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Why ultra fast?
Relaxation processes in photoexcited matter:

( ’ Optical phonon scattering H Acoustic phonon scattering ‘
crystalline ;
iemi- { ’ Intervalley scattering ‘
conductors Carrier-carrier ’ Carrier recombination ‘
L scattering
.
Electronic relaxation ‘
molecules < ’ Nuclear relaxation
’ Charge transfer ‘
.
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Definition of The term “ultra fast" currently implies a
"ultra fast": timescale of ~ 10fs - 1ps.

Examples ofultra - cis-trans isomerization of rhodopsin
fast processes: ~ 60 fs (important step in vision)

electron transfer in photosynthetic
reaction centres: ~ 100 fs

carrier thermalization in GaAs: ~ 100 fs

The general idea of ultra fast spectroscopy:
1. Trigger an event with

?
2. Probe the dynamics of a process _/L_’

. <=
with a second pulse Delay &
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Longitudinal modes in a laser cavity:

LASER = gain medium + resonator

(A \
=
N 7
- L >

For a cavity mode to be
sustained we need:

2L = g\

= Frequency spacing of longitudinal modes:

Av = vu41 — Vg
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Homogeneously broadened medium:

All cavity modes compete for the
same gain medium.

After a while, only the mode with
the strongest gain will oscillate.

= Single-mode operation

Inhomogeneously broadened
medium:

Cavity modes compete for
different components of the gain
medium.

All modes for which the gain is

larger than the losses can oscillate.

= Multi-mode operation

g-2 g-1 q q+1 q+2 14
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Single Mode
Take a laser sustaining opo@ ?
two longitudinal modes: %3
2 20t
E; = E coslwgt + ()] "
Ey = E COS[wq+1t + (pq+1(t)] ol () Two Modes
- 40+
Output Intensity is the fa. T Av=e—
square of the sum: = ok
0
I = (BE1+ Ep)” time
_ap2en2 ]| [Wetrl T g Yg41t+ ¥q 2 [(Wet+1 ~— g ¥Pat+1 — ¥q
- st () o (e ()
- ~— J - _J
term varying ‘-‘L optical Envelope varying slowly with Av
frequency ~10% Hz = ¢/2L if the two phases are

locked in time (i.e. non-random)
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Can we make a pulsed laser using this?

8 Modes,
50 (c) Random phases
o 40
Answer: yes | G 30
(If we can lock g2
together the s
phases of many & Modes
modes in time ) Phases=0 at t=0

(d)
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Lock together a Gaussian distribution of modes:
“+o0
E(t) = > Enexp(iwnt)  with wn = wo + nAw

- 2nAw\ >
and E, = Egexp {—(Z w) InQ]

wo
40
E(t) = exp(iwgt) > En exp(inAwt)
— o0

~—

fourier transform of £,

2
= Intensity of _ % 2t
laser output: (I) = (B(t) E(t)) o exp [— (T—> In 2]

P
withpulse . _— 2v2 In2 = bpulses are the shorter, the
duration: T Awg broader the gain medium!
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+«—50 Modes
5 Modes
/”\ /Pm /‘\
_Agnﬂnq_%l‘- — < M —

|-7 Resonator round-trip time 4-|

M. Didomenico, 1. Appl. Phys. Lett. 35, 2870 (1964); L. Hargrove et al., Appl. Phys. Lett 5, 4 (1964)

=> to generate ultra short pulses we need to use particularly
broad gain media to lock together as many modes as possible
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Examples for broad gain media:

Organic dyes:

broad spectra caused by
strong electron - phonon
coupling in n-conjugated
molecules

Ton-doped crytals:

solid-state, allowing high
gains at low noise

SNGLE FREGLENGY
2 e

Ti;Sapphire CriLiSGaF CriForsterite CriYAG

o PL Intensity—

.6 0.8 1.0 1.2 1.4
WAVELENGTH (microns)
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Mode-locking techniques

Idea: make cavity losses larger for continuous (CW)
operation than for pulsed operation

—

Active mode-locking:

introduce cavity losses
modulated at the
frequency Av=c/2L
(using e.g. an acousto-
optic modulator)

AN

Passive mode-locking:

introduce cavity losses
which can be overcome
if a pulse should
propagate (e.g. Kerr-
lens or saturable
absorber)
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The principle of Kerr-lens mode-locking

A lens is a lens

because the phase

delay seen by a

beam varies with x:
In both cases, a

d(x) =nkL(x) quadratic variation

of the phase with
x yields a lens.

What if L is X
constant, but n
varies with x?

o) =nx) kL
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The principle of Kerr-lens mode-locking

Refractive index n for a “Kerr medium"”
depends on light intensity I as:
n(w,I) = no(w) + no(w) I

Kerr Medium

Intense pulse with = g
spatially varying profile | 2‘
will experience a lens ! !

