Femtosecond laser: From frequency combs
to Deep Brain Imaging
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What is he going to talk about??

e Brief history of Ti:Sa
* Precision Spectroscopy

e Exo-planet search .
Be less curious

about people
& more curious

e Two Photon Imaging

about ideas.
~ Mdm. Marie Curie
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Ti:Sa lasers — A remarkable success story in just 25 years

Bella Peta Watt

Laser System @
LBL: >40J, <30 fs
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History of Ti:Sa-Laser:

Peter F. Moulton Lincoln Labs MIT: Spectroscopic and Laser
Characteristics of Ti-Al203, JOSA B 1986

Wilson Sibbet St Andrews: Sub-100fs Pulse Generation from A Self-
Modelcoked Ti:Sa Laser, CLEO 1990
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Ti:Sa — The ‘god given’ laser material

Sapphire (Al,O;) is an important substrate in the
LED and consumer electronic industry and can be
grown by three techniques:

e Czochralski growth
* Heat exchanger method (HEM)
e Kyropoulos technique

Apple consumes 1/4 of the world’s supply of sapphire
to cover the iPhone’s camera lens and fingerprint reader

www.thorlabs.com



Ti:Sa — The ‘god given’ laser material

Nonradiative loss

n3 N B
i exp(AE/K gT)-1

Important properties as a laser material: sl / N
e Mohs hardness: 9 L 3;‘:‘?’5
e Thermal Conductivity: 33 W /(m K) Pump. | VAV
e Upper State lifetime 3.2 us "
 >400 nm of Gain Bandwidth y e "
* Non-linear refractive index: 3 x 10716

cm2 /W

Ti:Sapphire Absorption/fEmission Spectra
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Re !athrg Intensity
o

6 fs Ti:Sa Output spectrum o
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Ti:Sa — History of Short Pulse lasers
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Frequency Combs and Precision Spectroscopy

www.thorlabs.com 8



Why precision spectroscopy?

Our understanding of physics is based on the Standard Model. Extremely successful
since the late 1960-ties

Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Gravitational Weak' Electromagnetic Strong
Property Interaction Interactlon(EleCt Lweak) Interaction Interaction
Mass — Energy Flavor Electric Charge Color Charge
Particles experiencing All Quarks, Leptons Electrically Charged Quarks, Gluons

Graviton w+ w- ZO Gluons

(not yet observed)

10 41 0.8 25
10— d05E 60

Unsolved Mysteries

Driven by new puzzles in our understanding of the physical world, particle physicists are following paths to new wonders and
startling discoveries. Experiments may even find extra dimensions of space, mini-black holes, and/or evidence of string theory.

Why No Antimatter? Dark Matter? Origin of Mass?

VA s

The expansion of the universe appears to be Matter and antimatter were created in the Big Invisible forms of matter make up much of the In the Stapdard i@ ¥iel, for fundamental particles
accelerating. Is this due to Einstein's Cosmo- Bang. Why do we now see only matter except mass observed in galaxies and clusters of to have | sefere must exist a particle
logical Constant? If not, will experiments for the tiny amounts of antimatter that we make galaxies. Does this dark matter consist of new called thé boson. Will it be d\scovered
reveal a new force of nature or even extra in the lab and observe in cosmic rays? types of particles that interact very weakly soon? Is rsymmetry theory corre

(hidden) dimensions of space? with ordinary matter? predicting more than one type of Higgs?

www.thorlabs.com




Why precision spectroscopy?

In fundamental science researchers test our understanding of nature by
comparing predictions from current theories with measured data.

afihemark. com B

Wiki: Measurement is the process or the result
of determining the ratio of a physical quantity,
such as a length, time, temperature etc., to a
unit of measurement, such as the meter, second
or degree Celsius. The science of measurement
is called metrology.

Time intervals and therefore frequencies are
measurable with the highest possible accuracy
and therefore a great candidate to test
fundamental theories.

www.thorlabs.com n



How are optical frequencies measured?

