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Hertz = Hurts

T-Ray: Next frontier in Science and Technology

Terahertz wave (or T-ray), which is electromagnetic radiation in a
frequency interval from 0.1 to 10 THz, lies a frequency range with
rich science but limited technology.
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THz Technologies

THz optics:
* imaging

* time-domain sensing THz electronics:
* ranging all electronic
* Filter

emitters & detectors

Polarizer sensing ....

*Phase Gratings

Time-res SPeC"

THz optoelectronics:
* modulator

* phase shifter
- emitters and detectors




THz Sources and Sensors

THz Sources:

o Free electron laser, gas lasers, quantum cascade lasers
e Gunn oscillators, Bloch oscillation, cold plasma, etc

e Photoconductive antenna (more power)

o Electro-optic crystal (optical rectification)

THz Detectors:
o Bolometer
o Pyroelectric detector
o Schottky or point-contact diode, novel semiconductor devices
e Photoconductive dipole antenna (great sensitivity)
o Electro-optic crystal (electro-optic effect)

Generation of THz Wave: current surge effect

» Photo-excited Hertzian dipole antenna in free space.
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Ultrashort-pulse-induced THz light is typically a single-cycle pulse!




Detection of THz Wave: Photoconductive Antenna

1(z) o eur, jf E(t)n(t - 7)dt

S Substrate

I(7): detected signal current, e: electron charge, u.: carrier
mobility, t.: carrier life time, m: repetition rate, t: relative
time delay between THz pulse and gating laser pulse, n(t):
photo-induced transient carrier density, E(t): THz field.

Substrate with
o Shorter carrier life time: n(t) ~ delta function =>E(t)cl(t)
e Long carrier life time: n(t) ~ step function =>E(t)ocdI(t)/dt

SI-GaAs vs GaAs:As THz Emitters:
Carrier Lifetimes
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Wideband GaAs:As* and InP:H* THz Antenna
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THz radiation emission properties of
GaAs:O based Photocondoutive Antenna
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Fig2. Output THz power verse bias

*GaAs: O antenna exhibits higher output
than LT-GaAs based PC antenna (around
2times under bias of 35 volt) .

*Noise is higher, but S/N comparable

In collaboration with
Prof. K. T. Chan’s
group, CUHK

Antenna length =30 um
Fig3. Antenna Structure




Photonic Sub-THz Modulator/Transmitter

presented at CLEO’08
hV PTL, Aug. 15, 2008
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THz Time- Domaln Spectroscopy (THz-TDS)
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THz time-domain spectroscopy (THZ-TDS)
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THz-TDS: Extraction of
Far IR Optical Constants of Materials
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Generation of a THz Wave: Optical Rectification

Input laser pulse I(t, o, Aw) E@ crystal  THz pulse: Eqy,(t, Q)

— X(2) ./\/\/V\/\_
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Beating frequency Q < Ao (laser bandwidth)

polarization: P(Q) = yP(Q, »+Q, —-») E(o+Q)E*(o)

Mix two
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Detection of THz Wave: Electro-Optic Sampling

Al(t)=I,sIn(A7)

dr n3
AP = =20y, (1) | E=r o

p detector
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% Polarization of the THz field, the probe, and ZnTe [1,-1,0] are parallel
Phase matching condition (Ak=0): optical group velocity = THz phase velocity




Free-Space THz Sensing and Imaging
(Reflection Mode)
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Coherent generation and spectral synthesis of THz radiation with
multiple stages of optical rectification
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CW THz Generation by Photomixing or Heterodying

Wy ©0 - o
............ T -
AN 032 _
Pump
Beams

N\ [

Optical

R
P3 = B niA oo

R/2

R/2

-

THZ

o, beam

L1+(oa r)ZJLH(co RC)ZJ

J

CW THz Generation w/ 2 LDs

Retro-

refK

Wire grid
polarizer

Parabolic
mirror

Retro-
reflector (2 Chopper
i o1
Wire grld
pol
@ !'! Anten
s [ -
Parabolic
mirror
Bolome
ter

Relative amplitude (mV)

—@

Amplitude (a.u.)
—_

0.0

02 0.4 06
Frequency (THz)

T
0.8

0.20 1

0.104

0.05 1

T
0

100 200 300
Path difference (mm)

T
400




Narrow line width CW THz radiation generation and

detection by photoconductive antenna

Dual wavelength frequency stability~250MHz ==> CW THz linewidth
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Optical-Pump-Terahertz-Probe studies of
femtosecond-laser annealed a-Si

Fitting with Drude model
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Motivation

» Thin Film Transistors (TFTs) for Flat Panel Displays
(FPDs).
» Mobility of amorphous silicon (a-Si:H) : 0.5~1 cm?/Vs.
» Mobility of polycrystalline silicon (poly-Si) : 30~300 cm?/Vs.