Phase fronts

Ccw mode\‘
S~ place slit in focal plane
~— — )
to introduce losses for

Py CW mode
pulsed mode
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The principle of Kerr-lens mode-locking

~ monitor the output spectrum
\_/ .

d  of the laser as a function of
/

— 7'\| T the slit width o
pulsed mode

7 laser is mode-locked
(pulsed operation)

cw modg l

ﬁ:
¢
£

$

—_ a7
Continuous wave” | |

Intensity (arb. units)

Wavelength
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Passive mode-locking using saturable absorbers

Use one dye as gain

. Pump Beam
medium and another as
saturable absorber. ) &
5 DODCI
81 w D(‘:l';)(l
hv S
» -
SO Saturable Wavelength
Gain dye absorber in nm
Strong excitation may Rh6G 1)01)({1, DDI 575-620
N l h" Th b 1‘ Kiton Red DQOCI GO0-655
bleac € apsorption as DCM DODCI, DTDCI 620-660
almost all molecules trans- Pyridine 1 DTDCI, DDI 670740
fer to the excited state LD 700 DTDCI, D'[?].. IR 140 700-800
Pyridine 2 IR 140, HITC G90-770
= decreased losses for Styryl 9 DDI, IR 140 780-860

pulsed operation
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Example: The Colliding-pulse mode-locked (CPM) dye laser

optical
compressor

pump

620 nm, 50 fs

ArT cW

515nm 25 é‘;
gain saturable
Rh6G absorber

DODCIH

+  Produced the first sub-100fs laser pulses !
Ring cavity: two counter-propagating pulse trains meet in the

saturable absorber

+ Two prism pairs to compensate for dispersion of optical

media inside cavity
Use of dye jets results in noise
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Example: The mode-locked Ti:Sapphire laser (todays "work horse")

Ti3* ions can replace up t0 0.1%
of A3+ ions in Al,O; (Sapphire)
ionic radius of Ti3* 26% larger
than that of Al3*

strong distortion of local A
environment — strong local
fields which split excited state
into sublevels

ground and excited state
strongly coupled to Sapphire
matrix — strong electron-
phonon coupling

absorption

Absorption and emission
spectra of Ti:Sapphire

luminescence

= VERY broad gain medium 400
(=200nm)

600

800

il
1000 nm




_/\ Ultra fast optical spectroscopy

Commercially available mode-locked Ti:Sapphire lasers

Coherent MIRA 900-F: "y e
PUMP LASER /{L}_ _M ar
% ! [/ v | ﬁ.
|

P2
oc
M2 BRF

M3

o T T T T T T T T
— 10 W Verdi purp Qutput Power®3
== EW Verdi pump | o
" //__h\ ....... W Verdi pump _| (Verdi™- Vs pump)
b (Verdi-v8)

/ i by oy Fam
(Verdi-Via)

. (Innova® 310 8W) 3w

et 1. ~ 2 Al ‘

R fx ot 4 Sabre® 14 W 1L.4W
" .

Y Tuning Range+ 700 to g8o nm

<200 fs

o
=)

Output Power (W)
=
*u
Y o
v
.
,
’
1

o
e

o
-]

L L 1 L
00 750 Boo Bgo 900 §50 1000
Wavelength (nm)
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Commercially available mode-locked Ti:Sapphire lasers

Spectra Physics Tsunami:

Fast Output
Photodiode  Brewster

M-’ Ma
Pri W ndow
\ Pr? Pra
Input _ = Baam splmru
Brewst u& %’ “" N’LvJJh ar
Window )f. M T“""‘U
Pump Ti-sapphird Ruu

Resadual Pumg
M1 mz g Beam Dump

Beam
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Measurement of the pulse duration

GHz
H —> I .
.’” Oscilloscope

laser pulse  GaAs
train pin-diode

1.0
~ | i .
3 o8 |\ ' P\ 1 Time resolution of (at
§ ol | l [] | most) ~50ps
£ oa \ | I TI j — not sufficient to
3 Ll / ll \ - measure 100fs pulses |
N 0.0 r—j I\M/v\p_u—«’ \[WV\,U-J 'k"v\,
-02 et - .
0 5 10 15 20 25 30
time (ns)
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Measurement of the pulse duration: Auto-correlation

k,+k,

> .
5 non-linear
crystal
(e.g. BBO) autocorrelation trace:
Crys’ral requirements: ol xis sl .
Optical non-linearity, i. " < /’\
P=¢ (XE+X(2)E2) 0 |
0.4 4 FWHM=

Phase-matching of _ 1 R
fundamental and 2nd 2% . I 4
harmonic (anisotropic 0 /

crystal)

0.0 .