Optical Clockwork needs to bridge
6 orders of magnitude

<— Incregsing Frequency (v)

1?24 1?22 1?2() I(I)IS l?lb 19]4 I?IZ l(l)l() IIOX lloﬁ 1I04 1I02 10() v (HZ)
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Radio waves

| | | I | o | | | | I | |
1071° 107" 10712 10719 10°% | 107° 1074 1072 10° 102 104 10° 108 A (m)

- .- E Increasing Wavelength (A) —

' Visible spectrum BRI -

I T T A
400 500 600 700

Increasing Wavelength (A) in nm —

www.thorlabs.com




Optical Clockwork prior to Frequency combs
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Frequecy Chaln at MPQ |n Garchlng
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The frequency comb

Titanium-Sapphire
crystal

puls train
around 800 nm

www.thorlabs.com



The frequency comb

It is simple to detect w of an octave wide frequency comb:

4

w

2N
N
<<..||H| |M||..
o e
X 2
wrep+ wCE - z(wrep'l'wCE) - 2n(*)rep-l- wCE

Wep = 2(wrep+ Wee ) — (2N Wyep + W ce)
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Implementations of frequency combs

e e — 1
SuarrComs 11111 |

“| compact Frequency Comb ||
.~ |

g o

Original 800 MHz Ti:sapphire ring laser Commercial Er-doped fiber laser
based frequency comb based frequency comb 2016

Take away messages:
 Replaces large and complex laser harmonic frequency chains.

 One system to measure virtually any optical frequency.



Hydrogen Spectroscpoy

“To understand Hydrogen is to understand all of Physics”
Viktor Weiskopf

Fraunhofer, Balmer, Bohr, Schrodinger, Dirac, Lamb, Feynman,...

were inspired by the hydrogen spectrum to develop “new physics”

The Energy levels are given by:

— ROOEDR(TL) .7)

+ Eyes(n, 3,1, F
+ L(n, 7,1

We can learn something about:

= QED = QCD



Hydrogen Spectroscopy setup
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Optical Clockwork: Frequency comb

M\ Ny /TN IS &L
= A . :- 2 14

Marcus Zimmermann



Cs-Frequency Standard:

PHARAO cesium fountain clock from. Collaboration with Christoph Salomon from
ENS, Paris

Micheal Abgrall



The Cs-fountain clock: Today’s frequency standard

Atoms in the
drift region —— *

! Microwave
' 4—==" cavily
Probe beam

Delected o
e

Launched

Aloms ‘3

Cooling and launching

H:'ISEI' peams
Ank-Helmholiz
Coils
*,

.‘1

Norman Ramsey and Savely Karchenboim \
Trapped

cold afoms
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Hydrogen spectroscopy

e 1s—-2s:4.2x107%
e (2s—4s)- (1s—2s):2x10%
* 25-HFS:4x 108

What did we learn?

= Rydberg Constant

laser
spectroscopy

frequency
measurements

= Lamb Shift
= [sotopic Shift

= Drift of fundamental constants

10-14
1920 1940 1960 1980 2000 2010

ear

relative accuracy of the 1s-2s measurements

= CPT reversal theorem when compared to
antihydrogen

Proton Charge Radius limits currently QED-Tests: -> PSI - Experiment

www.thorlabs.com -



The proton charge radius

8 July 2010 | www.nature.com/nature | $10 THEINTERNATIONAL WEEKLY JOURNAL OF SCIENCE

OILSPILLS
There's wor:
to come

BIODIVERSIT
The needto
cost the Earth

New valu
trims radiu

Randolf Pohl
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Understanding your Experiment:
860 000 laser shots
1.56 Million detector clicks — 20 real events

10° = f Laser time — all APD detector hits
- i —  all reconstructed events
— ]'H. mu-decay electrons
104 — 1% all x-rays
= R — 2keV x-rays
— l 2 keV x-rays + mu-decay
103 B i ! same, 2nd muons rejected
1 02 | 1 _'\_-\"'m',,, Ana e
= AL E S
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The munoic hydrogen 2s, ,,-2p;,, resonance:

I * our value

f }%ﬂ
# % Discrepancy:

l H/( Lt 500 <>~ 75 GHz « dv/v = 1.5x 10~3
SSEEL] §{, t— g

1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
49.75 49.8 49.85 49.9 49.95

delayed / prompt events [10™]
(1]

