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The nonlinear propagation of an intense ultrafast laser psé in atmosphere
or other gas media leads to lamentation, a phenomenon uséffor applications
such as remote sensing, spectral broadening and shaping fashort laser pulses,
terahertz generation, and guiding of electrical discharge Axially extended optical
laments result from the dynamic balance between nonlineaself-focusing in the gas
and refraction from the free electron distribution generad by laser ionization.

In the air, self-focusing is caused by two nonlinear opticgrocesses: (1) the
nearly-instantaneous, electronic response owing to thestbrtion of electron orbitals,
and (2) the delayed, orientational e ect due to the torque aplied by the laser eld
on the molecules with anisotropic polarizability. To studytheir roles in lamen-
tary propagation as well as in uences on plasma generation atmosphere, these
e ects were experimentally examined by a sensitive, spacaad time-resolved tech-
nique based on single-shot supercontinuum spectral interbmetry (SSSI), which is

capable of measuring ultrafast refractive index shift in th optical medium.



A proof-of-principle experiment was rst performed in optcal glass and argon
gas, showing good agreement between the laser pulse shapktha refractive index
temporal evolution owing to pure instantaneous, e ect. Then the delayed occur-
rence of the molecular alignment in the temporal vicinity othe femtosecond laser
pulse, as well as the subsequent periodic \alignment reviga due to the coherently
excited rotational wavepacket were measured in various &ar gas molecules, and
the results agreed well with quantum perturbation theory. 4 was found that the
magnitude of orientational response is much higher than thelectronic response in
N, and O,, which implies that the molecular alignment is the dominanihonlinear
e ect in atmospheric propagation when the pulse duration isonger than 40 fs,
the rotational response timescale of air molecules.

Realizing the possibility of manipulating plasma generath by aligning air
molecules, the molecular orientational e ect was furthemivestigated by a technique
developed to directly measure, for the rst time, the radiabnd axial plasma density
in a meter-long lament. The experiment was performed usingoth 40 fs and
120 fs laser pulse durations while keeping the peak power ckander various focusing
conditions, and the alignment-assisted lamenation with 2{3 times plasma density
and much longer axial length was consistently observed withe longer pulse, which
experienced larger refractive index shift and thus strongself-focusing. Simulations
reproduced the axial electron density measurements wellrfooth long and short
pulse durations, when using a peak magnitude of instantangoresponse as 15%

of the rotational response.
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Chapter 1

Introduction

Filamentation is a nonlinear optical phenomenon in which t& self-focusing of
an intense laser pulse is dynamically balanced by opticalnization and plasma re-
fraction when propagating in the medium, resulting in a trasversely con ned ( 100

m), weakly ionized channel which can be maintained over a lgpropagation range.
Filamentary propagation in gases, especially in atmosplegris of great interest due
to the capability of the long-range, high-intensity ( 10'* W/cm ?) delivery of opti-
cal energies, which has many potential applications such esmnote sensing, spectral
broadening and shaping of ultrashort laser pulses, teralieigeneration, and guiding
of electrical discharges.

In the monatomic gas, self-focusing is caused by the neamhstantaneous,
electronic nonlinear optical response. For linear gas moldes such as Nand O,
an extra component of optical nonlinearity due to the delay®korientational e ect of
the molecules, or rotational Raman process, is also preseftrevious studies have
shown that the latter may a ect the lamentary propagation of the femtosecond
laser pulse in air. However, due to the fact that there are no lrable and conclusive
measurements to (1) determine the magnitude and temporal @ution of refractive
index shift contributed by both instantaneous and delayed enlinearity, and (2)

resolve the electron density radially and axially in the exdnded laser lament, the



molecular orientational e ect on atmospheric lamentatian is yet systematically and
guantitatively studied.

This Dissertation will address to these two issues and allotetter under-
standing of the physics in laser lamentation. Furthermore the investigation on
the molecular alignment-assisted lamentation suggests @ew way to control the

lamentary propagation as well as the plasma generation intenosphere.

1.1 Linear optics

The interaction between electromagnetic elds and mattersi governed by the

macroscopic Maxwell equations:

r D=4 : (1.1a)
r B=0: (1.1b)
1@B .
r E = E@t’ (1-1C)
1@ 4 .
=+ 1.1
' c@t c I (1.1d)
as well as the Lorentz force:
v

with D = E+4 PandB = H+4 M, whereP and M are electric polarization
and magnetization, and where and | refer to the free charge and current densi-

ties, respectively. For dielectric materials without eldionization there are no free



electrons, therefore the source terms and j can be omitted. For the static eld,

if the amplitude is weak compared with the material atomic (bund) electron eld

strength, there is a linear relationship betwee® and E expressed a® = E with
=1+4 sothatD = E, where we assume here isotropic material response.

Also we assume non-magnetic material so th& =0 and B = H.

The material response to the time-varying electromagnetield becomes fre-
guency dependent. From the microscopic point of view the eleic polarization
comes from the displacement of bound electrons of the atomsder the in uence of
the external eld. The Lorentz-Drude model treats the atom a a classical harmonic
oscillator, in which a single orbiting electron and the nuelus are attached to each
end of a spring satisfying Hooke's law. The impinging electmagnetic wave serves

as the driving source, which gives

2

me X+ X+ X = eE(t); (1.3)

where x is the electron displacement vectorm, is the mass of the electron, is
the phenomenological damping constant, and is the resonaifirequency given by
the \spring constant" m, 2. The nucleus can be considered stationary because it
is much heavier than the electron, and the e ect of magneticeld can be ignored
whenjx=gd 1, which is the case when the laser strength parameter (antplie of

normalized vector potential)a, 1, where

S

2e? 2| (1.4)




for linear polarization, or intensityl ~ 2:2 10'® W/cm 2 at the wavelength = 800
nm. Assuming the incident wave is monochromatic at frequendy in the complex
time-harmonic eld (phasor) notation E(t) = E, e ", also assuming there ar&
electrons per atom withf; electrons having resonant frequency; and damping
constant j, the steady-state solution of Eq. 1.3 gives the complex liae atomic

polarizability (! ) as well as susceptibility (! ) N (!) in the gas atoms:

Ne? X 2o
| = : :
Re( (1)) me f ,-2 N j2!2’ (1.5a)
Ne? X !
| = . J .
Im( (!)) me f : N j2!2’ (1.5b)
with B, = (! )E,, whereN is the number density of the atomsf; is the classical

P
oscillator strength with . f; = Z. This can be generalized to polychromatic waves,

]
giving P(! )= (')E(!), whereP(! ) and E(! ) are Fourier transforms ofP (t) and
E(t), respectively. Note that in the solid the induced atomic diple moment can
interact with the nearby atoms, therefore the correction = N=(1 4N = 3)
must be made [1]. Also note that the quantum mechanical deritran gives almost
the same result as Eq. 1.5, except that a di erent de nition 6f; (quantum oscillator
strength) is employed, and that ; is de ned by the photon energy~ ; involved in

the transition between two energy levels, assuming the extal eld is very weak

so that the electron orbitals are not distorted [2].



The time domain representation of the linear polarizations

yA 1
P(ty= dR()E(t ) (1.6)

1

where the Fourier transform ofR(t) gives (! ). Simpli cation can be made at the
adiabatic limit, i.e., the incident eld envelope varies mgh slower than the response
of the bound electron. In fused silica (Sig), for example, the UV absorption edge
isat s 150 nm [3], and the electron response timescaldo optical frequencies
can be estimated by 2= 5= as=C 0.5 fs. In the adiabatic limit, the incident
wave usually satis es two criteria: (1) all of the constituat frequency components
are far away from any resonant frequency;, and (2) the bandwidth is narrow. The
slowly varying envelope approximation (SVEA) now can be usearf time-domain

representation of the electric eld
— 1 il ot [P
E(t) = > E (t)e +c.c ; (1.7)

where! o is the carrier frequency, andk, ,(t) is the envelope with the bandwidth
! lo. If 1ois far away fromany ;, Im( (!)) Oand (!) Re( (1)), so
there is nearly no absorption. Also in the range dfy I'o the variation of (1)

is negligible, which validates the quasi-monochromatic ppoximation

P = (Yo)E(D): (1.8)



A more quantitative criterion to determine the adiabatic Imit is given by [2]

a (), SE®
(‘o) E()

1: (1.9)

Now we examine the solutions of the Maxwell equations leading the propa-
gating electromagnetic wave. For the uniform, isotropic,rad linear medium without
free charge or current, a wave equation can be obtained frong EL.1c and Eq. 1.1d,

assumingM = 0:

1 @E
2E @ -

4 @P_
cal. et

(1.10)
and the simplest solution is the monochromatic plane wa¥g , coskoz ! ot), where
I o is the frequency,kg = ng! g=cis the wavenumber in the mediumng = P (o)
is the index of refraction, and for monochromatic solutiongd is legitimate to use
Eq. 1.8. The propagation speed of a monochromatic wave at tlequency! o is
determined by the phase velocity, = ! o=k = c=n.

However the plane wave solution is not realistic because itinsversely extends
to in nity with non-vanishing amplitude. Instead, in many occasions it is preferable
to use the Gaussian beam solutioiE (r;z;t) = E,,(r;z)e " °' obtained from the
paraxial approximation of Eq. 1.10, with

Eo r2 k0r2

Ei,(rz)= w(z) exp w2(2) exp i2R(z)

exp(ifkoz (2);  (1.11)



where

2
0l

=w? 1+ : 1.12

w(z) = wy o w2 , (1.12)
1 z

= : 1.13

R@) 22+ (nowi= o) (L-13)
Z

tan = - 1.14

(2) oW 2= (1.14)

and o = 2 c=! ( is the vacuum wavelength. The Rayleigh rangez = now 3=
is de ned so that whenz = zg, the beam radiusw = piwo. For the quasi-
monochromatic solutions we can replacg&,, by E,(t) for the plane wave and
E ,(r;z) by E, ,(r; z; t) for the Gaussian wave, assuming the condition of Eq. 1.9 is
met.

For a multi-coloured wave, such as a femtosecond laser pulpeopagating in
a medium where Eq. 1.9 is no longer valid, i.e., the dispersits not negligible, each
frequency component experiences di erenf! ) and thus has di erent v, therefore
it is useful to de ne the group velocity

dk(!) *

Vg = d—| X (115)

which is the propagation speed of the envelope (overall shgpof the eld in the

medium. Assume that the propagating wave is in the form
o 1 1\ ai(Koz !ot) .
E(r;t) = > Eo(r;t)gt™o? oV +c:c: (1.16)

under the slowly-varying envelope approximation, where, I'andko = k(! o) =



no! o=C By expanding the dispersion relatiork(! ) around the carrier frequency o,
k(') = k(Po) + (! !o)dk=dl)ji, + 2(! !0)*(cPk=d!?)j,+ , and keeping
the terms up to the second order, from Eqg. 1.10 one may obtaihe paraxial wave
equation for the envelope in the linear medium:

1 ,. , @6, d @B i &k @ _

Tkor?EO @Z d_' !0@ é W !0—@% =0; (2.17)

where @k=d!)ji, = [v4(! 0)] 1, and (d*k=d! ?)j, , is the group velocity dispersion
(GVD). Equation 1.17 takes account of the distortion of the wee envelope when
propagating in the dispersive medium with nonzero GVD. Higheorder dispersion
terms such asd®k=d! 3, d*k=d!4,... can be also incorporated into Eg. 1.17 when

dealing with highly dispersive media.

1.2 Nonlinear optics

Equation 1.3 assumes a parabolic potential, which is equleat to a linear
restoring force, experienced by the bound electron. It is ntrue when the ampli-
tude of the electron oscillation is small compared with the &r radius of the atom
in the external time-varying eld. Under the strong driving eld the spring force

will develop nonlinear corrections, leading to

me X+ X+ 2x+fu(X) = eE(t); (1.18)



where fy (X) is the nonlinear restoring force, and the solution gives éhnonlinear
polarization per electron (dipole momentpe(t) = ex(t). If jfac(X)j | 2xj, one
can use the series expansidfy (X) = axx?+ azx>+ a;x*+ and use perturbation
methods to solve Eq. 1.18. Consider the case that the only rmmro expansion
coe cient is a,, and assumex = x® + x@ where x® is the linear solution of
Eq. 1.3 andx® is the next order correction when the nonlinear force terra,x? is

present. It can then be shown that [4]
x®@+ x@ 1 @4 5, x® ?=0; (1.19)
If the driving eld is composed of two frequencie$ ; and ! ,:
E(t) = :_ZL E.,e"t'+E,e"2+cuc ; (1.20)

then the second-order nonlinear polarizatioR® = Nex® has frequency compo-
nents (i) j's '), () 2';and 2 ,, and (i) 'y !y =1, 1, =0. Similarly,
if fao = a°x3® and the driving wave has three colors 1, ! 5, and ! 3, then one can
get the third-order nonlinear polarization P® with frequencies! ,, !5, !5, and
the combinations! =] ni!; nyl,  n3lsj, where integersny;ny;ng 0 and
ny{+ ny+ n3 = 3.

The quantum mechanical derivation of induced polarizatiorstarts from for-
mulating the total Hamiltonian operator H = Hy+ hg + Hg, whereHj is the atomic

Hamiltonian, hg(t) = eE(t) r is the potential of the electric dipole moment, and



Hr is the relaxation processes causing energy loss. The nexpsis to solve the

equation

o

I
PlH T (1.21)

dt

where [ ] denotes the commutator, and is the density operator

X - . .
= Pgj 4ih o (1.22)

q

where P, is the classical probability for nding a speci c state labéed by q:
jooi = agkjki; (1.23)

in an ensemble of identical atoms WithP ¢Pa =1, and jki is the eigenstate of the
electron orbitals. Finally the averaged atomic polarizatin isp(t) = e Tr( r)
where Tr denotes the trace operation. The method outlined abve is the most
general approach, which can be used for the highly nonlineatectronic response
when hg is comparable withH,.

If hg Ho then the quantum perturbation theory can be employed. The

density operator can be expanded in a series of smaller andatler corrections

M= @O+ O+ @)+ , where @ is the unperturbed density matrix
at thermal equilibrium, and (™ denote the successive corrections. It can then be

shown that the temporal evolution of (" is [2]

i~% W)= Ho W) + he®: " PO ; (1.24)
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with the solution

.z, oz, z,
| n 1
Mty= — Ut d, d> dn
d d 1 (1.25)
h2(1); h2(2); he(a); © Uo( 1);

where Up(t) = exp( iHot=~), and h(t) = Ug( t)he(t)Uy(t). The relaxation pro-
cessHg is not included in Eg. 1.24 and Eq. 1.25, and it can be introded using the
model

d
i - o .
il ) = i (1.26)
wherei, j are the indices labeling the matrix element. Equation 1.26 @ans expo-
nential decay of a statel wheni = j, and it means dephasing between statesand

j wheni 6 j.