@ 2w L L L .
N (8) ne (0 0.6 -0.4 -02 0.0 02 04 06
Delay (ps)
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Measurement of the pulse duration: Auto-correlation set-up

to Control Electronics |
.

Delay Drive
v Retroreflector Delay
8 A Sensor
E
e
]
Angular o<
Drive E Z
3 B Splitter
eam
PMT Aperiure L
D | | ) ¥ Retroreflector
|
Filter ICWSI&
Focussing
Mirror
Input ~, Control Window
Aperture
Input Beam
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Auto-correlators are commercially widely available and
typically allow measurement of pulse duration and spectrum :

- e F——
[t

[ L ] [ Jo~ [T

i e T Aaead o bt
f—mm frnrm §nm [
P — e airs e e B oo
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Photoluminescence up-conversion (PL UC)

Working principle: "gating” of PL in non-linear crystal using
infense gate pulse

measure
no. of sum-
frequency

photons as
function of
delay &

| = time-

d
“gate pulse”\:JL ............... 2

nonlinear resolved PL

— tal with 20_0fs
time after excitation crysta resolution!
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Photoluminescence up-conversion (PL UC)
Aim: Measurement of PL with Time-resolution of ~200fs

: A

solid

state U Spectro-

pump L meter

CCD

femto

second

Ti:Sapphire ucC

laser | excitation = M2 Time Signal

beam N \. Delay
| <+—>

optical parametric 7
oscillator (OPO)
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Photoluminescence up-conversion (PL UC)

Example: Investigation into Photon Energy (eV)  Exci-

energy transfer in thin films of 2.0 25 3.0/ tation <
semiconducting polymer 5
10 2

; 1 §

' e

D 0.1 ¢

X & 4

Perylene Mono-

imide End caps Polyindenofluorene

n-conjugated backbone
(= 30 repeat units)

hv

PL intensity (arb. u.) Tl PL Intensity (arb. u.)

< s , .
\v 0 10 20 30
Delay (ps)
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Two-colour up-conversion: allowing investigation of resonant processes

Example: Observation of resonant T
Rayleigh scattering from localized 10°} . b ]
excitons in a semiconducting L pineeasng B £
o
polymer (PPV) % 0y B ]
., 0.0
Decoherence time (= 400fs) 8 0F 231 234 237
corresponds well with more recent g 10} -
measurements of the homogeneous g (
linewidth (= 2.5 meV, Miiller et al. LN .
1
PRL 91 267403 (2003)) o} (i \\
o [l
10" \.Nl .'I " : ) /“\"\f"’ ) )
-1 0 1 2 3 4 5
5 hV time(ps)
g FIG. 3. Decay of the resonant emission for excitalion energies
w 2,317, 2,330, 2,344, 2357, 2.368, and 2.385 ¢V, The decay
times resulting from single-exponential fits w the data are shown
«——hv in the inset.
_— >

Density of States Kennedy et a/. PRL 86 4148 (2001)
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Photoluminescence cross-correlation: set-up

Chopper :
. Phase-sensi- [ _o 15 (f)
‘ p f Ref. tive detector
1 2| e > (PSD) Cross-
S A Correlation
> —> Signal ! (fof)
Delay- I
Line :
</'_“'\ :
! Si-
diode Spectro-
Aperture meter

Sample
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Photoluminescence cross-correlation: working principle

S.= PLye(fi.t) + PLye(fa.t)

linear part of signal (coseA+cased) }

5

+ (PLiys— PLy — PLa) x e fi.t) e fa.t)

nom—lincar part of signal

L v
lime

Spec(E,8) = PLya(E,8) = 2PLy(E,d)

= PL X-correlation
signal gives the
influence the presence
of the first pulse has :
on the PL generated by '
the second pulse &T

b the sample |

th begms incident ¢

-
time

CASE A: only one beam, chopped at f1, incident on the sample

e

CASE B: only the other beam, chopped a€ £2 , inchdént on the sample

R

[ pl.,,:l PL+ PL,
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Photoluminescence cross-correlation
Observation of state-filling effects in self-assembled InAs quantum dots

InAs dot layer [l MNa
—
P,

PL Intensity (arb. units)

x8 341

x ]
—
%
(syun -qJe) jeuBis uone|9LI0I-SSOID

1.35 1.40 1.45 150 135 1.40 1.45 1.50
Photon Energy (eV)
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Photoluminescence cross-correlation
Observation of state-filling effects in self-assembled InAs quantum dots

4 A 1=401, N B: I=121], C: Difference
2 -8/'\ Signal
(2] + .
) G ,0 1
7 3 /
85 4
o .
£Eg
VRN
‘;, 2k + o+
0 e o ,0
@ :
o 0y
, , , . \ , 0.1 , .
0 200 400 600 O 200 400 600 O 200 400 600