» Diagnose of poly-Si.
» The Hall Measurement.
» SEM picture — tiny area.

» TFTs fabrication and electrical measurement — several days and more
complicated.

» OPTP and THz-TDS system — directly identify the average
annealing quality of poly-Si in a large area.

Laser Annealing Station

chamber and transition stage.
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Characterization of Annealed Samples

Fluence

40+0.5 mJ/cm?

Fluence
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Grain size

~500 nm

Grain size
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Optical Pump Terahertz Probe
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THz Imaging: Examples

2. Non-contact content-specific
detection of powers

1. Water marks on bills

Advantages and Applications
» Safe to humans
* Non-contact

» Excellent S/N

* Applications limited by your
imagination
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Burn-depth detection with T-ray technology

Incident THz wave

First reflected way
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Third reflected wave
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Burnt depth of 0.53mm is resolved via THz
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Terahertz air-core microstructure fiber

BESEARCH HIGHLIGHTS

(QUANTUM OPTICS

One at a time

SOUCEEIS, 10621065 (2005

Hiigh-caality crvities of resanatons
e novw frequently wsed us a means foar
irvestigating fe quantum intersction of
individusl stoms and photons. Dayan et al

2,08 mam, sespectively. They also varked
the centre-to-centre distance between the
adding tubes.
The combined coupling and propagation)

Toscs of the fibses were mcavared 1o be
msch less than 0,01 cm**, andd the basd of
ln]lnu cies across which each fibre operated
ol be adpmsted by linear sl img of the fibeg
size. A1 770 GHz, an afenmation aslow as

created slica, tonoid-shaped cavities with 0002 e was achieved

3 major dismeter of 4 Si ? i

dismeter o . A cacsim stom.fasr- spectra, calulated using the fiste-differe o
4 dy10p. Jl timse-d ih

nthrn dropped into I: wesonator \\hl:
Lsex light is compled inlo and out of the.
cavity theough a tapered waveguide fiat
paes pear e pesonator. The interaction

werein dquite good
sgreement with the experimental sesults
Hawever, the photonic bandgap spectra
i ot matich so well, sngyeating that the
bandgap does not dominaic the guiding

unlﬁ:"[;wwn st where h:w'
dctertion ofan inith inthe

The same ffequency-dependent
behavicur was shown for both one ring and

HNonlinear op Illm rings of dadding tubes. Aco onim.l
interaction directi ' 5 duers, these in
with a Large numbser of sbotme ro mwduce oo from the incident Ha bedng re- |Iu| the guiding me: }mmm.unuin o
s dowm 1o e single-atom amd singhe- routed A a pesult, wheress the number of a phenomenon known as antiresonant
photon k. the srcagh of e lnkeraction  ghatonsentering the photon tarnsde b reflecting optical guiding (ARROW).

y 4 gl 1y o

i ol e ki and g fo.

California Institate of Tedmology have
i e micronsonaors o achice this

ome ata ime. Such single-photoa sources
couldane day play akey rlein quanum

b rneatih
‘mra......,. fevidual ph g sacol e hat
Justane atom, compatible with siom -hlph‘hnohgv
OPTKC frequency combs are the key: each epticl

Beating me standard

Serwnce de 10.1125Ackene 1153341 0008
The timing accuracy offesed by orh cal
atomic dodks makes the
G sisrpassing many other um.chx[mg

techniques. Now Andrew Ludlow and <o-
workers at the National Institute of Standands
and Technology (NIST) and the University
of Colorado have overcome the limitations in|
messuring the scouracy of hese devices

The only way 1o get an idea of the

accunacyofone dodk isby comparingitto
another: Bt wheen jist a singe devios requines
alarge smoust afexpenshe, complicated and
stable optics, the duance of having two in the
same laboratory is very slim The alternative
810 compane two remote sef-ups. Howeves
conventional ways of doing Biis for example
e e of ghobral-posisioming satdlies or

mlcrowesie freqency networks, ae sy
H teth |

dock can be phase-locked 10 3 Frequency
comb. The comb at the University of
Colerado can in tum belodked 1o
Taser beam, which bs semt te
optical- e link. ensbling a compa
this wary, fhe leam show that the uncertainty
oftheir strontium-based dock now surpasses
hat of the caesbium dodks used as the