Note that Eq. 1.25 can be interpreted as expressing that themge 1, 2,...,n

photons with energies~! 1, ~! ,,..., ~! , involved in the processes®, @ M
corresponding to the linear susceptibility @ (i.e., in Sec. 1.1), and nonlinear
susceptibiliies @, @ . (M respectively. Also note that the nonlinear suscep-

tibilities are tensors, because the medium is no longer isopic under the in uence
of the intense polarized eld. For example, assuming the elgic eld is in the

form of Eg. 1.20 with! ; > ! ,, the nonlinear polarization representing sum- and

11



di erence-frequency generation has the form

X

PP, = K(a+1o) @ (1i+1)(E) (B (1.272)
@ X @
P!l 2 = K(I 1! 2) (I 1! 2)(E!1) E!Z ; (127b)
whereK is the permutation factor, and ; ; 2 f 1;2; 3g are indices of the spatial

coordinates.
Similar to Sec. 1.1, for quasi-monochromatic waves it is pkle to nd a

time-domain representation of nonlinear polarization, uther the adiabatic limit:

X X
(PM(t)) = KO sttt Mo (0 gt
| (1.28)
(Er, (1) L :0:(Br (D) o5
with! =1,+4+:::4+1,, where
1X h . -
PO =2 Pme "+ POyt ™ ; (1.29)
100 0
and
X h _ o
E(t) = % Eio(t)e " T+ E ,o(t)d * : (1.30)
100

For each carrier frequency © the electric eld has slowly-varying envelopeE, o(t)
with bandwidth 1?19 andalso (" is nearly constant over the rangé©® !0
This general form emphasizes the fact that multiple combin@ns of frequencies

contribute to a nonlinear process. Note that because realluad electric eld in

12



can be either positive or negative in Eq. 1.28.

1.3 Second- and third-order nonlinearities

The nonlinear polarization becomes signi cant when the magfude of the
optical eld is comparable with the Coulumb eld that the orbiting electron expe-
riences in the atom. Using the Bohr radius of the hydrogen atora, = ~2=me€?
(in cgs), the atomic eld is roughly estimated to be 51 10" V/m. The optical
intensity required to reach this upper limit is 35 10 W/cm?2. It was not until
1960 that the invention of laser [5] made the observation obnlinear e ects in the
optical regime possible. With the aid of the ruby laser, cafde of 10" W/cm?2
(focused) intensity, second harmonic generation [6] and daphoton absorption [7]
were rst reported in 1961. This triggered systematic studis in both theory [8] and
experiment, and is thus considered as the onset of modern fingar optics. The
most commonly observed nonlinear e ects belong to secondidathird-order non-
linearity. Higher order perturbative nonlinearities by bound electrons such as ©
[9] also exist but are relatively poorly explored, due to thextremely weak e ect
and the complexity of mathematical analysis.

The second-order nonlinear e ect usually involves generah of new frequen-
cies. Examples are second harmonic generation (= ! + !), frequency mixing
(! =11 !, sum-and di erence-frequency generation), optical paragtric oscil-

lation (OPO) [10] and ampli cation (OPA) [11]. These providea convenient way to

13



tune the laser wavelength for various applications. Moreey, parametric frequency
down-conversion [12], where one higher-energy photon certs into two lower en-
ergy ones in the nonlinear medium, can produce entangled pbio pairs [13] useful
for the study of quantum optics and quantum computation. Opital recti cation
[14], on the other hand, is the extreme case of the di erenceefjluency generation
(! =1 1 =0), where the two input frequencies are equal. This is usdfwhen
the input is a femtosecond laser pulse, because the genamatof quasi-DC polar-
ization follows the laser pulse envelope and thus emits radion in the terahertz
frequency range [15]. The eld-induced birefringence, ordekels e ect [4], can be
also explained as an extreme case of sum frequency genematly a DC electric
eld and an optical eld (! =0+ !). The resulting optical eld keeps its original
frequency but the polarization is rotated.

Second-order nonlinearity yields signi cant radiation manly at the surface or
in some anisotropic lattice structures, where the spatialysnmetry is broken. The
third-order nonlinearity does not have this restriction anl thus should be observable
virtually in any optical material. Third harmonic generation and four-wave mixing
[16] are the principle frequency mixing processes assoettvith . Degenerate
four-wave mixing also leads to optical phase conjugation?Jl. which reverses the
wavefront evolution and is useful for correction of phasestortion induced by optical
systems.

The nonlinear susceptibility tensor @ ( I;1; 1;1 ) has an interesting prop-
erty: it modi es the refractive index of the medium accordig to the optical inten-
sity. Assuming the eld is linearly polarized alongx direction, the total complex

14



polarization

PO+ PO )= @ 1;1)E, (t)+§ G (151 L1 JE(DPEN (1) (1.31)

4 XXXX

gives an e ective refractive index

JEr (i no+ nal (t); (1.32)

©)

XXXX

Ne (t)=ng 1+
e() 0 Zn%

p— ) . . .
wheren, = 1+4 @ js the linear index of refraction,n, = 12 2 & (n3c) tis

called nonlinear refractive index,| = noGEj?=8 is the optical intensity, and with
the assumptionng  n,l. The factor 3=4 in the P® term of Eq. 1.31 originates
from permutation. This nonlinear process produces a traresit shift of refractive
index which has the same temporal evolution as the intensitiNote that this is based
on the assumption that the bound electron reacts much fastéhan the time scale
of the eld envelope. Comparing with commercially availald ultrafast lasers with
sub-100 fs pulse duration, the electronic response time foy instance, optical glass,
is usually < 1 fs as estimated in Sec. 1.1 and can be considered as instaatais.
The nonlinear refractive indexn, is related to several e ects, such as self-phase
modulation, cross-phase modulation, self-focusing, angtaecal lamentation, which

will be discussed later in this Chapter.
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1.4 Resonant nonlinearities

Most of the optical nonlinearities mentioned in Sec. 1.3 aneon-resonant ef-
fects. In a resonant nonlinear process, the overall bandwhdof at least two of the
interacting elds overlaps an energy level separation in #atoms/molecules of the
medium. The transition can be electronic between atomic or @ecular orbitals, or
vibrational as well as rotational in the molecule. An examplef resonant nonlinear-
ity is two-photon absorption, in which a transitionjgi ! j fi with energy absorption
~ g IS excited by two photons! ; and ! ; with 1 ;1 + 1, = 4.

Another important type of two-photon resonant nonlinearityis Raman scat-
tering. The Raman process can be viewed as inelastic scaittgr of the photon,
which gains or loses energy with the coupling of a state tratien. As shown in
Fig. 1.1, the pump photon with frequency! , has two possible interaction paths
through an intermediate \virtual state™ (a) jgi!j ii thenjii!j fi with emission
of a\Stokes" photon! s = !, ¢y and (b) jfi!j iithenjii!j gi with emission of
an \anti-Stokes" photon! o = ! ,+ 5. Raman spectroscopy and Raman lasers are
important tools in chemistry, biology and medical researcghrand Raman ampli ers
are widely used in optical communication.

The rotational Raman process has some interesting propesi. For non-polar
molecules, it arises from the interaction between the lasezld and an ensemble of
randomly oriented molecules with anisotropic molecular parizability. The laser
electric eld toques the molecular axes with highest polarabity toward the eld

polarization direction, giving some time-varying \degre of averaged alignment,
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Figure 1.1: Energy level diagrams of (a) Stokes, and (b) antiStokes Raman scattering.
TTTA TR
J
4
A 4 2
A 4 O
Figure 1.2: Energy level diagram showing som¢ ! j 2 transitions in the rotational

Raman process.

and it can keep evolving even after the laser eld is turned o In the language of
guantum mechanics, a laser pulse can induce coherence betweotational states
jji andjj 2i and thus excites a rotational wavepacket. The energy levelagjram
of such a process is shown in Fig. 1.2.

The temporal evolution of the rotational wavepacket can bebserved via the
transient shift of the refractive index in the ensemble of mecules, which is in
proportional to the average degree of the alignment. When ¢hlaser pulse duration
is shorter than a characteristic response time due to the mtional inertia of the

molecule, the transient refractive index will have a delageresponse with respect to
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the laser pulse. In other words, the adiabatic approximatiois no longer valid, and
the induced refractive index shift, to the zeroth order appximation (which will be
explained in Chapter 4), is contributed by two parts:

Z
n(t) = Ninst (t) + Nrot (t) = r]2;inst| (t) + 1 N2:rot (t )| ( )d : (133)
1

wheren, = ny.ns IS the instantaneous, electronic response, amd.; is the delayed
molecular rotational response. Therefore, when studyingpé ultrashort pulse prop-
agation in a molecular gas such as air, the e ect of moleculatignment should be
considered. As ny is proportional to peak laser intensity, it is sometimes ats
considered to be a ®-related process in some literatures. A detailed discussio
on both physics and applications of laser alignment of molges will be given in
Chapter 3, with both non-perturbative and perturbative treatments using quantum

mechanics, similar to the derivation of nonlinear polarizaon outlined in Sec. 1.2.

1.5 Self- and cross-phase modulation

The nonlinear refractive indexn, adds nonlinear temporal phase to the prop-
agating light and generates new frequencies through seligse modulation (SPM).
Consider a laser pulse with a Gaussian intensity pro l&(t) = Ioexp( t?= 2) prop-
agating in a nonlinear and dispersionless medium for a disitzeL, and assume only
instantaneous nonlinear refractive index,.int = N, exists. The accumulated non-
linear phase is n. (t) = koLnslgexp( t?= 2), wheret is the time coordinate in

the moving frame of the pulse. The nonlinear temporal phase equivalent to a
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time-dependent frequency shift

d 4LN olo, oo
(= b= N 200 1= 7, (1.34)

and is plotted in Fig. 1.3(a), along withI(t). Figure 1.3(b) shows the spectrum
of a transform-limited 100 fs laser pulse, and a typical spieem of the same pulse
after experiencing self-phase modulation is shown in Fig.3{c), with signi cantly
broadened bandwidth and spectral beating between newlyfggrated frequencies.
Cross-phase modulation (XPM) is similar to SPM but has two or ore laser
pulses with di erent polarizations or carrier frequenciesnvolved. For example,

consider the following processes:

POM =5 S 1aitai 11! 2J(En (), (B, (D), (1.35)

NI W

and

POWM = 2 By 1ala 11 )iELM)LEE,O),:  (136)

One can clearly see that one wave can alter the phase of anathe&ve, and this is
especially useful for pump-probe type experiments studygnthe nonlinear optical
properties of materials, in which the refractive index in te medium is altered by
an intense pump beam and then is recorded as the nonlinear ghkashift on a weak
probe beam. This is the fundamental principal of the ultrafst refractive index mea-
surement technique presented in Chapter 2. Note that for el@onic nonlinearity,

the permutation factor of XPM in both Eq. 1.35 and Eg. 1.36 is 2, which is twice
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Figure 1.3: (a) The time-dependent frequency sweep ! (t) (top panel) experienced by a
Gaussian laser pulsé (t) with 1 =efull width 2 (bottom panel) during self-phase modula-
tion. (b) The spectrum of a transform-limited Gaussian lase pulse with 100 fs full-width-
at-half-maximum (FWHM) duration. (c) A calculated self-ph ase-modulated spectrum,
using (b) as the input and assuming the nonlinear medium is dipersionless.
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than the value in SPM process in Eq. 1.31.

1.6 Self-focusing and lamentation

The nonlinear susceptibility © introduces not only a temporal but also a
spatial e ect. For a Gaussian beam (r) = loexp( 2r?=wg), the center of the beam
experiences more phase shift than the edge does in the noséinmedium. The laser
beam then undergoes self-focusing because the medium akesd lens. The e ective
focal length can be determined by th&,-induced wavefront curvature. One of the
applications is Kerr lens mode locking of Ti:Sapphire lasgi8], which uses self-
focusing in the gain medium to favor short pulse operation tler than continuous
wave (CW) lasing in the cavity.

Self-focusing can balance diraction when the laser poweeaches a certain
threshold, leading to the laser beam maintaining its size eva distance much longer
than the Rayleigh rangezg. To show this, consider a linearly polarized Gaussian
beam from vacuum ¢ < O plane) entering a dielectric material with linear refraave
indexng (z 0 plane) at normal incidence, and the beam waist, is at the interface
z=0. The electric eld for z > 0 is represented by Eq. 1.11.

For a in nitesimal propagation distance z into the dielectric material, di rac-

tion changes the phase front curvature, and the correspomdj phase shift is

_ _ Nokor? r2z.
g (h 2)= R( 2 ng(wiP

(1.37)

On the other hand, with the presence oh,, the Gaussian beam also produces a
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radially-varying wavevector

2r? 2r?
Ket(r) = ko no+ nalgexp — Ko ng+ nylg 1 — : (1.38)
Wo Wo
and the phase di erence is
4n 2|o r2
o 2)= kg z= —  Z: (1.39)
Wo
Substituting | = 2P=w3, and requiring that d = sf, one obtains the
critical power for self-focusing
2
P. = : 1.40
Ty (1.40)

Note that this threshold depends on power instead of intengit Moreover, P, de-
pends strongly on the beam pro le. The critical power givenyovarious prior works
are in the form  2=nyn, and only di er by a multiplicative factor . In particular,
a popular valueP., = 3:77 2=8n (n, is given by Ref. [19], and this will be used
throughout this Dissertation.

Such self-sustained, transversely con ned nonlinear pragation at the critical
power was rst theoretically discussed in 1964 [20], and wéster observed in a solid
[21] and a liquid [22], in which the laser beam collapsed int \ lament" with a
typical diameter of sub-100 m. In 1995 long-range lamentation of a femtosecond
laser pulse accompanied by weak ionization in atmosphere svast reported, and

it was suspected that the plasma also plays a critical role ithe extended high
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Figure 1.4: Schematic of laser lamentation.

intensity lamentary propagation [23]. To show this, condier an ideal Gaussian
beam undergoing self-focusing in a gas. The intensity wilventually exceed the
ionization threshold of the gas atoms. As will be seen laterader ionization rate
is intensity dependent, so the center of the beam generate®ma plasma than the

edge, where the index of refraction in the plasma is

nl)= 1 =% (1.41)

with the plasma frequency

(1.42)

wheren, is the electron density. The plasma acts like a negative leas illustrated

in Fig. 1.4, which counteracts the self-focusing e ect dung the propagation.
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1.7 Plasma and laser-induced ionization

Plasma is the gas composed of ions and free electrons, anddharged particles
interact via Coulomb forces. The plasma response to the elemagnetic wave can
be obtained from a special case of Lorentz-Drude model EqB by letting =0, i.e.,
the electron is no longer bounded to the atom. Again the nuclsyion) is assumed

stationary, and the electric susceptibility becomes

. ne€& 1
= meizea (1.43)

wheren, is the electron density, and the damping rate is replaced byhe collision
frequency . Equation 1.43 is valid when there is only electron-ion elas collisions
without resonance, and also under the assumption that theis no magnetic eld. If
there is no collision then = 0, and by using the relationn = P 1+4  one obtains
Eq. 1.41. Moreover, the electron quiver velocity in the laseeld is  vyssin!t

wherevy,s = eE=m,! assuming akE coslt driving eld. The relativistic correction

must be considered under an intense driving eld, and the a&on peak quiver
velocity becomesves = eE(me! P 1+ ad), whereay = Vs=C= eE=mlc is the
laser strength parameter (amplitude of normalized vectorgiential) introduced in

Eq. 1.4, and = 12" 1 v2=2 is the Lorentz factor. The electron quiver motion
becomes anharmonic and also shows \ gure-eight" traject@s owing to the non-

negligible e ect of the magnetic eld. In the relativistic regime, the plasma frequency
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becomes

lp= : (1.44)

For the optical phenomena studied in this Dissertation, thentensities are in the
regime ofa, 1.

