

Si
Substrate

broadban
~—— SESAM

LT GaAs, 15-nm
Absorber Layer

0.25% doping
Argon
l R=10cm pump
\\ I R

n v
fused-
silica
PC;-’-_) prism

e

d

T=3%
output
coupler