METAMATERIALS
Tunable transmission

rh’u ol 33, 545547 (7000
terials have captwred the
[ tion recently owisg o the wni
propesties gained from their artificial
structure and the Bscinating plenomens
they make possible, st as superensing and
doaking. With the aim ofexten ding their
wsefulness still furthe e pesearchers from
Pennsylvania State University in the USA
e proposed a near-infrared, metamaterial
film that hias secen figurable transmission
and reflection prope
To achieve this, Do-Hoon Kwon and

TERAHERTZ WAVEGLIDES
Low-loss guides

AppE Pl Lolt 92, 064105 2008

the dharaceristics of
rystals. Their metamaterisl
destgn conskits of s plamar, periodic srray
of subwar dlength resonators embedded

im silica eadh resonator is made up of two
silver nanaplates sameiching a spacer
laver nl’znmrmp- mematicliquid crystaks

High diele ctric low and duc i tals|
have been troublesome for the design of
optical Bhre and metal wavegide systems
atteralerts requendies, To overceme e
problems. a collabaration of scientists In
Taiwean has proposed the wse of terahertz air
fibres

acauracy u:urn.d\lu.k,

Ludlaw et 2l have now shown how an
opticallink can be wsed 10 compare two
| l!f:ml \Iﬂ\kt. Their aim was 1o assess|
3 ok at the University of
Colorsdo, which uses an ensesmble of neutral
stromtinm atoms, wsing a calcimm - stom
based dock at NIST, 4 km awary. Optical

The rescarchers fabricated fibres.
comprising s hollow core surrounded by
a daddinglayer formed from periodic
atramge ments of flexible, commereially
avadable polytetrafluosethylene tubes, They
made four difierent fi vith and

By ofthe liquid
crystals, their optical behaviour can be
controlled This, in barn. enables tuning of
the material parameters of the metamalerids
Numerical calculations were used 1
optimize the dimensions of the resonators
and 1o masimize the difference between the
achievable transmittance and reflectance the
Wiickaess of he siver nanoplates dhould be
149 mm, and that of the liquid-crystal spacer
200 mm, the mingmum practical value. Both
-honi | have nn.-ldr»l’ 391 nim, Further

smsmittan

cater diameters varying between 281 mm
and 1.65 men, mnd between 111 mm and

£ 2008 Nature Publishing Gresp

of 11-um light hluu_dlh.nﬂu..mn: cokd
be continmatsiy tuned from 0.1% o 96.7%.

500GH;

==
(=]

ke
-]

— Exp
= Simulation

=
2]

Transmission Ratio
o
F-

600
Frequency (GHz)

APL, 14 February 2008

highlighted by Nature
Photonics, April, 2008

nature

phot




THz Endoscope (Prof. C. K. Sun, NTU)
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Terahertz air-core microstructure fiber
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workers at the National Institule of Standands
and Technology (NIST) and the Universiy
of Colorado have pvercome the limitstions in|
messuring acy of hese devioes

The oedy et an ides of the
accunacy of one dodk isby comparing itte
another: Bt wheen jist a single devios requines)
alarge smount of expessive, complicated amd
stable optics, the duance of having two in the
same laboratory is very dim. The alternative
810 compare two remote set-ups. However.
conventiuml ways of doing this i cxample
e e of gobal-posisoning satdliscs or
microwsie frequency .rmnu_m simply

frequency combs are the key: each opticl
dock can be phase-locked 10 3 Frequency
comb. The comb st the Uniwrsity of
Colerado can in tumm belocked 16 # L64-nm
laser beam, which ks seat 1o NIST along an
optical- Bbre link, enabling In

Metamaterials have capte d the
Imagimation recently owing o the wnigue
optical progertics gined from theirartificial
structure and the Bscinating plenomens
they make possible, st as superensing and
doaking. With the aim ofexten ding their
wsefubness still furfhe e eesearchers from
University in the USA

thiswary, the team show that the un«mmh
of their strontitem - based dodk now suspasses
3t of the caesium docks used as the
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e proposed a near-infrared, metamaterisl
film that hias secen figurable transmission
and reflection proper
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TERAHERTZ WAVEGLIDES
Low-loss guides