To study laser-plasma interactions such as optical lameation, it is crucial
to understand the physics of laser ionization. Other e ects which laser ionization
plays an important role include high-harmonic generatior2@d], cluster explosion [25],
optically-pumped X-ray lasers [26, 27, 28], ionization blughift [29] and steepening
[30] of the laser pulse. For a short laser pulse, plasma geat@n is mainly con-
tributed by eld ionization. For longer pulse duration the ionization process is more
complicated. The leading edge of the laser pulse rst weaklgld-ionizes the atoms,
and the free electrons continue wiggling under the in uencef the laser eld and
produce more plasma through collisional ionization. The iterion that distinguishes

between the two mechanisms is the electron-ion collisiorvgn by [31]

_ L 372%N 0 1 =2

(1.45)

ei

where N; is the ion density, In ¢ is the Coulomb logarithm for electron-ion colli-
sion, T is the electron temperature, andJ, = €4jEj>=4m,! 2 9:3 10 I (W/cm ?)
[ ( m)]? eV is the electron ponderomotive quiver energy. For low elean tempera-
ture or high laser intensityU, kg Te, the temperature term can be omitted. For a

typical lamentinair, Z=1, N; 10%cm 31 5 108 W/cm? andin o 13
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[32]. At the laser wavelength =0:8 m, the characteristic collision interval is then
1=¢ 7 ps and is much longer than the pulse duration (sub-100 fs) aftypical
Ti:Sapphire laser, and in this case the collisional ioniz@n is not important.

There are two di erent regimes in eld ionization when the ekctron ionization
potential is greater than energy of a phototJ; > ~! , which is usually true for the di-
electric material at optical frequencies. Multiphoton ioization takes place when an
electron absorbs multiple photons until the ionization theshold is reached. Tunnel-
ing ionization occurs when a laser eld substantially distds the Coulomb potential
of the atom so that the electron can tunnel through the potemal barrier. The
schemes of both tunneling and multiphoton ionization are ghécted in Figs. 1.5(a)
and 1.5(b), respectively. These two di erent mechanisms ifact describe the same
physics in the two extreme limits. When the laser period is tmger than the time
that the electron takes to tunnel through the barrier, it is n the regime of tunneling
ionization. This condition can be met when the laser frequew is low or the eld
strength is high. On the other hand when the laser frequencg high or the eld is
weak, the electron is not able to tunnel through the barrier whin a single optical
cycle, and this is in the regime of multiphoton ionization. Tie Keldysh parameter

k [33] is used to determine which ionization model is more amgpriate under the
given conditions:

= — e (1.46)

where U; is the ionization potential and E is the laser electric eld. Tunneling

ionization dominates when ¢ < 1, otherwise multiphoton ionization plays the
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(b)

Figure 1.5: (a) Tunneling ionization, and (b) multiphoton i onization.

major role when ¢ > 1. The ionization potential of N, is 15.576 eV [34], and for
typical laser intensity in the atmospheric lamentl 5 10 W/cm?2 and =800
nm, x = 1:6, and thus multiphoton ionization is dominant over the tunreling
ionization.

The rate of tunneling ionization is estimated by the AmmosoWBelone-Krainov
(ADK) model [35] and then many other variants later on. The ra¢ shown here is

given by Ref. [36]:

o lace U @+D(1+ jm))!
2" U Zimiéjmj)!(l i mj)!
3= 2n jmj 1 3=0 # (1.47)
2 i E exp g H _at .
Up E 3 U E '’

where U; is the ionization potential of the ion of interest,Uy, is the hydrogen ion-
ization potential, ! = me*=- and E, = mZe’>=* are frequency and electric eld
in atomic units, C, = (2"=n )" 2n ) 2, " = 2:71828 is the base of natural

logarithm, and n = Z(U,=U)**? is the e ective principle quantum number.
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The multiphoton ionization rate is modeled by [37, 38]

w= MO)INr: L) (1.48)

where | is the laser intensity, N is the minimum number of photons required to
reach the ionization threshold, namelyN = bU,=~! c+ 1 with b crepresenting the
oor function, and MN)(1) is the frequency-dependent cross section for-photon

ionization.

1.8 Nonlinear propagation

The general nonlinear propagation problem can be describbg using P (t) =
PD(t)+ Py (1) in Eq. 1.10, whereP . is the nonlinear polarization. Wave propa-
gation in the presence of @( 1 ;I: 1.1 ), which is the origin of self-phase modu-
lation and self-focusing described in Sec. 1.5 and Sec. is@&f particular interest. In
this case, adapting the paraxial wave equation Eq. 1.17 andsuming the adiabatic
approximation is valid for © over the laser pulse spectral rangéd § '), one

gets

1 2
—7r SE +
2|k0 ?

@E dk @E i d%k @E _ iy NP
@er ar !O@t+§ a2 !O@_8—non21Ej E: (1.49)

To deal with nonlinear propagation in the partially ionizedmedium, one may in-
clude the plasma susceptibility (! ) = ne€?=me! ? from Eqg. 1.43, and the result

is adding a term (4n ¢(r;t)e?=m¢)E on the right hand side of Eq. 1.49. Moreover,
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for propagation in atmosphere, the refractive index contouted by molecular ori-

entational e ect ny(t) = N2-rot (t )I( )d should be also considered, and

1
1

Eq. 1.49 becomes

H 2
_irgE+@E+ i@E+I_ ﬂ @
2iky @z vy @t 2 d!? - @ (1.50)
4ne il - . '
= mz E+ 8_0n0 nz;instJEJ2 + N2rot ) EJZ E;

where denotes convolution, and the molecular impulse responeg. (t) will be
derived in Chapter 3. To numerically solve this equation, iis more convenient to
rst transform the coordinate to the moving frame at group véocity v4 with local

time axis =1t z=\y, which will be discussed in Chapter 5.

1.9 Outline of the Dissertation

This Dissertation presents experiments and simulationsvestigating the non-
linear optical response of air molecules and its crucial eln optical lamentation
of intense laser pulses in atmosphere. In this Chapter, a bfireview on nonlinear
optics has been given, with the emphasis of the e ects leadirto nonlinear phase
modulation and propagation. An overview of laser ionizatioand optical properties
of the plasma has also been introduced.

Chapter 2 describes a single-shot, time- and 1-D-spacealwsd method to
measure the ultrafast temporal evolution of refractive inelx, and demonstrates the
measurement of intensity-dependent index shifi,l originates from instantaneous,

electronic nonlinearity in the optical medium.
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The following chapters focus on laser-induced moleculargriment. A treat-
ment based on quantum perturbation theory is presented in Gipter 3, allowing
the calculation of the ensemble-averaged alignment in themporal vicinity of the
femtosecond laser pulse, as well as the subsequent periadignment revivals due to
the coherently excited rotational wavepacket. By applyinghe same technique used
in Chapter 2, the transient refractive indices resulting 'm molecular orientational
e ect in some common linear gas molecules are measured in Olea 4.

Recognizing the signi cance of the nonlinear index shift otributed by align-
ment of molecules, Chapter 5 investigates the molecular entational e ect on
plasma generation in the femtosecond laser lament in atmphlere. An interfer-
ometric method is developed to directly resolve the radiaha axial electron density
along the meter-long lament, and for laser pulse durationtonger than the rota-
tional response timescale of the air molecules, the alignntassisted lamentary
propagation is observed, with increased plasma density af@hger lament length.

The experimental results are veri ed by simulations.
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Chapter 2
Ultrafast measurement of transient refractive index shifts

2.1 Introduction

With the advance of laser technologies capable of delivegirthigh power, the
nonlinear refractive index plays an important role in both dser science and engi-
neering. Solid-state pulsed lasers such as Nd:glass and Nd&r&ystems routinely
generate several GW of power within a 1 cm beam diameter. The maximum
intensity is limited by P.=A. , where P, is the critical power for nonlinear self-
focusing in the gain media or other optical elements, anll, is the e ect laser beam
area. WhenP > P, self-focusing beats the natural di raction so that catastophic,
lamenting optical damages may occur. In Ti:Sapphire-baskchirped pulse ampli-
cation (CPA) systems with sub-50 fs pulse duration and multiTW peak power,
there are more considerations. The nonlinear phase is inthaced to the laser pulse
via self-phase modulation, and if it is accumulated too mudroughout the system,
the pulse cannot be compressed properly, with degraded pgadwer and also tem-
poral contrast [39, 40]. The nonlinear phase shift is giverylthe so-called B-integral
[39]:

n,ldz; (2.1)
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where L is the medium length, andB 1 implies better spatial and temporal
guality of the laser. In optical ber used in, say, communicaon, the optical intensity

is usually much lower than in solid-state lasers, so that,l is smaller. However, the
propagation distanceL can be many kilometers so that propagation models must
include the e ect of n,.

On the other hand, the nonlinear refractive index can have be cial e ects.
For example, Kerr lens mode-locking, used by all modern Tefphire oscillators, is
a simple but robust mode-locking technique which does notqeire any active com-
ponent in the laser cavity [18]. Self-phase modulation (SPMilong with four-wave
mixing are able to transform a narrow band laser pulse into berent supercontin-
uum with frequency span more than an octave [41]. Optical Kegate [42] is the
polarization rotation of a weak probe beam due to induced kifringence by a strong
pump beam, and its application includes ultrafast all-optal switching [43], time-
gated imaging [44], and uorescence spectroscopy [45]. Noehbr ellipse rotation [4]
is related to self-induced birefringence and is used to ingme the temporal contrast
of ultrashort laser pulses [46]. Other examples of nonlingaropagation phenomena
includes lamentation and optical soliton [47], which are tmdied extensively and
have many potential applications.

As introduced in Chapter 1, the nonlinear index shift can be ecsed by prompt
and delayed @ nonlinearities. In addition to the instantaneous electroic nonlin-
earity, the delayed nonlinearity also exists in the molecat gas and liquid, which
is the rotational Raman e ect, i.e., the orientational respnse induced by the fem-

tosecond laser pulse. There are some other mechanisms wtatdo contribute to
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the ultrafast refractive index shift in the optical medium. To name a few: in the
molecular gas, the laser-induced rotational wavepacketqguatuces periodic echoes of
molecular alignment, which will be explained in Chapter 3 irdetail. Another ex-
ample is the optical ionization when the intensity at the frot edge of a laser pulse
exceeds the ionization threshold in the medium, resultingotrapid generation of
plasma on fs time scale with an ionization front moving at the group velcity of
the pulse, and the stepwise increase of plasma density coalttur when the intensity
exceeds rst, second ionization threshold of atoms and so.oAfter the laser pulse,
the free electrons and ions also recombine on a time scalegig from ps to

ns. In the plasma, the laser pulse in the relativistic regimean drive plasma waves
through the ponderomotive force [48] or the Raman instabii [49], with oscillation
period 2=! , = 111 fs for plasma densityne = 108 cm 3. Therefore to study
these e ects, a technique which is capable of measuring thérafast evolution of
refractive index is desirable.

The nonlinear refractive index has been studied since 1960and several meth-
ods were developed to determine its magnitude, including miinear ellipse rotation
[50, 51, 52], degenerate four-wave mixing (DFWM) [53, 54]early-degenerate three-
wave mixing [55, 56], spectral analysis [57, 58], and Z-sd&®]. These methods all
depend on the assumption of a mathematical relation betwedhe refractive in-
dex variation n(t) and a previously-known laser intensity envelopk(t), hence do
not have temporal resolution to characterizarbitrary changes of refractive index
originated from other e ects such as those mentioned abov®FWM and nearly-
degenerate three-wave mixing are to determindds (!l 1! ) by sending three
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waves as the input to the material and measuring the output tensity of the fourth
wave. The spectral analysis is to t the SPM spectrum with thenonlinear propaga-
tion model, and Z-scan is based on measuring the change oktlaseam divergence
due to self-focusing. The measurement results from all ofghiechniques above are
also spatially-averaged and are beam pro le dependent, aentioned, for example,
in Ref. [51], and thus do not have spatial resolution.

Time-resolved interferometry was employed for transienefractive index mea-
surement [60, 61]. In general, this scheme employs a wealetdseam, which is sent
to an interferometer and is rst split into two arms as probe ad reference, where
the sample is placed in the probe arm. A strong pump beam ovapls the probe
beam in the sample and induces cross-phase modulation. Thie probe beam is
recombined with the reference, and the spatial interfereacpattern is sampled by
the photodetector. The e ective optical path length of the pobe beam changes due
to laser-induced refractive index shift in the sample, refting to shift of the inter-
ference fringes. The time dependence of the fringe shift cha resolved by scanning
the pump-probe delay, and therefore (t) and n(t) can be reconstructed, with
resolution limited by the probe pulse duration. Interferometry is highly sensitive
but also unstable. Perfect spatial and temporal overlaps bveeen two arms are re-
quired, and mechanical damping, ambient air ow reductionpr even active optical
path length stabilization (for example, Ref. [60]) are usuly required to compensate
vibration-induced jitter of arm length di erence. Careful design of optical system is

also required to minimize wavefront distortion.
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2.2 Single-shot supercontinuum spectral interferometry

Spectral or frequency domain interferometry (SI) [62] is aher technique
developed to study the ultrafast transient refractive inde change induced by the
interaction of intense short duration pump laser pulse witla medium. This method
has been applied, for example, to measure the pump-inducekdage modulation in
absorptive materials [63] and optical bers [64, 65]. Becae of its sensitivity and
also its simplicity as a linear method, Sl has also proven dséin the temporal
characterization of intense laser-plasma interactionsaéluding density evolution of
femtosecond laser produced plasma [66, 67], plasma shockesd68], laser-cluster
interactions [69], and laser wake elds [70, 71, 72].

The apparatus of Sl is shown in Fig. 2.1. Two short, weak andedtical laser
pulses (\reference" and \probe") with temporal separation propagate collinearly
along with an intense pump pulse through the interaction zan The probe overlaps
with the transient pump-induced refractive index change othe medium so that it
gains a phase shift, while the reference arrives earlier aisdhot a ected. The pump
is then removed from the beam path and the reference and prolee sent to a

spectrometer. The reference and probe elds, and E,, are expressed as
Ei(z= Lit)= En(t)expli(ko L !ot)] (2.2)
and

Ex(z= Li)= Epolt Jexpliko L tot Nexp i 0l L ; (23
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where L is the interaction length, E,; and E,o are slowly varying amplitudes.

