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Kerr-lens modelocking in a laser cavity

Dashed line — low intensity cavity spatial mode
Solid line — high intensity cavity spatial mode

Hard aperture

Soft aperture



Yb:KYW

Yb3*:KY(WO,),

stands for

ytterbium-doped double (yttrium-potassium)
tungstate, not vanadate

W — tungsten
V — vanadium

EKSMA Optics



Ultrafast Laser Spectroscopy

How and why ultrafast laser spectroscopy?

Generic ultrafast spectroscopy
experiment

The excite-probe experiment
Transient-grating spectroscopy
Ultrafast polarization spectroscopy
Optical heterodyne detection (OHD)

Spectrally resolved excite-probe
spectroscopy
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Most events that occur in atoms and molecules occur on fs and ps
time scales because the length scales are very small.

Fluorescence occurs on a ns time scale, but competing non-radiative
processes only speed things up because relaxation rates add:

U, = Uz + 1z,

Biologically important processes utilize excitation energy for purposes
other than fluorescence and hence must be very fast.

Collisions in room-temperature liquids occur on a few-fs time scale, so
nearly all processes in liquids are ultrafast.

Semiconductor processes of technological interest are necessarily
ultrafast or we wouldn’t be interested.



Ultrafast laser spectroscopy: How?
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Unexcited medium

Unexcited
medium
absorbs
heavily at
wavelengths
corresponding
to transitions
from ground
state.

Molecules

Excited
medium
absorbs

weakly at
wavelengths
corresponding
to transitions
from ground
state.

What’s going on in spectroscopy measurements?
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The excite pulse changes the sample
absorption seen by the probe pulse.

Excite

oulse Sample Slow

detector

Change in probe
pulse energy




Modeling excite-probe measurements (cont’d)
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Probe

transition
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More complex decays can be seen if
iIntermediate states are populated or if
the motion is complex. Imagine
probing an intermediate transition,
whose states temporarily fill with
molecules on their way back down to
the ground state:

Change in probe-
beam transmitted
intensity or power

Excited molecules in state 2:
stimulated emission of probe

Excited molecules in state 1:
absorption
of probe

Delay, t



This involves the excite pulse at a given frequency and
detecting at that frequency with a lock-in detector:

The excite pulse

ChOpper/o'o o Chopped changes the sample absorption

: seen by the probe pulse.
090 excite pulse y P P

Y & 7 train Slow

detector

5 “\ Lock-in
/ I detector

Lens Sample

Probe The lock-in detects only one

pulse frequency component of the

Dela : detector voltage—chosen to
* | X / el be that of the chopper.

Lock-in detection automatically subtracts off the transmitted power in the

absence of the excite pulse. With high-rep-rate lasers, it increases
sensitivity by



pH2 T,=1.7ps, 12=191 ps

pH11 T,=4.7ps, 1,=26ps
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Fig. 1. Transient absorption at 600 nm of protonated guanosine in acidic (pH 2) and basic
(pH 11) aqueous solution




Two very efficient processes in nature involving
light abosorption:

Rhodopsin
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GPCR, vision in all species

Both involve ultrafast energy transfer — before the
energy from the excitation photon can be distributed
among many degrees of freedom (and lost), it is
transferred and used in the process of interest.



The initial events in 004 |
photosynthesis occur
on a ps time scale.
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DURING PHOTOSYNTHESIS, ENERGY ABSORBED BY THE
AMTEMMA IS PASSED TO THE REACTIOM CEMTER WHERE
A CHARGE SEPARATION OCCURS, THIS IS A PICTURE OF
THE REACTION CENTER OF A PURPLE MOM-SLULFUR

BACTERIUM. THIS SHOWS THE ABSORBANCE SPECTRUM OF BACTERIAL PHOTOSYNTHETC
REACTION CENTERS lmcr&’" SPHAEROIDES] AS A NUNCTION OF ™I
OVER THE FIRST FEW PICOSECONDS AFTER EXCITATION WITH A 180 FS
PULSE OF LIGHMT, THIS WAS THE RESLLT OF A PUMMNSIMIONE EXO'EIRMIENT
USING ULTRAFAST LASERS

Arizona State University



Rhodopsin is the
main molecule
involved in vision.
After absorbing a
photon, rhodopsin
undergoes a many-
step process,
whose first three
steps occur on fs
or ps time scales.