Delay (ps)

Exciting the barrier now with circularly polarized light will
produce carriers with particular spin orientation
= probe sensitivity of state-filling in dots to spin statistics
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Transient absorption
(or reflection) spectroscopy

chopper
Sample
T
Aa Detector
\ (entire spectrum
}4——{ or single
Delay wavelength)

Change of transmission of the probe beam AT =T

due to the presence of the pump beam: ~ “pumpon "~ Tpump off

D0 g = mm oo

o2l Pump arrives before|probe

E 0.4
E asl-
E=|
Instrument P8C

nent |
resolution ~ ol

058 an 0a 1.0 18 20 25 30 38 4.0

Delay (ps)
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Transient absorption (or reflection) spectroscopy

Example: fransient probe spectra from a thin polyindenofluorene film

01A 2 2
z| 366 pdicm :
8 SE N
51 - H
o . N
20 22 : 26 28 \ ,..'é
Energy (V) A & pl"Obe
absorption of  °© ) stimulates
robe b e ps issi
5 5 YT g V. - 10ps emission b'y
photogenerated .51 ¥  f7 T R e 100 ps | ecombination
charges PA, \— goops | of excitons
(polaron pairs AR N ,
of radical 4 16 18 20 22 24% 28
_anion/cation Energy (eV) absorption of probe
intermolecular by excitons
pairs)

Silva et al. Chem Phys Lett 319 494 (2000)
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Transient grating spectroscopy: Degenerate four-wave mixing

Pump photons with
wavevector k, generate
a coherent polarization
in the sample

Probe photons with k,
arrive after delay &

....‘. k —
L\ DFWM

If § is smaller than the decoherence time of the polarization, a
transient interference grating is produced, of which the probe
may be deflected along the phase matched direction 2k,-k;

= Technique of choice for investigating
coherent evolution of excitations |
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Transient grating (four-wave mixing) spectroscopy

In bulk GaAs light-hole (lh) and 10° [ o
heavy-hole (hh) bands are 5 oo
degenerate at the I point. 5
Confinement (i.e. in a quantum £
well) lifts the degeneracy. 3
= Can observe "quantum beats” =
(interference) between Ih-e gl
and hh-e transitions until the S
system is dephased ! £ 0 L——fthondh exc _ .
-4 -2 Q 2 4 B 8
|2> —g—— } hh-lh Time Deloy (ps)
|’] > 'y Spllttlng AE FIG. 8. Four-wave-mixing line shapes for the 170-A
(typ few quantum-well sample for excitation of the heavy-hole transition
V only (dashed line) and simul excitation of heavy-hole
me ) and light-hole transitions (solid line). Lattice temperature
(T, =5 K) and intensity { ~ 160 kW ecm ) are kept low.

|0> Leo et a/. PRB 44 5726 (1991)
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Time-correlated single photon counting (TCSPC)

start i

Level
Trigger

TDC

|| TAC — ADC |

A

det

TF

Time (ns)

monochromator Sample
_j\(Ultra)fast optical spectroscopy
Time-correlated single photon counting (TCSPC)

. . . . - Photon Energy (eV) Exci-
Typical time-resolution: 50ps, i.e. 3 2.0 25 3_0|tation -
much worse than PLUC, but TCSPC £ 1wem 711003
is significantly more sensitive = |aye 10 £

] |
= Use it to observe slower 5 1 §
processes involving low PL = PL from | I
intensities, e.g. on-chain transfer T 0 polymer 0.1 é
of photoexcitations in F . . .
semiconducting polymers in = 1=
solution: > i f W\

K] [

2 iy = 207eV

.-"\-{\--—--. [ N m 270eV
4\ kA 2 |
PEC conjugated PIF r o
segments (5-7 o 0ok .
0 1000 2000 3000

monomer units)

Delay (ps)
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Time-resolving luminescence with a Streak Camera

¥
acceleration photo image
voltage U anode z cathode * intensifier

—

1
I L]

i

|

1
| I

[—
slit /
photo focusing deflection  luminescent optical anode

a) cathode electrode plates screen fibers

XU X
104
’A__ i L
i \ I(Aat)

T(As0)

o

Signal
D) —ognshe— °)

Fig, 11.3%9a—c. Streak camera. (a) Design and (b) schematic diagram of the relation
between the time profile /(f) and the spatial distribution S(y) at the output plane; (c) spec-
trally resolved time profiles (X, 1)

LY

466 ts
3921s,

} 154 ps 1

Fig. 11.40. Streak image of two subpicosecond
pulses separately by 4ps, measured with the
femtosecond streak camera [11.101]