De ning the Fourier transform as

Z 1
&)= A(t)e" dt; (2.4)

1

and the inverse Fourier transform as

Z,

At) = Zi R)e " (2.5)

the recorded spectrum is

2

Er(| )+ Epr(! ) = Ero(! ! 0) ? + EprO(! ! 0) ?

2 |
+2 Bo(! lo)Bo(! 'g) cos! + nf L ;

which produces a frequency dependent series of fringes witlquency spacing 2
plus a phase shift = nly L=c caused by the pump-induced perturbation of
the refractive index n, averaged over the duration of the probe pulse. This phase
shift can be directly extracted from the interferogram usig the method proposed by
Takedaet al [73]. First, using a dummy variablet®to replace! , a Fourier transform
t°! 1 %js applied to Eqg. 2.6, which produces three peaks located atra and
\frequencies". Then a bandpass Iter centered at + with proper width is used to
select only the positive frequency component. To ensure oect phase retrieval, the
value of should be large enough to prevent overlap of DC and components, and

its upper limit is determined by 2=d! , whered! is the spectral resolution per pixel
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Figure 2.1: Schematics of spectral interferometry, after Rf. [72].

on the detector. Larger means denser fringes on the detector of the spectrometer,
and there will not be enough detector pixels to represent airfige if its period is too
small, which causes loss of information. Finally, by perforing an inverse Fourier
transform of the Itered signal and subtracting the linear ghase! from the result,
the phase shift  at a certain pump-probe delay can be recovered.

In the standard version of Sl (for example, ref. [66]), the fuevolution of the
transient refraction index can be retrieved by stepping tlough relative time delays
between the pump pulse and the reference-probe pulse pagsaming that the probe
pulse duration is much shorter than the time scale of refraiee index modulation.
Thus for such multi-shot method, there are two stringent regirements for obtain-
ing a complete, high temporal resolution trace of refracter index evolution: an
ultrashort probe pulse, and a high degree of shot-to-shotpeducibility. However,

both shot-to-shot uctuations in the pump pulse and the typtally highly nonlinear
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response of the excited medium make good reproducibility clilt. Usually nec-
essary is multi-shot averaging for each probe delay, whichk iime-consuming and
may also result in the averaging to zero of real but small phas ects swamped by
the shot-to-shot uctuations. Standard Sl is thus almost inpractical for measuring
the e ects of high intensity laser pulses with repetition rée much lower than 1 Hz.
For higher repetition rate systems, for example, the widelysed 10 Hz Ti:Sapphire
tabletop terawatt laser, in addition to uctuations there may be long term drift of
output energy, frequency and pulse shape, which can introde systematic errors
during the course of an experiment as the probe is delayed.

To overcome these di culties, various versions okingle-shot spectral inter-
ferometry (SSI) have been developed. These utilize chirpedference and probe
pulses [74, 75, 76], or an unchirped reference pulse and arpdd probe pulse
[77]. For a linearly chirped pulse with a Gaussian spectrumf éull width at half
maximum (FWHM) ! centered at! = !, and group delay dispersion (GDD)

2 =1=2 (@ =@!?)j, ,» Where (!) is the pulse phase in the frequency domain, the
frequency sweep is given by = ! 5+ bt with chirp parameter [78]
b %21 1+2 ,2( 1) 4
The chirped probe pulse is temporally overlapped onto the lfuransient index evo-
lution, so that the varying phase shift is encoded onto the atped pulse's frequency
components. This eliminates the needs of scanning the delaye.

The frequency-dependent fringe shift (! ) recorded by the spectrometer al-
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lows extraction of the index-induced phase transient { = (! I9)=b from a
single interferogram. However, this frequency-to-time \dect mapping" approach is

resolution-limited to [78]
tes (1) 11423 1)

indicating that bandwidth-limited resolution of t.s ( !) ! is achievable only
for ,( !)?2 1. Thus for xed bandwidth pulses that are stretched longergmaller
band larger ») in order to capture longer duration events, t,sincreases and time
resolution is degraded [78].

In order to take advantage of a potentially large bandwidth ! and to achieve
the best time resolution, a di erent approach is needed forralyzing the spectral
interferogram. For chirped probe and reference puls@&,, = E,o(! )exp(i pr(!))
and B, = E(!)exp( ((!)), where E,o(!) and E(!) are real and (!) =

or (1) (1) is the spectral phase di erence between probe and referenache
same technique applied to original Sl allows extraction of (! ) from the spectral

interferogram
Bo(l) + Buo(l) +2 Eo(l)Bho(!) cos( ()+!);  @7)

where is the probe pulse delay with respect to the reference puls€ombining
(! ) with the knowledge of probe and reference spectra measurey the spec-

trometer jE,o(! )j / P Lor (1), o (!)j / P l.o(! ), and also the chirped spectral
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phase (') of the reference pulse obtained by cross-phase modulatip#g], the

probe temporal phase shift ( t ) is extracted using Fourier transforms [78]:

) R . . 1#
Epg(1)el O (e 1 g

(t )=Im In R , _
Bo(')e (e it Hdl

; (2.8)

and the time-domain probe signaE, (t)exp(i ( t)) can be reconstructed. If an
imaging spectrometer is used, the phase shift can be spdiiatesolved along the
direction of the entrance slit, and a temporally and 1-D spéally resolved phase
shift ( x;t) can be used to determine the transient refractive inder(x;t) from

2= o)n(x;t)L = ( x;t), where 4 is the probe vacuum wavelengthx is the

spatial coordinate transverse to the probe beam (and alonfé spectrometer slit),
and L is the e ective interaction length in the medium.

Essential to SSl is a broadband probe pulse. SpecializedSapphire oscillators
and optical parametric ampli ers (OPA) might ful Il this req uirement for output
bandwidths exceeding 100 nm. However, this would dramati¢alincrease the sys-
tem cost and complexity. A convenient way to obtain broad baswidth is through
supercontinuum (SC) generation. By focusing a 80 fs, 1 mJ, B&m Ti:Sapphire
laser pulse in atmospheric pressure air, 100 nm bandwidth SC probe and refer-
ence pulses centered at 690 nm were generated (with total SC energy 10{10QJ),
making single-shot supercontinuum spectral interferomst (SSSI) feasible [78]. In
SSSI, temporal resolution of 10 fs was achieved [79], with probe bandwidth and
spectrometer resolution as the only limiting factors. An aded feature is that for

experiments using 800 nm pump pulses, the SC probe centralwekength of 700

40



nm introduces negligible pump-probe walko owing to the misatched group veloc-
ities during propagation through the interaction region. Rmp-probe walko can
degrade the temporal resolution, and the pump and probe wdeeagths should be as
close as possible to minimize this e ect, thus it can be a prédm for schemes using
second harmonic probe pulses [77]. SSSI has been used to ureathe transient
Kerr nonlinearity in a solid [78], laser-induced double sgeionization of helium [79],
laser-heated cluster explosion [69, 80], and intense laseupling into plasma waveg-
uides [81]. Recently, SSI with a broadband chirped secondrheonic (SHG) probe
pulse at 400 nm was used to measure laser wake elds induced by 800 nnmpu
pulses [82], but with less temporal resolution and more walkthan with SSSI.

Note that a recent and popular method to generate a broadbandigercon-
tinuum is to guide a femtosecond laser pulse through a photioncrystal ber [83].
However, ber damage limits the pump laser pulse energy to theanojoule level [84].
For a single-shot measurement where there may be signi camackground light, such
as in laser-plasma experiments [69], nanojoule supercootim pulse energy is too
low for practical application.

In this chapter, an improved SSSI setup employing a commeatkilohertz re-
generative ampli er system producing 1 mJ, 110 fs pulses mplemented. SC pulses
are generated with much lower pulse energy (than in Ref. [§8h a sealed Xe gas
cell, leaving su cient pulse energy to use as a pump in a wideange of experiments.
This new con guration will be discussed in detail, and it haveen applied to mea-
surements of the Kerr nonlinearity in optical media. The mesurement of molecular
orientational e ect on transient refractive index is also pesented in this chapter and
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will be further investigated in Chapter 4. The SC pulses alsbave excellent shot-
to-shot stability, making possible the averaging of reswdtover many thousands of
shots if desired. The measurements shown in Chapter 4 havenbéed from direct
averaging of multiple interferograms, especially for lasenduced alignment revivals
of D, and H,, which produce very weak refractive index shift in our expanent

conditions.

2.3 Experimental setup

Two laser pulses were split at beamsplitter BS1 from the outpp of a com-
mercial Ti:Sapphire regenerative ampli er (RGA) (SpectraPhysics Spit re) with 1
kHz repetition rate (see Fig. 2.2). In our previous work [69,87 79, 80, 81] SC was
generated by focusing in 1 atm air a 1 mJ, 70 fs laser pulse split from a 10 Hz,
2 TW Ti:Sapphire laser system based on a 10 Hz regenerative dngp followed by
two power ampli ers. Pulse-to-pulse output energy uctuatons of 10{15% were
determined by uctuations of the 10 Hz, 532 nm pump laser pulse Here, the 1
kHz RGA is pumped by a CW arc lamp-pumped, intra-cavity doubld Q-switched
Nd:YLF laser (Spectra Physics Merlin), with pulse-to-pulse reergy uctuation less
than 2%. The result is very stable SC on a shot-to-shot basis.

For SC generation, one of the pulses ( 300 J) was focused atf=6 into
an 11-cm long xenon- lled (0{2 atm) gas cell (XGC) with 1-mm hick fused silica
entrance and exit windows. Xenon gas has previously been abvse to generate

very broad supercontinuum spectra under femtosecond lagmrise illumination [85].
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Figure 2.2: Experimental setup. BS1: beamsplitter, XGC: xanon gas cell, Ml: Michelson
interferometer, P: 500 m pinhole, SF4: 2.5-cm thick SF4 glass as dispersive matetja
HWP: half waveplate, M: zero degree Ti:Sapphire dielectriomirror, BS2: beamsplitter for

combining pump and SC pulses. The pump beam energy can be tudeby another set of
half waveplate and polarizer, which is not shown in this gure.

The SC pulse (along with the fundamental) emerges from the gpagation lament

induced by © self-focusing. The cell windows were su ciently far from te beam
waist/ lament that they provided no contribution to the SC g eneration. The conical
emission was transversely spatially chirped, with frequew increasing with radial
position. This emission, with approximately 10 J/pulse in the SC component
and the rest at the fundamental frequency, was collected by lens at f=3 and
converted into weakly converging beam, from which the fundaental component
was removed by passing the beam through a high re ection destric mirror (M)

centered at = 800 nm. The slightly converging SC pulse was then passed tugh a
Michelson interferometer (MI) to generate a pair of co-pramating, identical pulses

with variable delay (the reference and probe pulses). Beydrthe Michelson, the
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converging beam spot was now small enough to e ciently rededts spatial chirp and

shape its transverse pro le by placing a 500m diameter pinhole (P) in its path. By

ne tuning the transverse position of the pinhole, a SC beam i high brightness,

broad bandwidth, good spatial coherence, and uniform beamale was obtained.

The SC beam was then collimated by a telescope with 2magni cation, and the

pulse duration and chirp parameter were tuned by adding apppriate lengths of
dispersive material in the beam path. In the results shown he a 2.5-cm thick
optical grade SF4 glass window is used. This stretched thefesence/probe pulses
to 2 ps, providing a 2 ps window for single-shot measurementsrefractive index

transients.

The other beam from BS1 was passed through an adjustable delane and
served as the pump. A half waveplate (HWP in Fig. 2.2) in this bem allowed
independent pump polarization adjustment with respect tolie SC beam. The SC
and the pump beam paths were collinearly recombined at BS2na focused by a
f=41 cm lens into the sample to be measured. In the work preded here, the
sample was either 200 m thick BK7 window or a 45 cm long high pressure gas
cell with 1 cm thick broadband anti-re ection coated fused iica windows. In the
case of the gas cell, the windows were far enough from the pufogus so as to not
contribute to any pump-induced phase shifts (cross phase ohdation) to the probe.
To keep the pump intensity low at the cell windows, the pump bem was expanded
with 2 magni cation before the focusing lens. The pump Rayleigh rage in the
cell waszy, = 4:5 mm with a full width at half-maximum (FWHM) focal spot size
of 36 m by 27 m. Pump peak intensities were determined by the known pulse
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energy, pulse shape (from SSSI (see below) and independeftbm a Grenouille
measurement [86]), and relay images of the pump spot recodden a 14-bit CCD
camera. The SC beam Rayleigh range wags. = 24:6 cm with a FWHM spot size of
270 m. In the interaction region, the probe beam therefore sigeantly over lled
the pump in the transverse plane, allowing observation of ghpump-induced phase
shift across the full pump pro le. The \exit" plane of the pump interaction region
was imaged beyond the sample onto the spectrometer slit at96 magni cation.
Along this beam path, the combined pump/SC beam exiting the saple was passed
through a zero degree dielectric Ti:Sapphire mirror (M) to gject the pump beam.
The f/2 imaging spectrometer consisted of a diraction grang with 1200 mm *?
groove density and a 10-bit CCD camera (SONY XCD-SX910), whiateptured full
frame images of 1280 960 pixels at 7.5 frames per second. The 72 nm spectral
window projected on the CCD sensor chip ranged from 651.7 nm 723.2 nm, and
the one-dimensional source spatial resolution was 0.6ih/pixel along the entrance
slit direction.

As discussed earlier, extraction of the probe temporal phasaift ( x;t),
wherex is the coordinate along the spectrometer slit axis in the ingge plane, can be
achieved by either direct frequency-to-time mapping or tlmugh Fourier transforms.
For extraction by Fourier transform, the full spectral phas ,(')= (')+ (1)
of the probe pulse is required, necessitating knowledge betreference phase, (! ).
Determining this through the second order dispersion,(!) = (! I 9)? and
neglecting higher order terms has been found to be su cienbf pump pulses> 20

fs [78]. To obtain ,, a calibration procedure using cross-phase modulationfrsiar
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to the method in Ref. [78], was applied: interferograms werecorded under varying
delay between pump and probe pulses in 100 psi argon, giving a seuge of
identical (! ) traces, but shifted in frequency. For each trace the freqoey ! © of
maximum (! ) was identi ed and plotted against . A linear t to this plot gave

for the linear chirp parameter Eb= a=2 , 1+(2In(2))? ,?( !) * = 7820 .

This agrees well with the calculated total dispersion intrduced by total lengths of
1.1 cm of fused silica, 3.5 cm of BK7, and 2.5 cm of SF4 in the S€dm path. Our

SC probe spectral width of 100 nm gives ,?( !) * 1, and therefore , a=2.