A Pis Lol 92, 064105 (2008

High diele ctric o snd conduction in metals|
have been troublesome for the design of
optical -Bhre and metal waveguide syitems
at terahertz frequencies. To overcome these
problems. a collabaration of scientists In
Taiwan has proposed the wse of terahertz air
fibees.

n e e f0 compare two

The researchers fabricated fibres
comprising s hollow core surrounded by
acladdinglayes formed from periodic

iy

mematic stals. Thelr metamaierial
design consists ofa plasas, periodic arpay

of subwavelength resanators embedded
imsilica eadh resonator is made up of two
silver nanaplates sameiching a spacer

layer of andsatro pic nematic liquid crystads
By motating the oriestation of the liquid
crystals, their optical behaviour can be
controlled This, in barn. enables tuning of
the malerial parsmetens of the metamaterids.
Numerical calculations were used to
optimize the dimensions of the resonators
and 1o masimize the difference between the
achicvable tramsmittance and reflectancs the
thickmess o the sllver manoplates dyould be
149 am, An.j Iqu o the liquid-crystal spacer

chocks, Their akm was b
dn acouracy of a dock at the University of
Calorado, which uses an ensemble of newtral
stromtinm atoms, wsing a calcimm - stom
based dock at NIST, 4 km awary. Optical

‘vdﬂ'h-vmrn-ﬂunkdnlrw|.|J~n They
made four difierent fibees with nd

200 peactical value. Both
-lholi Ihmnn\-lllw("ﬂ i, Further
ansmittanoe

outer diameters varying between ﬂxl mm
and 165 mm, snd between 111 mm and
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of L.1-jum ight hlw_dnhnmu..mn: could
be continmatsiy tuned from 0.1% o 96.7%.
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Towards multi-service THz radio-over-fiber
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THz Photonics
with
Liquid Crystal Enabled Functionalities




Motivation and Objectives

* Motivations:
* Increasing demands for THz quasi-optic components.

» LC has played an important role in the visible optics as well

as electro-optics and could be as eminent in THz optics.

* Objectives:
» Characterization of LCs in the THz regime

* To develop THz photonic devices with LC-enabled

functionality

Liquid Crystal: A Unigue State of Matter
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Nematic Liquid Crystal (N)
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Index of refraction and dielectric constant

Typical values:
dielectric constants indeces of refraction
&, =18 n,=1.8
&, =6 n =1.6

n=+e

5CB: a typical NLC

*5CB (K15): 4’-n-pentyl-4-cyanobiphenyl

1.9
5CB e
>_< 18 | .
OO
1.7 ]
Nematic phase 16 | \
T=224°C---345°C
1.5 ‘ ‘ ‘
‘ ,\‘ ,~ 03 04 05 06 07 08
\{ i / \\ wavelength (micron)
/ \\l In the visible,

An (A,T)=n,n,=0.14~0.19




Optical Anisotropy: Phase Shift

analyzer ¢ = 2ndng /A

Ad = b, — b.=2rndAN/A

Liquid
Crystal An=n,-n,
0<4n<0.2
polarizer depending on deformation
il 380 nm <A <780 nm
i@é light visible light
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LC optical constants in THz range

n =(n, x)

Temperature Dependence for 5CB
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Optical Constants of E7 Iin the THz range

G e ———— o

1.40] n
1.20] (a.) >

02 03 04 05 06 07 08 009
0.20

Real Index

0.15-

An

0.10-

| (L) —
Nematic range 02 03 04 05 06 07 08 09
-20°C~60°C S
0.02

. Q (W
0.01 -} e
0.00-

Yo :
02 03 04 05 06 07 08 009

Imaginary Index

Frequency (THz)

Optical Constants of PCH5 in the THz range

0.30
1.84 .
-0.25
15
194 ) -0.20
—ngandk,at 25°C
-0.15
N 09- ——ngand kg at 25°C *
0.64 -0.10
0.3 -0.05
0.0 — 7 0.00
0.3 04 0.5 0.6 0.7 0.8 0.9
Frequency (THz)