_"le"|""|""|""|""|""|'

——

6 events per hour on resonance
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Drift of fundamental constants

Oklo: Location

Natural fission 23°U/238U reactor
2-10° years ago

+1Sm — Sm+y

A.l. Shlyakhter, Nature (London), 264, 340 (1976)

Abundance ratio:

0.02 (Oklo
Sm /'’ Sm < (Oklo)
0.9 (typical)

Ao/o=(-0.36 = 1.44) x 108
Y.Fujii et al., Nucl. Phys. B, 573, 377 (2000)

www.thorlabs.com n




Drift of fundamental constants

i , .. f Quasar -
g . ‘ CraE R J.K. Webb et al., Phys.
R T = R Recv. Lett. 87, 091301
b w o T SR fariy g RENLEN (2001)

~ _Lyman limit Sill Clii Silv Sill CIv
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Aa/a=(-0.72 + 0.18) x 10
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Drift of fundamental constants

p/p 107y

21 Hydrogen vs Cs QMPQ
| Mercury vs Cs @QNIST
-47 Ytterbium vs Cs @QPTB

-6 -4 -2 0 2 4 6

o [1071° yr!]
Fischer et al. Phys. Rev. Lett. 92, 230802



Astro-combs: Search for Exo-planets

Harvard — Smithsonian
Center for Astrophysics
60 Garden Street, Cambridge, MA 02138

IdestaQE

quantum electronic




Astro-combs: Search for Exo-planets

Earth-like planet

Sun-like star
Astrophysical Spectrograph

*/ stellar

spectrum

Doppler shifted

‘ ’ starlight

Doppler shifts of the stellar
spectrum are compared
against a reference
spectrum using the
spectrograph

I Optical Power

frequency

Th-Ar discharge lamp

*“Hot Jupiter” 30m/s ~ 75 MHz

sLowest reported RV 1m/s ~ 2.5 MHz

\\7/
ZI1\\

*Earth — Sun interaction 5cm/s ~ 125 kHz
*Th-Ar discharge stability minimum 1m/s ~ 2.5 MHz

www.thorlabs.com




Astro-combs: Search for Exo-planets

Earth-like planet

Sun-like star

Astrophysical Spectrograph
— stellar

spectrum

Doppler shifted
starlight

f

*Comb spacing <1GHz
*Spectrograph resolution >15 GHz

frequency

I Optical Power

*We must “thin out” the comb

Ti:Sapphire
O Laser

Filter Cavity

\ frequency U‘U frequency

Courtesy A. Benedick

www.thorlabs.com
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Fred Lawrence Whipple observatory

60” reflector telescope
Tillinghast Reflecting Echelle Spectrograph

390-910 nm f/ R=A/6A=40k

www.thorlabs.com 33



Andrew Benedick & Chi-Hao Li

www.thorlabs.com




Astro Comb Experimental setup:

Output Spectrum of the Octavius-1G

B L e Vet
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| \
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T T T T T T
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Wavelength (nm)

=

Log[PSD/PSD, ] (dB)




Basic principle of Echelle Spectrographs:

1
2 Grating
3 Order #

Input Beam

Cross- '
Dispersionyy

Prism

Typical Feature ~50 GHz
Resolution ~15 GHz
Pixel width ~1 GHz

Earth-Sun Interaction ~125 kHz



CCD image from the TRES

Increasing wavelength

| Sp.ar.se and irregularly spaced-
spectral features from
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C.H. Lij, A. J. Benedick, P. Fendel et al. “A laser frequency comb that enables radial velocity
measurements with a precision of 1 cm s1,” Nature 452, 610 (2008)
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Femtosecond Lasers in the Life Suences 2 Photon*Microscopy

* Neuroscience <\ gE“ ® =
o Cancer Ma,rgm Detectlon Cia

Carcinoma In Situ
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Why 2p microscopy?