2.4 Results

Figure 2.3 shows sample spectral interferograms and extrad transient re-
fractive index shifts n(x;t) using the gas cell lled with argon at room temper-
ature. The CCD shutter speed was set to 1 ms to ensure that only one shot
was recorded per image. Argon is a monatomic gas where the Isiverder non-
vanishing nonlinearity ( ®) at 700{800 nm is electronic, nonresonant, and nearly
instantaneous, so below the ionization threshold the timexnd 1D-space-dependent
nonlinear phase shift due to cross-phase modulation (XPM) ggven by A (X;t) =
kR n(x;z;t)dz = k(2nz.ar) RI (x; z;t)dz, wheren,., is the self-phase modulation
(SPM) nonlinear refractive index for argon [2]. It is thus covenient to de ne an
e ective interaction length L by Ao (X;t) = k n(x;t)L = K(2na.a: )l (X;t)L. Thus
the phase shift follows the time and one-dimensional transkse envelopé (x;t) of

the pump pulse intensity.
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Figure 2.3: Spectral interferograms showing laser-induat wavelength-dependent fringe
shift in argon at (a) 7.8 atm and I peak = 4:1 10" W/cm 2 and (b) 4.4 atm and | peak =
7:7 10 W/cm 2, where plasma is observed as a long tail extending to the shbwavelength
edge on the interferogram. Note that the SC probe and referete pulses are positively
chirped, thus a shorter wavelength on the interferogram meas a later time. The 1D space
and time variations of the e ective argon nonlinear refractive index change n extracted
from (a) and (b) are shown in (c) and (d), respectively. The pasitive index shift is due to
instantaneous electronic nonlinearity, which follows thepump pulse temporal pro le. The
plasma-induced negative index shift is seen in (d) followig the pump pulse. The baseline
noise in extracted n(x;t) plots is determined by the CCD camera pixel size, which sets
the minimum resolvable fringe shift in (a) and (b).
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In Fig. 2.3(a) the pump pulse intensity was intentionally ket far below the
argon eld ionization threshold ( 10" W/cm?2 [87]). In Fig. 2.3(b) the intensity
was increased so that plasma was generated. The wavelenddpendent interference
fringe shifts in Fig. 2.3(a) and Fig. 2.3(b) represent the nsient modi cation of re-
fractive index in the argon gas and gas/plasma. Figure 2.3(shows the 1D space and
time variation of the argon nonlinear refractive index shif n(x;t) extracted from
Fig. 2.3(a), using an e ective nonlinear interaction lendt Lo, = 2:85 mm, which is
explained below: note that for well-de ned gas interactiomengths, such as provided
byathin (  2z,) gas jet [79],L could be considered a known quantity and, could
be extracted. Here, however, for the longer gas cell, whereetle ective nonlinear
interaction length is less well-de ned, we wish to extract.. The procedure was to
compare the nonlinear Kerr e ect phase shift in the gas cell, r(X;t), to that in
a thin BK7 (borosilicate glass) window k7 (X;t) = K(2n2.8x7 )Lek7 | (X; t), where
the window thickness isLgky = 200 m  2zp,. Thus L = %LBKL
using values ofn,eky = 1:75 10 16 cm?/W obtained from SSSI measurement
described later, andn,a =9:8 10 2 cm? W ! atm ! from Ref. [88].

Figure 2.3(d) shows n(x;t) extracted from Fig. 2.3(b), including the gener-
ation of plasma. The initial prole of n is similar to Fig. 2.3(c), then the onset of
plasma generation drives n to a value Npjasma 0:8 10 °, corresponding to
an on-axis electron density of 8 10 cm 2, which stays e ectively constant for
the remainder of the 2 ps probe window. The gas density is21 10?° cm 3, which
means only 0:04% of argon atoms are ionized. Plasma recombination occuns

a longer, nanosecond time scale. As an example of the good gioeshot stability
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Figure 2.4: 250 shot average (solid line) and a single shot e (circles) of refractive index
transient n(x = 0;t) (and extracted phase ( x = 0;t)) along the beam axis for 6.4
atm nitrogen. The results agree well, con rming good shot-b-shot stability. The pump
energy was 60 J, corresponding tolpeak = 4:1 10" W/cm 2, below the threshold for
nitrogen ionization.

made possible through use of a kHz regenerative ampli er sgst, Figure 2.4 shows
a 250 shot average and a single shot sample of the phase andcartive index tran-
sient from an unionized 5.1 atm nitrogen sample. The resulegyree well. Evidence
of shot-to-shot stability of the SC generation in both specum and transverse spa-
tial distribution is further demonstrated by Figure 2.5, whch shows a comparison
of a single shot spectral interferogram to an interferogramveraged over 300 shots,
of pump interaction with 5.1 atm of N,O.

Figure 2.6 shows the nonlinear phase shift ngk7 (x;t) for the 200 m thick
BK7 window, which compares quite well to na, (X;t) in Fig. 2.3(c), as it should:
in BK7 glass, the dominant low order nonlinearity () is also electronic, non-
resonant, and nearly instantaneous. Thus both phase shifege proportional to

| (x;t), justifying our method above for nding L 4.
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Figure 2.5: (a) A sample single-shot spectral interferogren taken in 5.1 atm N>O with
1:4 10 W/cm ? pump intensity. (b) Averaged spectral interferogram image over 300
laser shots, taken in the same condition as (a). The close remblance between single-shot
and multi-shot-averaged spectra indicates good stabilityin SC generation.

Figure 2.7 shows a comparison of the pump-induced nonlineadex change

in Ar, N, and N,O samples for times near the pump laser pulse. Unlike Ar, the
other species are linear molecules with an inertial contuition to their nonlinearity,
which corresponds to delayed molecular axis alignment alpithe laser polarization
resulting from the torque experienced by the induced molelan dipole in the laser
eld [89]. The prompt and delayed refractive index responsean be expressed as

n(t) = 2naspml (t) + Ri R()I(t )d , where ny.spy is the SPM nonlinear
refractive index, andR is a molecular response function [90]. As discussed earlier,
the response of Ar is near instantaneous, as expressed by thst term only. Due

to the inertial e ect, the nonlinear responses of Nand N,O do not follow the laser

pulse intensity envelope, which is represented by the Ar respse. The full theory
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Figure 2.6: Induced nonlinear refractive index shift n(x;t) from a 200 m-thick BK7

window with 5 J pump pulse energy and 3% 102 W/cm 2 peak intensity. The inset
is the probe phase shift ( x = 0;t) with corresponding n(x = 0;t) (solid line). The
temporal phase evolution pro le from 7.8 atm argon (Fig. 2.3a)), normalized to the same
peak phase value, is shown here for comparison (circles).
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Figure 2.7: Measured nonlinear refractive index shift n(x;t) in Ar, N 2, and N,O. For
the linear molecules N and N,O, part of the nonlinearity is contributed by the inertia

of molecular rotation, which causes a delayed response whialoes not follow the pump
pulse shape.

explanation on the molecular rotational e ect will be givenin Chapter 3.

2.5 Conclusion

In conclusion, a spectral interferometer is developed, vahi is capable of
recording single shot records of refractive index transienwith 10 fs time reso-
lution and 1D space resolution in a 2 ps window. It uses chirdesupercontinuum
probe pulses generated from the self-focusing of few hurdimaicrojoule, femtosec-

ond pulses in a Xe gas cell. This diagnostic is suitable for uggth modest energy
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femtosecond laser systems such as those based on kHz or nkilbhertz Ti:Sapphire
regenerative ampli ers, which are the workhorse system inany ultrafast optics and

molecular physics laboratories.
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Chapter 3
Laser alignment of linear molecules

3.1 Introduction

Many species of liquid or gas molecules can be aligned alorgpaci c symme-
try axis with the presence of an external electric eld, and damous example is the
liquid crystal. In fact, the eld alignment applies to any mdecule with anisotropic
polarizability. Take a simple diatomic molecule without pemanent dipole moment,
such as oxygen or nitrogen, for example, in an external elact eld. The for-
mal treatment to this problem requires quantum mechanics, Ui it is intuitive to
show the molecular behavior qualitatively using classicapproach. As shown in
Fig. 3.1, the molecular polarizability tensor can be decomposed into two compo-
nents along the two orthogonal symmetry axes. \ is along the molecular \long"
axis (z in Fig. 3.1(a)) and generally is larger than ,, which is in the direction of
the \short" axis lying on the plane de ned by the eld direction 2°in Fig. 3.1(a))
and the molecular long axiz. When the electric eld is applied, the induced dipole
moment is

p=pktpr,= kEcosé+ -Esin é;; (3.1)
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whereé, and &, are unit vectors along the long and short axes, respectivelfhe

molecule thus experiences a torque

=p E= E ?sin cos (&, &)); (3.2)
where = ». The stored energy can be calculated by rotating the dipole
against the eld:

Z Z 1
U= dP% E? sin %osd°= 5 E 2 Sin? (3.3)

0

By choosingU( = =2)=

NI

» E?2, one can obtain the induced dipole potential
U= JE KCo¢ + , st = 5P E: (3.4)

The factor 1=2 comes from the fact that this is induced not permanent dipelmo-
ment, and hence is proportional toREdE rather than E E.

If the molecule is treated as a classical rigid rotor and hatvé¢ moment of
inertia | about a certain rotation axis, then it is rotated by the torque with the

angular acceleration
2

| 2l

sin2; (3.5)

P . .
where | = m;r? is calculated from the mass ofth atom m; and its normal
distance to the rotation axisr;, and the rotation axis intersects the molecular center

of mass. | is assumed constant if the molecule is not deformed by the tefugal
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Figure 3.1: (a) The classical \dumbbell" model of a diatomic molecule having anisotropic
polarizabilities  and -, with molecule- xed and space- xed coordinates labelled. (b)

A linearly-polarized electric eld induces a net dipole moment which is generally not in
the same direction as the eld. The molecule then experiencea torque from the electric
eld and tends to line up along the eld direction.

force, which is generally true at room temperature.
If E is a DC eld or is varying slowly, then the equation of motion K. 3.5
can be solved by integration under the assumption of a constaE, which gives the

angular frequency

2

ot (1) = P cos2(t) cos2g; (3.6)

2l

where (tg) = ¢ is the initial orientation angle of the molecule with respddo eld
direction, and (t) under adiabatic limit (slowly varying E(t), i.e., (dE=dt)=E

= ) can be obtained by solving the elliptical integral. Note thawe have assumed

I' ot (to) = O for simplicity. In fact, Eq. 3.5 has the form/ sin2 (t) and is similar
to the pendulum equation, which i sin (t). Hence the molecule undergoes pen-

dulum oscillation in a quasi-static eld, and the molecularaxis periodically aligns
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along the eld direction. Using small angle approximation, he oscillation period is

(3.7)

and as expected, the molecule rotates faster with larger and E, or smaller|.
Also the temporal variation of E must be much slower thanT,,; to make adiabatic
limit valid.

On the other hand, if the external electric eld turns on and orapidly, such
as the case of the linearly-polarized femtosecond laser s®ilthe molecule could just
rotate a small angle in the duration of the pulse. If this durion is much shorter than
2=! .o, the pulse can be approximated by a-function E?(t) = (8 =c)F (t tg)
with a nite uence F, and the molecule can be regarded stationary when the laser
pulse arrives. After the laser pulse is gone we obtain an angulelocity as a function

of initial molecular orientation, with the magnitude

4 F
ot = ———sin20; (3.8)

which is pointing toward "° direction (azimuthal to the eld direction 29 as shown
in Fig. 3.1(a). In an ensemble of liquid or gas molecules atdmmal equilibrium,
the molecular orientation (o; o) is random at any moment before the presence
of the laser pulse, with rotational kinetic energy distribtion satisfying Maxwell-
Boltzmann statistics. This extra angular velocity componet ! ,; "© introduced by

the \kick" of the laser pulse makes the molecules rotate mogaeferably about axes
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lying on x%y° plane on Fig. 3.1(a), namely, one may nd the molecules havegdher
probability pointing toward the eld direction 2° when taking a snapshot of the
ensemble after the laser pulse is gone.

In the diatomic molecule, the two atoms are indistinguishdb if they are the
same species of isotope, so the molecules at anglesnd ( ) with respect to
laser polarization are also indistinguishable. In this cas the molecularalignment
rather than orientation is meaningful. The former is de ned as the absolute angle
[0; = 2] between the external eld direction and the most polariZale symmetry axis
of the molecule, and the latter is de ned in the similar way buwith angular range
[0; ] and with consideration of swapping non-identical atoms. df instance, for
the linear molecule NO, N-N-O and O-N-N are two di erent orientations but have
the same alignment. To evaluate the statistical \degree" ofmolecular alignment
in the system, average of the quantity cds over all molecules at a speci c time
in the system is frequently used, which is denoted dsog i;, with subscript t
indicating the time dependence since the simple classicaladysis above shows the
aligning eld imposes complex rotational dynamics on the mecules. This is not
only a convenient de nition satisfying the requirement of ndistinguishable and
( ), but also an observable of the quantum mechanical systemhigh can be
easily measured and will be discussed later in this chapteiNote that it is also
possible to measure the orientatioitncos i; for polar molecules, i.e., those who do
not have re ection symmetry about the rotation axis, using wn-optical methods
such as Coulomb explosion [91].

At thermal equilibrium in the system, the molecular orientaéion is random,
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then the ensemble average

z, Z

hco it:i d 70052 sind =
2 0 0

(3.9)

Wl

is obtained by integrating over 2 solid angle or the upper unit hemisphere and is
a constant at any time. This is justi ed by the ergodic hypotresis, that ensemble
averages of random systems can be computed as averages owerdinates. The
value 1=3 is the baseline when there is no net alignment in the ensemptherefore
we can formally de ne the degree of alignment alcog i, 1=3. The system at
some instance = t, is said to have some degree of \alignment" whemos -,
1=3 > 0, and to have some degree of \anti-alignment" whehcog it=t, 1=3<
0. The maximum degree of alignment has the value=2 and occurs when every
molecule in the ensemble is aligned along the eld directiorOn the contrary, the
maximum degree of anti-alignment is 1=3, and happens when the molecules are
all perpendicular to the eld direction.

Various laser cooling and optical trapping techniques (foexample, Refs. [92,
93, 94]) have been developed to spatially con ne or transktatoms, molecules and
small objects such as cells and have wide applications. Samly, manipulating align-
ment or orientation of molecules is also of great interest. Uke the single atom, the
molecule generally does not have spherical symmetry, andistnaturally to expect
that its chemical and physical properties are orientation{alignment-) dependent.
Take two chemical reactions related to methyl iodide Cl+ CH3l! CHsCI+1

and Rb+ CH3zl ! Rbl+ CH ; for example. The former most probably occurs when

59



the Cl ion collides the CHI molecule at the methyl functional group side [95], and
the latter happens preferably when the Rb atom approachesdhodide end of the
molecule [96]. One can maximize the rate for di erent readns by selecting the
proper molecular orientation. In Atomic, molecular, and opical (AMO) physics and

high harmonic generation (HHG), laser alignment helps to styydsome fundamental
problems such as angular dependence of optical ionizaticate [97] and alignment-
controlled high harmonic generation [98] of linear moleasd. Moreover, interference
of electron de Broglie waves during the recombination progein laser-aligned and
ionized CQO, molecule is observed via HHG [99]. Other important contributins

with the aid of laser alignment include tomographic reconsiction of molecular

orbitals [100] and electron charge localization in Hand D, molecules during the

photoionization by attosecond pulses [101].