Summary about birefringence

—OO-

5CB: 0.18 > about 0.18

Similar as in visible and near IR

E7.0.22 20.17

PCH5: 0.08 =0.04

Smaller than in visible and near IR

LC devices for THz




Magnetically controlled tunable THz phase shifter using LC

A

APL, Dec’03, Opt. Exp., June’04, selected Egﬁgoq
by the Virtual Journal on Ultrafast Sciences,
Taiwan Patent, US patents filed o . Magnet
Polarization ﬂ\ (~ 5000Gauss at cell
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How does the Phase Shifter work?
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Theoretical Analysis

Phase shift, 5 (8 ), can be written as

0(0) = J-—Aneff (6,2)dz

where L is the thickness of LC layer
Ang 1S the change of effective birefringence
f 1s the frequency of the THz waves
c Is the speed of light in vacuum

» Threshold magnetic field ~ 100 Gauss
» Magnetic field of magnet » 5000Gauss

We can assume that the LC molecules are reoriented parallel to
the magnetic field direction, the phase shift can then be

rewritten as:

5(0) =24

e

cos’(6) . sin®(6)

]
C

n

0 €

2
n2

_1

—N
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where L is the thickness of LC layer
n, is ordinary refractive index of LC

n, is the extra-ordinary refractive index of LC

f is the frequency of the THz waves
c is the speed of light in vacuum




Sandwiched LC Cell Structure

Teflon Spacer Teflon Spacer Teflon Spacer
(0.93 mm) (1.32 mm) (3.00 mm)

» The fuse silica substrates have been coated w/DMOAP to
obtain the homeotropic alignment.

* The thickness of substrates are about 1.57 mm.

Electrically tunable LC THz phase shifter

Sandwiched Cell E7 layer thickness:
1012 pmx2
electrode separation:
10.2 mm
X
z
Polarization Z 400
y e 1.054THz
{° 0586THz
THz wave Fused silica substrate @ 300 * 0293 TH
Homeotropic alignment
=
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THz wave propagation and polarization directions are z and y, respectively
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Lyot-type Birefringent LC Tunable THz filter

Fixed retarder (FR)

Home )
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(b]  Tunable retarder (TR)
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Figure 2. An example of the transmitted spectrum of the broadband THz pulse
through the LC THz Lyot filter, obtained by taking the fast Fourier transform of
the time-domain transmitted THz signal, which is shown in the insef.
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ic diagram of a liquid-crystal-based tunable terahertz (THz)

Optlr_':ll Design & Engineering : liquid crystal. P: polarizer. N: north pole. 5: south pole.
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Liquid-erystal-based devices manipulate terahertz-frequenc
radiation

Ci-Ling Pan and Ru-Pin Pan

Birefringence and transparency of selected liguid crystals at terahertz (THz)
p - R et . ries - . . . u
frequencies promise added functionalities for liguid-crystal-based THz photon l:l :

elements such as phase shifters and filters. s
— ordinary and extracrdinary rays) of liquid crystals (LC) i ;E
" well known and used extensively to manipulate optical
radiation in visible and near-IR light. Recently, we show
that several LCs are relatively transparent (extinction
— coefficient of 2em-1) and exhibit substantial birefringenc —%
magnitude, An=0.1, in the terahertz (THz)—or sub-
millimeter wavelength—region. Thus, it should be feasit
to produce new THz photonic elements with LC-enabled
functionalities such as phase shifters, modulaters, attenuators, and polarizers

FFT

The birefringence {(double refraction of light into polarize

To illustrate, we present the principle and performance of an LC-based Lyot
filter. It has two phase retarder elements, A and B, separated by a linear
polarizer (see Figure 1). Each retarder element consists of a fixed retarder (FI
and a tunable retarder (TR). The FR consists of & pair of permanent magnets
sandwiching a homogeneously-aligned LC cell (i.e., the LC molecules align
parallel to the substrate). The homogeneous cells in FRy and FRg s

phase retardations, Gg and Gg, for THz waves. The tunable retarde

Principle of the Lyot Filter

T is function of frequency (f)

Polarizer || Analyzer

R: Retarder with retardation of T°
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Magnetically controlled LC-based THz Tunable SolcFilter has been 1 -— —
demonstrated successfully. g 0.6 4 I
A two-stage Solc filter shows a tunable range of from 0.176 THz to k ] |
0.793 THz (a fractional tuning range of 350%) is larger than that from “* 0.44 |
other published designs. | |
Linewidth depends on frequency, > 0.2 THz 0.2 |
Insertion loss ~ 5dB, attributed to scattering in the thick LC cell. |— Theoretical
The LC-THz filter can be operated at room temperature. ol EXperimemal
. —r— 17—
The theoretical predictions show good agreement with measured 30 40 50 60 70 80 90
results. ¢ (degrees)
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Opt. Lett., July 1 2008




Tunable THz phase grating

Diffraction profile of 0.3-THz-beam Lin etal., Opt. Exp, 3 March 2008

Taiwan and U.S. Patents filed
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* The first order diffraction position is located at @ = 30°, which
corresponds to the grating theory Asind= mA.