2p microscopy is based on a non linear absorption process first described in 1931

2PA single-photon two-photon
Excited 88 1
state B
™
A
iy
Ground
state 4 Zipfel et al. 2003

Maria Goppert-Mayer

Intrinsic optical sectioning (3D resolution)



Imaging through highly scattering media:

plasma cell
membrane

Before After

endoplasmic
reticulum

continents and
great stretches
of unknown

_1erritory¥,f ’
2 days

nucleus

gc

ribosome

Clearing the Brain of Scattering Tissue: Clarity (Nature
2013)
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Mie Scattering on Organelles
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The scattering coefficient spectrum of biological
tissue



Generic Two Photon Microscope:

Shutter
xy scanner Beam size Intensity _
Laser Scanning ~—— , [ fl— I]
is
Scan | 10ns  1001s Fluorescence
lens | |- = excitation
A A A Tunable
fo+fr Time pulsed

NIR laser

(700-1,000 nm)

L”nb: Epicollection
Image formation ’
and |
resolution \ Objective Collection 1EESMT ‘}
‘ foI BePEF
Specimen  ~—en A

Tr llection
Condansor anscollectio

Early Papers:
Denk, Strickler and Webb, Science 1990 (Colliding pulse dye laser)
Yuste R, Denk W. Dendritic spines as basic functional units of neuronal integration. Nature 1995



Two-Photon Microscopy: THE tool for understanding the Brain

Whisker map w\\

e Model system
sensorimotor integration

* (lear topography

* Easy whisker trimming

* Active whisking
behavior

Iwhiskers

~200 pum field of view

Courtesy F. Helmchen




Typical Experimental Setup

water immersion

objective
glass
coverslip  dental
/ acrylic
skull
2.

artificial

diving
venules and
arterioles
Cranial Window ) ,
pla cortical

arteries :
capillary beds Courtesy E. Hillman
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Typical Experimental Setup

isoflurane

"‘\i

dental cement L

Cranial window |
: _:holde_f;:- -
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Iy

Brain-wide network for
processing whisker
information:

Bosman et al, 2011

www.thorlabs.com



Deep Brain Imaging







Imaging CA1 of the hippocampus
Neurons labeled with thyl-YFP, 510um stack

Courtesy of the Neurobiology Course at the Max Planck Institute for Neurobiology, Jupiter FL



Cancer Boundary Detection: Breast Cancer

e High failure rate (1 in 3 patients) for early stage breast
cancer surgery (lumpectomy)

* Intraoperative imaging is not widely used

* Traditional histopathology:
Gold standard for cancer diagnoses and tumor
boundary evaluation uses hematoxylin (to stain nuclei)
and eosin (to stain stroma) takes ~ 1 day for fixation,
embedding and sectioning into ~5um thick slices

7

Two Photon Imaging:

* Provides histology-like axial sectioning

e Good penetration into thick tissue

e Large number of possible fluorescent agents to
provide nuclear and stromal contrast like traditional

R histology
Mike Giacomelli L RESEARCH LABORATORY
r e OF ELECTRONICS AT MIT

AT MIT
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Traditional Breast Histology
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Virtual Transillumination Microscopy

www.thorlabs.com n



Moving to the Clinic:

 MASSACHUSETTS
) GENERAL HOSPITAL

L 1

i\ ARRAA
PRPRT IR ALl \

T I P M f— — i —— - ——

Patient Study is ongoing at MGH



20 years of fun in Photonics

‘This is Julie from Marvel

From Iron Man li

www.thorlabs.com 53



Here
V' iniggyartheold
¢avendish Laberaten)
] FHONMSON
discovered the electron
subsequently recognised as
the first fundamental
partiele of physies and
the'basis of
chemieal bonding
eleetronics and
iing




Max-Planck-Institut fur Quantenoptik

Nobelpreis fiir Physik 2005
an Theodor W. Hinsch

Stockholm, December 2005




Smithsonian

Thankyou

Hansch Group — Kartner Group — Walsworth Group — Fujimoto Group — Richardson
Group — LCLS Laser Group

idestaQE e

quantum electroni
National Institutes MAX-PLANCK-GESELLSCHAFT

of Health




THORLABS SITES WORLDWIDE

Ann Arbor, Ml g
Sterling, VA &

Je m Tokyo, Japan

Austin, TX = ai, China m

[ J
B Thorlabs Locations
m  Warehousing and shipping centers

WE NEED YOU!
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