3.2 Transient refractive index arises from molecular alignent

In a system of gaseous linear molecules at thermal equililom, the molecules
are randomly oriented. At macroscopic scale the system iisopic because the
anisotropic polarizability from each molecule is averagemit. However birefringence
can occur when some degree of alignment emerges in the systémshow this, we

start from the dielectric response tensor in a gas sample

=1+4 hi,=1+4 Nh ig (3.10)
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whereN is the number density of the moleculed) i, is the time-dependent ensemble
average of the second rank molecular polarizability tensor, and the induced dipoles
on each molecule is assumed to have no interaction with eacher. Then the index

of refraction becomes

n=1+4 N e iy (3.11)
with
- X X - .
ke éi;=h & jgit he jegi (3.12)

i

Here, & is the optical eld polarization, and for simplicity the summation signs
are omitted. This Einstein summation convention for repea&d indices will be used
throughout this Dissertation. The refractive index is in tre form of Eq. 3.11 because
the induced polarization is not necessarily in the same doton of the electric eld.
One has to nd the projection of P onto E to obtain the refractive index along the
eld polarization direction.

For a linear molecule, where we choose the body- xed axsto be along the

molecular axis as shown in Fig. 3.1, the polarizability terms can be diagonalized:
2 3 2 3
x« 0 0 » 0 O
= E 0 , 0277 E o , 0z7° (3.13)
0O 0 0 0

Owing to molecular symmetry about thez-axis, the optical electric eld can be taken
askE = RE, + 2E, for a particular molecular orientation. Therefore, for an esemble

of molecular orientations in the space- xed eldn?=1+4 N (i, « + i, ;,),
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or

n(t)=1+4 N hcod i+ - ; (3.14)
where = » ande, =& 2 =cos is the cosine of the angle between the
molecular () axis and the electric eld. Since 4N 1 in a molecular gas, this

allows an approximation of index shift

n(t) = Zn—lj hcog i, % ; (3.15)
where we have used the fadtico$ ii-; =1=3andn®(t= 1 )= n3=1+
4N ( =3+ ») when the molecules initially have random orientations por to
the presence of the aligning eld.

The discussion of transient refractive index here has folled the same coordi-
nate convention as eld alignment in Sec. 3.1, so Eq. 3.15 che directly applied to
a linearly-polarized aligning laser pulse itself, or to a lowing weak \probe" pulse
with the same polarization. Measuring this transient shifiof refractive index using
a probe laser directly leads to the information of alignmenin the molecular gas
sample, which will be the topic of Chapter 4. Note that If the pobe pulse polariza-
tion is perpendicular to the aligning \pump" pulse, it can beshown that the probe

sees a di erent transient refractive index

2N 1 1
n(t)= —— “hsin? iy, = 3.16
(t) no > to3 (3.16)

wheretsin® i.-1 = 2=3. This gives a result similar to Eqg. 3.15 with half of the
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magnitude of the transient term, and its sign is ipped.

3.3 Quantum rigid rotor

In quantum mechanics, the molecular rotation is describedylthe rotational

wavefunction of a free rigid rotor, which has the general for:

X ,
(= amijimie ' ®7 (3.17)

Jim

with eigenenergies

e
e - G+

, > (3.18)

wherel is the moment of inertia,j] and m are integers satisfying 0 and |

m j. EachE; corresponds to P + 1 degenerateJ, states labeled bym. Using
the convention of rotational spectroscopyE; = hcBj(j +1) = ~!;, whereB is the
rotational constant de ned asB = ~=(4 cl ), and!; =2 cBj (j +1).

The eigenfunctionsjj; mi are the spherical harmonics

S

2l +1( m)!

rGo)= o =, G+ m)

( )™ P (cos ); (3.19)

where

.1 pme2 AT,
P"(X)= 57— 1

j
] g X1 (3.20)

is the associated Legendre function. Equation 3.19 is olrtaid from the eigenvalue
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problems of the pair of commuting operators, and J2:
- h@, .\ _ :
‘]ZY( ’ ) - _@Y( ) ) - m~Y( ’ ) (321)

and

JY(; )= -~ Si;z @@2+S; @@sin @@ Y(; )=-~Y(; ) (322

3.4 Density matrix formalism

For a system with a known pure quantum stat¢ i, such as a single rigid rotor,
it is possible to obtain the expectation value, i.e., the quaum mechanical average

of an observable) of this statehQi h  jQj i. The wavefunction representation of

P
j 1is = ; 8 Jj1, alinear superposition of its eigenstates, wheeg is the complex
P _ _
amplitude satisfying | jg;j* = 1. For a stationary state, g = ;€ ie '®=)' where
0 i 1lisreal E; is the eigenenergy ofji, and ; denotes the phase relation

between eachj state. It is possible to determine the quantum probabilityja; j
for all possiblej states by performing measurements on many identically-grared
systems.
However, consider we have a mixture dff systems which are not necessarily
initially identical, namely, each of them could be , = P ajji, b= P bijji, c¢=
G jji, etc. If N is very large, for example, a 1-chgas sample at 1 atm pressure
and room temperature which contains 10?° molecules, it is impossible to gain

the full knowledge to this mixed state and explicitly write dwn the wavefunction.
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Instead, we can specify the probability?,, of a molecule that is in the state , =

anj Jji, with the constraint P, = 1. Note that P, is the classical probability

n
arising from lack of complete information of the system, whh is di erent from the
concept of quantum probability. The ensemble-averaged exgtation value of an

observableQ becomes

T o~ X . - -
Qi = Pnh njQj ni
n
x X - e w
= Pn anj an MK QJj i
n Ik I (3.23)
x - . X “e w - . - . P
= hj Pnan 8, jjihkj jkihkjQjji
jk n
=Tr( Q);

where Tr denotes the trace of the matrix, and

X X P . X - . .
- Pnanj ay jj 1hkj = Paj nih (3.24)

jk n n
is the density operator, with its matrix element

X
k= Pnanag: (3.25)

n

The temporal evolution of density operator has the di erenal equation form

o

—_ i . .
= ZHL (3.26)
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where H is Hamiltonian of the system, [ ] is the commutator. For an enseble of
free rigid rotors without interaction with each other or with external electric eld,
H = L?=(21) H,. Then the matrix representation of , or density matrix, is given
by

= o™ i & mhj;mj (3.27)

under the basis of angular momentum eigenstatggsmi. For simplicity we may
usejpi j j%m3 andjg j j;mi for now. The temporal evolution of each density

matrix element becomes

d i . .
gt T —hpj[Ho; Jidi = 1 pq pos (3.28)

where we have used the de nition-! ,, (E, Eg) for convenience.

If an external electric eld is applied, then the interaction Hamiltonian be-
comesH = Hg + hg, wherehg = %p E E contains both induced and
permanent dipole moments of the molecules for generality. WNothe calculation
of pj[he; ]idi = (he)pk kg pk(NE)kg With (he)pk = hpj he jKi is involved. The

matrix element of permanent and induced dipole terms ihg are given by

(hperm)pk = E hpjcos jki; (3.29)
and
1_, . . e
(hno)pe = 5E  tpicos jki+ - Miljki ; (3.30)
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respectively. One may identify that

cos = 4ngo(; ); (3.31)
d
an e "
cog :% %Y;’(; Y+1 (3.32)

Employing the theory of addition of angular momenta [102]

z
vmov Y
S

2 +1)Q2i,+1) . .
= (“4 (2)j(+1i) )huz:OQJuz:JOlhjljz:mlszJlJz;Jml; (3.33)

where i 1) 2; mimyjj1j2;jmi is the Clebsch-Gordan coe cient forjji1  joj ]
j1+ j2 and m = my+ m,, the matrix element of cos and cog can be calculated.
Moreover, the selection rules are easily revealed from théeGsch-Gordan coe cient
h 1) 2;00j 1j2;] Oi in EQ. 3.33, which is nonzero only whep j; |, iseven, using the
symmetry relation i 1jo; mimajjajo;jmi = (1) 1t 12H4jo; my majjajo;j  mi
[103]. For permanent dipole moment only®=j 1 transitions with m®= m are
allowed, whilej®= j andj®=j 2 with m°= m are allowed for induced dipole
moment. The selection rulen®= m is due to the fact that the Hamiltonian hg is not
-dependent when the electric eld is linearly polarized, tereforehl,i is conserved
sincedhl;i =dt/ h [hg; J;]i =0, whereJ, = i~@=@ Note that the matrix element

P
hpj cog jgi can be viewed as a two-photon process; hpj cos jiihijcos jgi, where
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jii is a set of intermediate virtual states. This explains the $ection rule too: the
two photons induce two successive transitiongi !'j ii andjii!j pi, with coupling
betweenj andj 1 states for each. The overall possiblg-state couplings are

thereforejji!j ji andjji'!j j 2.

Dening H%mYcos ji;mi QF andh%micos j;mi T/, we have
din?’iz iu.o._m+i_EZQ.mm m QM
dt RERE o~ % ai (%)
gm (3.34)

i P9 .
T T R L

diss

where the last term on the right hand side represents a phenemological dephasing
term corresponding to collisions and spontaneous emissioNote that both cos
and cog are Hermitian operators, so Q%) = Qjoand (Tf5) = T Also
note that we only label onem index because there is no coupling between each

m state. Finally, either ensemble-averaged alignment or entation of molecules is

determined from

X
Tr( cog )= QR (3.35)

or

X
Tr( cos )= kT (3.36)

m

with an additional summation over allm states.
If the electric eld E is contributed by a femtosecond laser pulsg&(t) =
Eo(t) cos!t , whereE(t) is the slowly varying envelope and is the carrier frequency,

then it is the cycle average of the laser eld dominating the eld-molecule interac-
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tion, because the rotational response of the molecules is chuslower than the fast
oscillating optical eld component. This results in ine cient coupling between the

laser eld and the molecular permanent dipole moment becaas  E(t)i =0.

cycle

At terahertz [104] to microwave [105] frequencies the resmse from the permanent

dipole moment is more signi cant. On the other handp E(t)i %Eg(t) for

cycte !
induced dipole moment, so we may replace the full temporal stExiption E?(t) by
the cycle average%Eg(t) in Eq. 3.34. Note that femtosecond-laser-induced molec-
ular orientation has also been demonstrated using two-coltaser elds [91] or by
combining a ultrashort laser pulse with a DC eld [106].

The matrix elementsQj; are calculated from either Eq. 3.33 or from directly

performing the solid angle integration of the spherical haronics. The nonzero

elements are listed below:

S

(2 m) @ 17 m3,

Bu=Q " G pEa 9 (837
L2 M) L ()2 m?
1@ D@D @)@ +3) (3.38)
S
1 2 2 i 2 2
on, —qr, = WrDE m) Dz mh) 539)

(2 +3)2 (2 +1)(2] +5)°

3.5 Partition function and consideration of symmetry

According to Eq. 3.25, the general form of the diagonal elenmsrin the density
P
matrix is ; =, Pnjay j2, which is the ensemble average of quantum probability

for occupation of statej in the macroscopic system and therefore its meaning is
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apparent: it is the population at state j, which is connected to the macroscopic
behavior of the system seen by an observer. For an ensemblerigid rotors at
thermal equilibrium and not subject to the external eld (H = Hy), the popu-

lation corresponding to eigenenerg¥; is ij » Where a summation

e 1
over degeneraten states is performed, and j; should obey Boltzmann distribution
I exp( Ej=kgT), wherekg is Boltzmann constant andT is temperature. It is also
required that i im j = 1 for normalization.

In statistical mechanics one may de ne a partition functiorZ for a many-body
system at thermal equilibrium. The rotational partition function for heteronuclear

diatomic molecules, or more generally, linear moleculestout nuclear re ection

symmetry about the rotation axis, is

s .
Z= (2 +1)e BT, (3.40)
j=0

where 2 +1 arises from counting the degeneraten states. The probability of being

state j with rotational energy E; is then given by

(2j + 1) e heBj (j+1) =kg T
Z

P(Ej) = (3.41)

Comparing with properties of the density matrix, one may nd ; = P(E;).
For homonuclear diatomic molecules, however, calculatirige partition func-

tion is tricky due to the quantum symmetry requirement imposd on the identical
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particles. That is, the total wavefunction of the molecule

total — tran vib elec rot nucl

should be either symmetric for Bosonic or anti-symmetric fd=ermionic nuclei. The
wavefunctions with subscripts trans, vib, elec, rot, and rucl denote translational,
vibrational, electronic, rotational, and nuclear wavefuantion, respectively. More
precisely, i has de nite parity: the anti-symmetric wavefunction changs its
sign under pairwise particle label exchange, i.eB() = with P : (1;2) !
(2;1), where 1 and 2 are particle labels or coordinates, whereB¢) = for
the symmetric wavefunction. The translational wavefunctn is gan exp(p
r), wherep = py + p, andr = (ry + rp)=2, and the ground state vibrational
wavefunction is ip  exp( (X2 X1)?=x3), therefore o, and i are invariant
under nuclear exchange. Furthermore, most of the common homuclear diatomic
gases such as hydrogen, deuterium, and nitrogen have symnwetovalent bond
electron wavefunctions ¢ec at their ground states, so the problem is reduced to
parities of molecular rotation and total nuclear spin waveinctions s and puq.
The spherical harmonicsy;™( ; ) form a complete set of orthonormal basis of

the rotational wavefunction, and it is easy to show that

o= YO+ )= YTG) (3.42)

under parity transformation, which is equivalent here to nalear exchange for di-
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atomic molecules. Finally, in the diatomic molecule with ez nucleus of spinl
possessing 12+ 1 possibleM (1,) states, there are (2 + 1) 2 total spin eigenstates,
with 1(21 + 1) anti-symmetric and (I + 1)(21 + 1) symmetric states [107]. This
is given by counting the possible combination of nuclear spstates leading to an
anti-symmetric total spin eigenstatejM;M;i j M;M;i, where 1 i<] 20 +1.
Therefore the nuclear spin statistics force either odd rot@nal J states associated
with (21 +1)(21)=2 = 1 (2] + 1) anti-symmetric total nuclear spin states, or even
J associated with { + 1)(21 + 1) symmetric total nuclear spin states for integer
spin (Boson) nuclei (so that i, is symmetric), and vice versa for half-integer spin
(Fermion) nuclei (so that . is antisymmetric). For example, both!*N and D
(°H) have nuclear spinl = 1 (Boson), so the statistical weighting factors of*N,
and D, are 6 for evenJ and 3 for oddJ values. Another example is b in which
each nucleus has half interger spih = % (Fermion), so the weighting factors are 1
for Jeven @and 3 forJoqq. Note that | = 0 for O, however the ground state electron
wavefunction of the'®0, molecule isanti-symmetric [108], so onlyodd J rotational
states can exist at the electronic ground state. To concludene may obtain a

spin-statistics-weighted partition function for the homamuclear diatomic molecule:

s o
Z= D@2 +1)e "B =T, (3.43)
j=0

where D; is the statistical weighting factor previously discussedf¢r example, for
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N2, Dj;even = 6 and Dj,Odd = 3), and

@ hcBj (j+1) =kg T
m=DJe i (1+1) =ks _

i 7 ’

(3.44)

or
Dj (2] + 1) e heBj (j+1) =kg T
i = 7 :

(3.45)

summing over the degeneraten states. This gives the initials values for Eq. 3.34.