* The phase grating could be used as a tunable beam splitter, the beam
splitting ratio could be funed from 4:1 to 1:2.

Feussner-type LC THz polarizer
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Opt. Lett., June 1 2008
Taiwan and U. S. patents being filed.

1.0




Tunable THz Photonic Crystal Filter
Using Nematic Liquid Crystal

The 2D-MPC sample was made from 0.5 mm-thick Al plate
The triangular lattice constant: s = 0.99 mm,
The diameter of each hole: d = 0.56 mm.

NLC Myllar N 10
: s d=0.56 mm
D> 08 $=0.99 mm
9 — o —1t=0.5mm
@:> 9 g —t=0.35mm
S 06 —— t=0.35 mm with Mylar
7 E=2h e ray with LC
! Magnets y § ——oraywith LC
2D-MHA ‘ i & 04}
|_
Polarization Q X o2
1,
B, |
"""""" w' [Z’ - 00 ' '
3 01 02 03 04 05
‘ Frequency (THz)
THz wave ®The transmission spectrum of the 2D-MHA is characterized by

three frequencies.

® The band-pass peak frequency is above the cutoff frequency.
®The transmittance is several times larger than the porosity of
the holes.

Summary

 Optical constants of several LCs measured in the THz range.
Birefringence of 5CB and E7 comparable to those in the visible.
Attenuation negligible.

» Several LC-based THz devices demonstrated.

1. Room-temperature 2n magnetically tunable THz
phase shifter

2. LC-based THz quarter-wave plate w/fine electrical
tuning and 2n magnetically tunable THz phase shifter

3. LC-type tunable Lyot-type THz filter.
4.  LC-type tunable photonic crystal THz filter.

5.  Other novel devices: Solc filter, polarizer, phase grating
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Single-Cycle Optical Pulse Generation
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In a blink of your eye...

Response time of
human vision: ~
10 ms.

The birth of Modern ultrafast technology

Bar bet: Do all four hooves
of a galloping horse ever
simultaneously leave the
ground?

The “Galloping Horse” Controversy bl
Palo Alto, CA 1872 Leland Stanford Eadweard Muybridge

Time resolution:
1/60th of a second




High-speed Photography

Harold Edgerton (MIT) captured a golf swing by repetitive
microsecond flashes in 1938

Breaking the picosecond barrier: Optical Kerr Gate

Duguay and Hansen (1971)




Shortest optical pulse measured, fs
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Focused intensity, W/cm?

1970
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High field physics
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The metric system

Prefix for small and large numbers:

micro 10
nano 10°

pico 1012
femto 10%°
atto 1018
zepto 104
yotta 102
Man made

today:

mega 106
giga 10°
tera 10%
peta 10%
exa 1018
zetta 102
yocto 1024

shortest time

-- about 100 as

most intense light -- 1023 W/cm?




Attoworld

Attosecond: 10-18 second -
C x 108 sec = 0.3 nm Ta ™

.........

= 33,000 years

www.attoworld.de/attoworld.html

Time scales

1as 1fs 1ps 1ns 1 s
vibration
dissociation
rotation

B fs laser systems

- 13 electron dynamics optical cycle @ 300 nm

J) as soft x-ray pulses
I electron dynamics

<— Short pulses can be used to monitor and control
rolecular and electronic motion




Motivation

e form sub-femtosecond pulses

e produce multi-THz rep rate pulse train

e generate tunable high power vacuum uv pulses
» Synthesis of arbitrary optical waveforms

Use molecular modulation in gas phase hydrogen at room temperature

Cons:
» large Doppler width
» requires two tunable
high-power high- resolution
lasers spaced 4155 cm-!
apart
» smaller pulse train pulse-
to-pulse spacing

Pros:
» large Raman transition of 4155 cm-for Q(1)
» 2/3 population in single quantum state
(v=0, j=1) at room temperature
» many parameters are known
» nondestructible
» room temperature is easy to operate

anti-Stokes sidebands in H,

o P e e @

2401 2 3 4 5

Total spectral span >70,000 cm!