Excitation populates a new state, which absorbs at 460nm and emits at 860nm.

Probe at 460nm |
(increased |
absorption): |

Zhong, et al.,
Ultrafast
Phenomena X,
p. 355 (1996).

Absoption (a.u.)

Probe at 860 nm |
(stimulated |
emission): |

_Native __Artificial

0 1 2 3 .10
Picoseconds

It was thought that this state involved motion of the carbon atoms (12, 13, 14).
But an artificial version of rhodopsin, with those atoms held in place, also
reveals this change on the same time scale (the rise time is the same)!
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M.J. Fehr, et al., Ultrafast Phenomena IX, pg. 462 (1994).



EXxcite-probe measurements of Terawatt
femtosecond UV pulses in water

High-intensity UV ultrashort pulses may someday be used in surgery.
So understanding what these pulses do to water is important.
Hydrated electrons are formed in very high concentrations (0.01 molar).

The induced
absorption
seen here is
very high!
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Excite-probe measurements can reveal
quantum beats: Theory

Excitation- 2
pulse
spectrum 1

Probe pulse

Excite pulse
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Excite-probe measurements can reveal
quantum beats: Experiment

Vibrational relaxation
and predissociation in
the B state of iodine, in
solid Kr. Pump at 545
nm, probe at 395 nm.
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Coherent exitation of a wavepacket

(1) (2)

internuclear separation




,Real-time” molecular vibrations
(wavepacket) measurements
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A background-free ultrafast spectroscopy
method is The Transient-Grating Technique.

This involves exciting the sample with two simultaneous
excitation pulses, inducing a weak diffraction grating, o
probing it with another pulse a variable delay later,
and measuring the diffracted pulse average
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The excite pulses have a spatially sinusoidal energy
deposition in the sample. The sample absorption and
refractive index will now vary sinusoidally in space.

Diffracted
pulse energy

Q0 Delay,



Ime-resolved fluorescence Is also useful.
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Normal tissue

Intensity (relative units)
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Exciting a molecule and watching its fluorescence reveals much about
its potential surfaces. Ideally, one would measure the time-resolved
spectrum, equivalent to its intensity and phase vs. time (or frequency).

Energy

A

Excitation to excited state

t A\

Excited
state

Ground state
>

Internuclear separation

Here, excitation occurs to a “predissociative state,” but other situations are
just as interesting. Analogous studies can be performed in absorption.



Time-frequency-domain absorption
spectroscopy of Buckminster-fullerene
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Multi-dimensional
nonlinear spectroscopy

Furnp 800 nm ky Direction
Frobe 585 nm

1]
2,

Probe 61 E_E:m

izl




A 45°-polarized excite pulse will induce birefringence in an ordinarily
Isotropic sample. A variably delayed probe pulse between crossed

polarizers can watch the birefringence decay, revealing the sample
orientational relaxation.

Light changing the refractive index of
<' . a medium is called the “Kerr effect.”
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It's also possible to change the absorption coefficient differently for the two
polarizations. This is called an “induced dichroism.” It also rotates the
probe polarization and can also be used to study orientational relaxation.



It's as easy to set up as excite-probe (just cross two beams in
space and time).

It's almost background-free (crossed polarizers transmit as little
as 10% of the incident light).

Unlike excite-probe, it measures both absorption and phase
effects.

It can use lock-in detection.

And simultaneously, it can use “optical heterodyne detection,”
which optimizes the signal-to-noise ratio.