3.6 Perturbation theory

Equation 3.34 now is able to be solved numerically, howevércan consume a
signi cant amount of computing power due to its potentiallylarge matrix size. Here
we try to use an approximation method to nd a closed-form sakion of . Consider
a femtosecond laser pulse interacting with a molecule withb permanent dipole
moment (the contribution of any permanent dipole moment cyle averages to zero in
the optical eld, leaving only the induced dipole), and assmehg  Hg, the density
matrix is calculated to rst order in the optical perturbation (t) = © + @(t),
where

| £

(1)(t) W= - d hg; (0) y gl ) t); (3.46)
1

is the rst order correction to the density matrix induced bythe perturbation Hamil-
tonian he = 3p E, wherep = E is the induced molecular dipole moment
and E( ) is the laser eld, whose pulse envelope peak is located amg = O.

In Eq. 3.46,! ¢ = (Ex E|)=~ corresponds to rotational stategki = jj;mi and
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jli = jj% m9 with energiesEx = E;n = hcBj(j +1) and E,; = Ejomo = hcBj qj %+1),
« is the dephasing rate between statdsand |, © is the zeroth order density ma-
trix describing a thermal equilibrium distribution of rotational states att = 1
Use of rst order perturbation theory is justied by the experimental results in
Chapter 4 showing thathcog i, deviates from the unperturbedcog i,_., =1=3
by small amounts.
The commutator matrix element in Eq. 3.46 ishg; © = ( O Oyhe)w,

) I(IO)

0) (0)
where | Kk

(no sum), (no sum), and

(he)a= 5 JEF(HKco3 jli o y) (3.47)

where  is the unity matrix. From Sec. 3.4 we know that the matrix elerant
hjcog jli = h;mjcog jj%mY is nonvanishing only form®= m andj®=j 2or
j%=j. The non-coupling between di erentm states corresponds to the interaction
symmetry about the molecular £) axis (or conservation of angular momentum),
while the j coupling corresponds to the two-photon non-resonant Ramaaxcitation
process which results in population of the spectrum of rotamnal states.

Following the same convention as in Sec. 3.9 = h;mjcos jj%m4 and

noting from above that hg; ©  is nonvanishing only for the non-diagonal com-

kl

ponentsj®°=j 2, Eqg. 3.46 becomes

HONOTS mo  m©)
b

- J i 2
2 Z, (3.48)

an; e i 2t 2t d E2( )elti 2t 2
1
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where! ;; 2=(E; E; 2)===4cB (2] 1)and jm(o) is de ned in Eg. 3.44. Note

that the equation for [}%) is implicitly included in Eq. 3.48 since [[%) = ( [\9)) |
. . . m(l) _ m(1)
which is equivalentto ;"% =( ;7>
Finally, from Eqg. 3.35, the ensemble-averaged alignment is
X m m; X m m;
cos (= ki Quicly=1 + ki Quiclks |
m mo (3.49)
_ 1 me nw .
=3% g2t gz Q2
or
_1 X' no  mo 2
cos =3 — iz Qo
sm
Z, #
Im e 2 g5 2t d E%( )e( Ly 2t g 2) :
1
(3.50)
P

where we have used the facts that |, Q' = 1=3, andQj] , =(Qjj 2) = Q"
is real. Summing Eq. 3.50 froom = | through m = j eliminatesm to yield

C (0) ©)
we Lz Xy 2
t 3 15 j 2 1 23+1 2 3
z, #
Im e 2 5 2t dE?( el " 2t 2D
1

(3.51)
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where j(o) =(2j +1) jm(o), and we have used the relation

X

2_ 2j( 1),

m

Again, for a femtosecond laser pulse, only the cycle-averdgeld torques the
molecules signi cantly. The laser eld is taken to beE(t) = &"(t)(e" + e " )=2,
where! is the optical carrier frequency and'(t) is the slowly varying eld envelope
whose temporal width is much greater than 2! . Therefore rEZ(t)iCycle = 2"(t)
is the cycle average and should be plugged into Egs. 3.50 anfi13

Several special cases can be calculated. For a delta-fuantpump pulse having
a uenceF (in erg=cm?), "?( ) =(8 =c)F ( ) and Eqg. 3.51 becomes

! ! #
we 18 F Xy P P
‘"3 15¢ | 1 2Z+1 2 3

e # 2t Sin(! jii 2t)

(3.53)

This case models an extremely short pump pulse with wide bardith. For a
Gaussian pump pulse with temporal full width at half maximum(FWHM) , and
peak eld amplitude Eq, and for timest p, the upper limit of the integral in

Eq. 3.51 can be taken to in nity yielding

r o ©) )
0 =1 B2 X 0G0 O,
t 3 In2 15 2 1 2 +1 2 3
J #
2 2 2 . 2| 2 2
e (i 2 § 286N Ae y otgin | ot A 8|rJ1JZ ;
(3.54)
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Both Egs. 3.53 and 3.54 are appropriate for examining the gliment response
for times well after the laser pulse. For the alignment respge during and immedi-
ately after the pump pulse, a simple expression can be obtathby assuming a laser
envelope of the form'?( ) = Efcos(;-) forjj oand"?( )=0forjj> o
with FWHM duration . For timesj j 0, EQ. 3.51 becomes

|
.o 0 0 :
ol - EZX g n P 9,0

1
t” 3 15~ 23 1 2+1 2 3

a; +(ax+ ag)cos(t= o)

+(as as)sin(t= o)+ (au+as ae ¥ 2T Isin(ly L(t+ o)
i
+( at+ a+ as)e i 2(t+ o) COScj;j 2(t+ 0)) ;

(3.55)
and forj j> ¢ it becomes
!
we <1 _EFXgGy P %
T3 15+ 3 1 Z+1 2 3
h
(as au as)e o 2 Isin(ly ot o)
+( agtastas)e i 2 Isin(ly (t+ o)) (3.56)
+(an a agle 1 2 Jcosly ot o))
|
+( atayt+agle 1 Ocosl H(t+ o)) ;
where
a=3ly 2= fj ot o,
=20y 2 =o= 2+l 2 =0,
1 .. = = 2 . Y
=5y 2t =0= 5 2ty 2+ =0)",
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3.7 Discussion

The meaning of the diagonal density matrix element;j; is the population,
which has been discussed in Sec. 3.5. On the other hand, thediagonal term of
the density matrix j = P s Pranjay = P o Prjanjjjan exp (( nk)) gives the
coherencebetween two stateg andk in the ensemble. If the relative phasey, nk
for each of the possiblan states (forj 6 k) in the ensemble is indeterminate, then

ik =0, corresponding to have no coherence betwegrand k, which is the case for
a collection of air molecules in thermal equilibrium.

Now we can see deeper insight of results derived in Sec. 3.4 aBdb. For
simplicity we neglect the relaxation parameter introduced in Eq. 3.46 for now.
Equation 3.48 shows that under the rst order approximatiorthe laser pulse \locks"
the relative phases among all the odg-and among all the everj- rotational eigen-
functions, and this coherent excitation is proportional tathe population di erence
between statesj andj 2. As long as ordered initial phase relations between
many rotational eigenfunctions are created from randomngsand the eigenfunc-
tions evolve according to temporal phase exp {(E; =-)t), their superposition forms
a wavepackef i = P im J&mj€ ™ jmie "1t where! | = Ej=~=2 cBj (j +1),

and ;n is the phase ofa., . The absolute square of this wavepacket is a train of
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sharp amplitude spikes on time axis at some repetition ratehwch will be apparent
shortly, due to the fact that the rotational levels (energis and frequencies) are quan-
tized. The train of spikes can last for very long time compacdewith the laser pulse
duration and decays due to collision. The last term in Eq. 384Rtl dE?( )i 2
represents the initial in uence of the laser electric eld vkich is analogous to the
classical torque impulse applied to the molecules. Note thidr timest after the laser
pulse is gone, the upper limit of the integral can be replacdny +1 , which makes
it Fourier transform of E?( ) of the laser pulse. Therefore the maximum degree of
coherence {j , after the laser pulse is proportional to not only J-m(o) jm“;’ but
also the spectral intensity(! j; »). Note that to the rst order approximation the
laser pulse excitation does not alter the population, so weay drop the superscript
(O) from J-m(o) for the following discussions.

The e ect of nite bandwidth of laser pulse will be discussedater. Here, for
further simpli cation we consider the impulse response ohte molecular rotation by
modeling the laser pulse as a delta function located &t= 0 in Eq. 3.48. Att =0
all temporal phase componentg " it in the wavepacket are in phase. Note that
the coherent spike of the wavepacket actually arises at a temca later due to the
extra constant relative phase jn i 2m = =2 betweenjj;mi andjj 2;mi
coming from the factor of i in Eq. 3.48, which is the consequence of the rotational
inertia e ect. As j i evolves further in time eachjj; mi state advances with its own
phase factor exp ( i! jt), so that a sum over a large number of states tends to result
in rapid cancellation. However, when time passes through vast = T, Where

qis an integer andT,, = 2 =! ; = (2¢B) !, the phases becomé;t = qj (j +1),
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an integer multiple of 2 , causing a \full revival": all the wavepacket's constitueh
states are rephased to their initial values at = 0, and produce another coherent
spike at Trey + tpeak, With tpeax  Trev in general. There also exist \partial revivals”
at specic fractions of T,ey,. Whent = (T =2) and q is odd (\half-revival),
it = qj( +1)=2. This puts the two sets of states withj (j +1)=2 even ({ =
0;3;4;7;8,11;,12 )and with j(j +1)=2 odd ( = 1;2,5;6;9;10 ) separately
in phase, with a phase dierence of . These two sets off states interfere with
each other, leading to di erent shape of temporal coherendeom the full revival
case. Partial revivals can also occur at time$,.,=4, T,ey=8, T,ey=16, etc., because
] (j +1) is even. For quarter revivals att = g(T,.,=4) with odd q, there are four sets
of rotational states separately in phase. Whengq=1;5;9; =4n+1 wheren s
an integer, the four sets of states with their relative phasein the parentheses are
j=0;78  (0),]=1;69 (=2),] =3;41512 (), andj =2;5;10;
(3=2). Whenq = 3;7;11; = 4n + 3 the sets of ] states and their relative
phases becom¢ = 0;7;8; 0), ] = 2;5;10; (=2),] =3;4,11,12 (),
andj = 1;6;9; (3=2). This causes dierent behaviors of the wavepacket at
around (n + 1=4)T,,, and (n + 3=4)T,,. Fractional revivals at shorter intervals
than T, ,=4 are di cult to observe, because they contain more subsetsd im-phase
states possessing di erent relative phases. These subsitsd to cancel each other
and thus the wavepacket amplitude is much weaker. The peak aiitude of partial
revivals also depends on nuclear spin statistics discussadsec. 3.5.

The ensemble-averaged molecular alignmehtog i, 1=3 is the measurable

guantity of the system rather than the rotational wavepackeitself. The calculated
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Figure 3.2: Calculated molecular alignment atT = 300 K excited by a delta-function laser
pulse with 1 J/cm? uence and successive quarter-, half-, and full-revivalsn (a) N, and
(c) O2. The full-revival periods are Trey:n, = 8:33 ps for No and Treyv:0, = 11:59 ps for O,
respectively. Panels (b) and (d) are details of (a) and (c) fom 0 to 800 fs.

impulse responses of*N, and 0, molecular alignment from Eq. 3.53 are shown
in Fig 3.2(a) and 3.2(c), respectively, front = 0 to 16 ps. It can be seen that
the rst alignment peak occurs attyeacn, = 77 fs for N, in Fig. 3.2(b) and att =
tpeak0, = 91 fs for O, in Fig. 3.2(d) due to the slow rotational response of moleces
(compared with orbital electrons) to the laser eld. Moreoer, the alignment is
proportional to the superposition of sin[j; »,t) over manyj levels, with!;; , =

(Ej Ej 2)===4cB (2] 1)anda xedfrequencyspacing ! ="!;41; 1 !jj 2=
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8 cB . Therefore the full revival period of the alignment occurstdimes 2 !t = 2 ,
ort = qTey, Where% I =2 =Ty = rev IS the fundamental beating frequency, and
this agrees with the observation of 7 , from Eq. 3.48. The calculated full revival
periods of N and O, are Tey:n, = 8:33 ps andTey.0, = 11:59 ps, respectively.
Note that Eq. 3.53 has the formP pf(P)sin((Z2p+1) revt) with p=1;2;3;
when j; . and the DC term 1=3 are neglected, and @+ 1) ./t = for eachp
whent = qTe,=2 and q is odd, which is called \half-revival* and can be seen in
Fig 3.2. At half-revivals all the frequency components in E§.53 have a phase
shift compared with those at full-revivals, therefore the lgnment peaks near the
half-revivals have the same shape as those near the fullik@ls except that their
signs are ipped. There also exist \quarter-revivals™: att = (4n + 1) T,e,=4 with
n=0;12 , the phases of the sinusoidal functions in Eq. 3.53 are 2 for odd |
and =2forevenj;att=(4n+3)T. =4, the phases are =2 for oddj and =2
for evenj instead. As discussed in Sec. 3.5, the population ratio of ogldo even;
states {ogq ¢ jeven IS 1:2for Nb and 1: 0 for Q. Therefore in N, the molecular
alignment contributed by even} states is partially cancelled by the contribution of
odd4 states near the quarter-revivals, resulting to lower degeeof alignment (or
anti-alignment) than that near half- and full-revivals. Because Q only has oddj
levels, there is no such cancellation e ect near the quarteevivals, so the alignment
(anti-alignment) is larger than N,. Also as shown in Fig. 3.2, the alignment quarter-
revivals neart = (4n + 1) T.,=4 and neart = (4n + 3) T,e,y,=4 have opposite signs,
which is again the consequence of sign ipping of sinusoidinctions in Eq. 3.53.
In Chapter 4 we will encounter NO, a linear molecule without re ection symmetry
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about its rotational axis. The nuclear spin statistics is ndonger a concern, so
ifodd - jeven = 111 and thus the quarter-revivals of alignment does not es.