Single-cycle optical pulse train

06 i [k
0.2

0.2]

field amplitude (a.u.)
°
>

Field amplitude (a.u.)

06 4| |

N
=3
o

- 0
time (fs) time (fs)

Envelope width ~ 1.4 fs
single cycle width ~ 0.5 fs
constant envelope phase: less than 0.38 cycle slip over 1086 pulses




Generating short pulses = mode-locking
Fourier Synthesis!

out of outof out of
phase phase phase

Random
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Light
bulb

Ultrashort
pulse!!

Commensurate pulse train

A Time domain
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D. J. Jones et al., Science 288, 635 (2000)
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Generating Single-cycle Attosecond pulse

The uncertainty principle requires that At Av > 1

So for a sub-fs pulse, Av > 101 Hz
] | Time domain A single-
z cycle 800-
nm pulse
: AL, X 20088 has a
Single pulse e B ™0 .
diep s period of
2.7fs. To
’ Eneray : nime achieve a
Broead spectrurm Single stiosecand puls .
period of 1
Time domain fs reqUireS
- a wave-
Pulse train: length of
HHG QENEENE '2 300 nm.
HSRS Ulha, "
Energy Timie
Harmonic spectrum Afmsacond pulse train

Methods of generating attosecond pulses

VOLUME 78. NUMBER. 7 PHYSICAL REVIEW LETTERS 17 FEBRUARY 1997

° High-Harmonic Generation|of Attosecond Pulses in the “Single-Cycle” Regime

Ivan P. Christov.* Margaret M. Murnane. and Henry C. Kapteyn’

1= Ry~ T
800 N
nm I_Lj//u detector
< 1ps 1015W/cm? . 1 \
HHG inneon |_ _gfmﬂg_ _1 Laser dump Advantages: si_ngle pulse
: simple
o 10 1 Harmonic Disadvantages:
L%, o / 80-100 eV photons
5— 10 .”  HHG produces very low power
e 5 equally spaced not single cycle
g 10 harmonics out to slow convergence
< ] as much as the
0 10 300" harmonic,

50 40 30 20 potentially as short
Wavelength (nm) as 10 attoseconds!




Methods of generating attosecond pulses

@ High-order harmonic generation of phase-stabilized femtosecond pulse

a Optcs 2eld lonzaban B o accelerafon ard rescalison
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Harmonle order Harman e crder Harmaonls erdar

g Advantages: single pulse
E 100 attosecond
E PR Disadvantages: 30-100 eV photons
Time (1) Tirne {1s) Time (=) Very |OW power
Krauze et.al., Nature 421, 611 (2003) still a few cycles

R. Lopez-Martens et. al., PRL 94, 033001 (2005)

semi-classical description

€~ in Coulomb + laser fields

I The electron tunnels through the Av(r)
distorted Coulomb barrier -
[~

The free electron is accelerated \““x
I by the field, and may return to the
atomic core

I I I The electron recombines with the atom, emitting
its energy as a photon

Temporal Picture

Elactrie Flald (a.w.)

Time {cycles)




Methods of generating attosecond pulses

e High order anti-Stokes generation using molecular modulation

i .EE
4 5
3 A .E
E 1 Etc. ;u
10 1
q= -2 l A E
a
" o Advantages: uv region
Liquid cry=stal - s ¥ AT
“~pos s r;gju]ayﬁ,ﬁ Al 7 good power
s [ i Xe v 4 D single-cycle
[ =N 1 i Disadvantages: complex setup
| s mon N | ,% 8-50 fs pulse spacing
- ..i;:-\. ]. .;'“-‘:r -%{'\-\. i i ~ -
‘ﬂcﬁ.}l _“ Eu limited to ~ 300-500 as
M.Y. Shverdin et.al., PRL 94, 033904 (Jan. 2005) 4

Bandwidth expansion by sideband generation

Frequency modulation by electro-optic rpodulation

Electrooptic Crystal
polarizer P Y — 0 =20,
o, g e ®,—0
— LiNbO3 I — 0,
LA -0)0+0)m
—— m0+2(om
Vcosw t :
) W =w,+qgw
Refractive Index 7 =n,+0cosw,,t I ¢ T i 0o *d T’"
4 T T 4 . modulation
gth sideband frequency
. a) w m r—'utsaenvelnpu
incommensurate —%L xp |I ) \
9] 1 >

m

commensurate a)q:ncom I | |




Raman scattering and attosecond pulses

Input two frequencies nearly resonant =; |. »

with a Raman resonance.

At high intensity, the process cascades many times. Higher-order
sidebands are generated.

Output pulse of Output pulse of
Output pulse second process as  third process as  Etc.
Input as inputto a input to a input to a
pulses /second / third -\ / fourth '\ A
l l | process process process

|

Raman processes can cascade many times,
yielding a series of equally spaced modes!

‘ »

frequency '

S. E. Harris and A. V. Sokolov PRL 81, 2894 (1998)

Molecular Modulation

Molecular modulation is analogous to electro-optic modulation

inter-nuclear._._._.__.“"m_____________ >
distan

molecular
% -
infrared
input P I

modulator

Refractive Index n=n,+ocosw,t

O=0ytqo,, 09=-2,-1,0,1,2,3....




EXperiment Setup

(achromatic lens f=25c¢m (achromatic lens f=8cm
for IR to UV for IR to UV
f=50cm orfRto V) oriRtotv) f=20cm
Al H==—T

Phase
Modulator

Dye Laser / * (filter)
L

Rl

) Four Wave Mixing

Raman Sidebands
Generation

S. W. Huang, W. =J. Chen, and A. H. Kung, Phys. Rev. A 74, 063825 (2006)
W.-J. Chen et al., Phys. Rev. Lett. 100: 163906, 2008

Raman sidebands generation

Raman | nm cmt Four ( ] [n) )
Order wave
mixing £ E,
o0 0| order = Ey 2A

-3 2407 4155

-2 1203 8310 1

-1 802 12465 2

0 602 16620 3

1 481 | 20775 4

2 401 | 24930 o)

3 344 | 29085 6

4 301 | 33240 [

5 267 | 37395 8

6 241 | 41550 9

[ 2191 45705 10

8 201 49860 11

9 1851 54015

S. W. Huang, W. -J. Chen, and A. H. Kung, Phys. Rev. A 74, 063825 (2006)




Phase control with a LC-SLM

o LC: E7 (Merck), Cell
thickness: 0.022 mm

o 5pixels: 14 mm x 4 mm
each, spaced to match
the sideband beams

» The five pixels are used
to make 7 sidebands (q =
-2 to 4, 1203, 802, 602,
481, 401, 344, 301 nm)
commensurate in phase.

Transmittance of the LC-SLM
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Phase modulation characteristics:
Commercial vs Home-made

Phase
Modulator

Spatial Light Modulator

i
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Raman sidebands order & 4 wave-

mixing order
Raman nm cmt 4 wave-
Order mixing
order
o 0
-3 2407 4155
-2 1203 8310 1
-1 802 12465 2
0 602 16620 3
1 481 20775 4
2 401 24930 5
3 344 29085 6
4 301 33240 7
5 267 37395 8
6 241 41550 9
7 219 45705 10
8 201 49860 11
9 185 54015




How to measure the pulse width?

Autocorrelation is standard way to measure ultrafast pulsewidth.
However it could not be done here because of the wide bandwidth.

Solution: Correlation using pulses
formed by the sidebands
themselves.

Synthesize two pulses from the

subsets of sidebands and
electronically delay one pulse with
respect to the other. Measure the
resulting four-wave signal with a
photomultiplier.

simulation

waveform (2,4) time-delay: -6.00fs

Cross correlation Results

6 sidebands commensurate condition
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Cross correlation Results

7 sidebands commensurate condition
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Summary

0.833 cycle per pulse

o 1.4 fsenvelope

e 440 as cycle width

e constant carrier envelope phase
e 2 ns pulse train duration

« 8.0 fs pulse spacing

e« ~1 MW peak power

Possibilities

Generate subfemtosecond
single-cycle pulses: add more
sidebands and improve
sideband power

Perform autocorrelation of
sub-femtosecond pulses

Increase pulse-to-pulse
spacing

Develop control of carrier
envelope phase

Extract single pulse from
pulse train

Modulate in photonic crystal
fiber

Develop pulse control in

Optical-deep uv, xuv
attosecond pump-probe
Ultrafast tomography:
tracing molecular
vibrational
wavefunction

Low energy electron

dynamics in atoms,
semiconductors, etc.

Attosecond nonlinear
optics
Test new theories.......




Proposed attosecond Setup at NTHU

Space within one optical table
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