The width of alignment or anti-alignment (hcos§ i, 1=3) peaks is determined
by the number of rotational states contributing to the wavepcket. Similar to the
idea of a mode-locked laser pulse, which has shorter duratiwith broader band-
width (larger number of constituting longitudinal optical modes), the peak width
of alignment is approximately  Tey=N;ot, Where N, is the number of rotational
states contributing to the wavepacket, which is a function faaemperature and pump
pulse duration (bandwidth). For impulse excitation, N,y is determined by ther-
mal population of the rotational states, which can be seen dke dependence on

2O MOYQm ,)? for eachj in Eq. 3.50. The population ; at T = 300
K for N2 and O, are shown in Figs. 3.3(a) and 3.3(b), respectively, with™ shown
in the insets. Their contributions to the molecular alignmat in both gases, in
terms of amplitudes of constituent frequency components;; », are also shown in
Figs. 3.3(c) and 3.3(d). For nite-bandwidth excitation, N,y is further limited by
the pulse duration, which is evident from the term exp (! & , =(16In2)) for each
j (neglecting j; »2) in Eq. 3.54, where , is the pump pulse duration. Therefore
when the rotational thermal distribution bandwidth ! . is larger than the laser
pulse envelope bandwidth, for those frequencieg 2> (16In2) , ! their contribu-
tions to the wavepacket are less signi cant than those exeitl by the delta-function
pulse, resulting in wider width of alignment (anti-alignmat) peaks. This will be
discussed in detail along with experimental results in Chagr 4.

The location of the rst alignment peak tpeac €xcited by the laser pulse can
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Figure 3.3: Thermal populations of the rotational states j = (2] + 1) Jm at T =300 K
in (&) N2 and (b) O, with corresponding Jm shown in the insets, and calculated spectral

amplitudes for each! j; > contributing to the molecular alignment in (c) N > and (d) Oo,
excited by the same 1 J/cn? delta-function pulse as in Fig. 3.2.
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Table 3.1: Selected linear molecular parameters  and rotational constant B from Ref.
[109]. Trev is calculated from (2B) 1.

Molecule (10 % cm®) B (cm 1) T (PS)

N, 9.3 2.001 8.33
0O, 11.4 1.438 11.59
N,O 27.9 0.4116 40.49
D, 2.92 29.90 0.557
H, 3.02 59.30 0.281

be also estimated. Realizing that Eq. 3.53 can be approxingt into the form
sin! CtP sf(ncos !'t) with n =0;12 , where! I = 8cB is the
\center frequency" of the alignment spectral component. Té rst maximum occurs
slightly earlier thant = =(2! ;) due to the modulation ofP ,f(n)cos !t) over
the more rapid-varying sin! ;t, and thus we can regard this as the upper limit of
tpeak- From Figs. 3.3(c) and 3.3(d),! cisfound to be at (;j 2) = (11;9) for N, and
(13;11) for Oy, thereforetpean,  Trev:n,=84 = 100 fs andtyeaco,  Trev:0,=100 =
116 fs, which is close to the observation from Fig. 3.2(b) arf&d2(d). The parameters
, B and T,e, for selected linear molecules are listed in Table 3.1 and Mble used

throughout this Dissertation.
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Chapter 4
Measurement of rotational wave packet revivals of linear ga
molecules

4.1 Introduction

Alignment of molecules has applications in a wide variety ofelds including
chemistry, molecular physics, and high harmonic generatianentioned in Sec. 3.1.
Furthermore, molecular alignment in intense laser elds dxbits periodic revival
structures, shifting the refractive index in proportionalto the degree of alignment,
as discussed in Chapter 3. A wake of refractive index echoefidwing an intense
femtosecond pump pulse is produced in the gas medium, whigmnses as an ultra-
fast phase modulator for another co-propagating laser peldater in time. When
the delay between the two pulses is appropriately tuned, theecond pulse spectrum
can be signi cantly broadened [110, 111, 112, 113]. Comps&s of such spectrally-
broadened pulse is also demonstrated by introducing disjgere material after phase
modulation [110]. The refractive index transient also actBke a dynamic lens be-
cause the degree of alignment (anti-alignment) is propodnal to the pump beam
pro le, which is usually higher near the beam center and lowenear the edge. This
molecular lensing e ect [112] should be taken into accounorf correctly modelling

the nonlinear propagation e ect, in addition to electronic © -induced self-focusing.
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In fact, as it will be seen later, for common diatomic gases du as nitrogen and
oxygen, molecular alignment contribute much more than inahtaneous nonlinearity
to the refractive index modulation, contradicting resultspreviously reported else-
where. The alignment e ect to nonlinear propagation will beexplored in Chapter
5.

Many methods have been developed for producing and measgriaser align-
ment of molecules. Thus far, all methods use variations of éhmulti-shot pump
and probe technique. For very low density molecular samplean intense laser pulse
(pump pulse) is used to align the molecule, and an intense rdshort secondary
pulse stepped through a variable delay (probe pulse) is uséa remove electrons
by eld ionization and initiate coulomb explosion. The ionc fragment velocities
are along the molecular axis direction at the time of electroremoval, angularly
resolved with respect to the pump polarization. This \Coulmb explosion imaging"
technique measures the time resolved molecular alignmeadf, 115].

All optical multi-shot pump-probe methods have also been ude The earliest
optical measurements of alignment were applied to picosecboptical Kerr gating
in liquids [42, 116]. A linearly polarized pump pulse torque CS, molecules into
alignment, creating a transient birefringence sampled byhe polarization rotation
imposed on a probe pulse variably delayed in the temporal unity of the pump.
Later, it was realized that probe pulse delays long after thpump could sample
guantum echoes of the molecular alignment (also called réitanal recurrences) if
this measurement were performed in much less collisional C&pour [117]. A
version of this technique, now called Optical Kerr E ect (OKE) spectroscopy [118],
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depends on the birefringence, or small anisotropic refraet index change in a gas
or liquid induced by the presence of pump-aligned moleculeand has been used
to measure a wide range of molecular alignment dynamics, inding the prompt
response near the pump pulse and quantum echoes.

Other optical methods have recently been developed whichpend on probe
beam refraction from aligned molecular gas samples [119]daionization of these
samples [120]. Spectral modulations imposed on sequemyialelayed short probe
pulses have also been used to map out wavepacket recurrenedthough the time
resolution of these measurements is limited by the relatielong (> 50 fs) probe
pulse duration, and quantitative molecular response is ohihed only through prop-
agation model-dependent ts to the shifted spectra [90, 121

The only technique described above which is capable of direguantitative
measurement of alignment is Coulomb explosion imaging [114.5], but this method
is not capable of spatial resolution, and it is a time-consuimy multi-shot pump-
probe method. None of the above techniques combine the direoeasurement of
alignment, spatially resolved across the laser beam, withignment evolution mea-
sured in a single shot.

In Chapter 2, a single-shot method for measuring ultrafastefractive index
transient with 1-D space resolution was presented, with teporal resolution only
limited by bandwidth of the supercontinuum probe beam. Herethis technique is
used to measure the ultrafast laser-induced molecular atigent and the following
periodic alignment recurrences that appear long after theaser pulse has passed.

The single-shot measurement is an improvement over prevstechniques for several
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reasons. First, in laser systems having even small shot tooslvariations in energy

(typical of most femtosecond laser systems) or pulse widtthe alignment response
will vary from shot to shot and the result of composite measements could obscure
low levels of response. Second, in experiments where coiodis such as pump laser
pulse energy or gas pressure are varied, collecting the telinporal response for each

set of conditions is far less time consuming than doing shoy lshot temporal scans.

4.2 Experimental setup and noise reduction technique

The experimental setup for measuring molecular alignmens ithe same as
described in Chapter 2, which is partly shown again in Fig 4.1A broadband (100
nm FWHM) supercontinuum (SC) pulse is generated using setidusing of a 200{
300 J, 100 fs, 800 nm Ti:Sapphire laser pulse in a xenon gas cebbt{shown). The
SC pulse is split into collinear twin pulses separated by tiem  using a Michelson
interferometer (reference pulse followed by probe pulse)hich were then passed
through a 2.5-cm-thick window of SF4 glass, dispersivelyrstching and linearly
chirping them up to 2 ps. For measuring pump-probe delays longer than the 2 ps
probe pulse window, a delay line was implemented for placitige 2 ps probe window
at delays up to 5 ns with respect to the pump. This allows measng recurrences
that occurred well after the pump pulse. The probe and refenee SC beams were
combined at a beamsplitter with the pump, and the three pulsewere collinearly
focused into a 45-cm-long gas cell. The combined pump/SC Ineaxiting the cell was

passed through a zero degree dielectric Ti:Sapphire mirrar reject the pump beam.
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Figure 4.1: Experimental setup. HWP: half waveplate, BS: bemsplitter for combining
pump and SC pulses, M: zero degree Ti:Sapphire dielectric mrior. The inset shows inter-
ferograms in 3 temporal windows, corresponding to laser a alignment (0 ps), quarter
revival (3 ps), and half revival (6 ps) of the rotational wavepacket in 5.1 atm O.

The SC beam was imaged from the exit plane of the nonlinear @raction zone in the
cell onto the entrance slit of arf=2 imaging spectrometer with a 1200 groovam *
grating and a 10-bit CCD camera at the focal plane, recordinigterference patterns
in the spectral domain (spectral interferograms). These 2patterns hada 100 nm
wide wavelength axis and perpendicular to that, a 0.67m/pixel spatial resolution
along the entrance slit direction.

In addition, in anticipation of potentially tiny spectral amplitude modulations
and phase shifts compared to the experiments in Chapter 2, this Chapter a new
method for interferogram analysis is implemented . For a CCBamera, thermal
excitation of electrons, or dark current, from the CCD chip xels, and readout

noise from the ampli er and A/D circuit are two dominant noise sources [122]. To
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Figure 4.2: Sample interferogram images (a) from a single ker shot, and (b) after aver-
aging over 300 shots.

suppress the interferogram noise and reveal the signals pibyy smaller than the
noise level of an individual shot, multi-shot averaging iseakirable. Figure 4.2 has
demonstrated the SC shot-to-shot stability by comparing aiisgle interferogram with
the averaged interferogram from 300 laser shots, and theymgared to be almost
identical. However when examined closely, it can be seen théue interferogram
image taken from a single laser shot (Fig. 4.2(a)) containsoisy speckles, while
in its multi-shot-averaged counterpart (Fig. 4.2(b)) suchnoise is averaged out and
results in a cleaner, smoother image with fringe pattern ndg una ected. There-
fore, instead of averaging spectral phases and amplitudst ppobe and reference
pulses retrieved from multiple interferograms, is was foanfeasible to directly av-
erage 300 consecutive interferogranisefore phase extraction, which dramatically

increased speed of data processing. An estimate of the ermothe extracted phase

1=2

IS shot=Ni; » Where g0t is the maximum noise amplitude in the extracted phase
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of an individual shot andNj; is the number of averaged interferograms. Note that
this procedure depends on the excellent shot-to-shot stéty of the interferogram
fringe locations and fringe visibility made possible by theery stable kHz pump laser
and SC generation technique. For experiments with more shtd-shot variability
(such as typical with 10 Hz pump lasers), a much lower noise CC&amera would
be required to achieve in a single shot the low levels of phaskift extracted in
the current experiment. Also note that this methodology is $ll legitimately called
\single-shot" even when this averaging technique is invodd, owing to the fact that
a single interferogram represents a snapshot of phase skeWblution during 2 ps
interval. By contrast the conventional multi-shot methodsacquire information only

at a speci c time for each measurement.

4.3 Rotational inertia e ect: delayed initial alignment by the laser

eld

The transient refractive index due to intense laser pulseteraction with linear

gas molecules given in Chapter 3

n®(t)=1+4 N hcod i+ - (4.1)

only accounts for index variation owing to ensemble-averad molecular alignment
and neglects the \prompt" contribution of the nonlinear digortion of the molecular

electron cloud by the laser eld. Including both e ect, it can be shown that, to

92



second order in the eld, the e ective index is given by

n3(t) 1
—il)\l = cos  + -

+E@®)? sint O + L osieo ®,+ Oy + co¢ 9

t o XXXX 4 t  xxzz ZZXX t zzzz

(4.2)

where ,(Ji)l is the fourth rank molecular polarizability tensor and the prompt"

contribution is proportional to the square of the eld envebpe amplitudejE(t)j?.
As seen in, for instance, Eqg. 3.55, the angular ensemble aw®ah i, consist of
a constant term (fromt = 1 ) and a term which is second order in peak eld
amplitude Eo. The prompt response therefore has an isotropic part proparnal
to jE(t)j?, and an orientational part proportional to EZjE(t)j? which is signi cantly

smaller. The contribution to the refractive index of the pronpt isotropic part is

written as
. .2 .
nal (t) =2 N JE(t)® sin* . &,
1 . 92 3 3 3
+ Z sin® 2 t= 1 )((x)zz + gz)xx + COé‘ t=1 gZ)ZZ !

(4.3)

wheren; is the isotropic nonlinear index of refraction) (t) is the laser intensity, and

where sin® ., =8=15, sin®2

., =815, andhcos i,_, =1=5.
The e ect of molecular rotational inertia is immediately sen from a compari-
son of the response of various gases during a time window vhigcludes the pump

pulse. The calculated (solid line) and measured (open ciesl) transient refractive
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index shifts in N, and N,O near the 110 fs pump pulse are shown in Fig. 4.3(a) and
Fig. 4.3(b). To compare the e ect of rotational inertia, thepeak magnitudes of n
for both gases are normalized to 1. The calculation employg|E3.55 and Eq. 3.56,
which is the result of rst-order perturbation theory with laser pulse shape approx-
imated by the square of a cosine function. This approximatioallows a well-de ned
envelope with its magnitude vanished at both beginning andnd of the pulse. Due
to the di culty of determining the relative timing between t he laser pulse and the
transient refractive index measured from the experimenthe peaks of the normal-
ized n(t) from the experiment are aligned to that in the correspondig calculated
curves on time axis for comparison in Fig. 4.3(a) and 4.3(bynd both measurements
in two gases match the calculations remarkably well. The psgd laser eld gives
an initial \kick" to the molecules, and due to rotational inertia they do not line
up along the laser eld instantaneously. Thus in Fig. 4.3(apnd 4.3(b), n peaks
later than the driving laser pulse, with the peak for N leading that of N,O. This is
understood from the larger NO moment of inertial , whereB = h=(8 2cl). More-
over, as the coherently excited rotational wavepacket of JO evolves more slowly
than that of N,, its n falls back to zero more slowly than the n for N,.

It is important to note that in the calculation of Fig. 4.3, the instantaneous
electronic nonlinear response () is not included, but the measurements still agree
well with the calculations. This implies that the alignmente ect of the molecules
dominates the prompt electronic responsa;l : there is no pre-spike nor abrupt
change of slope at the rising edge of measured(t), which are signatures of sig-
ni cant instantaneous component, in both gas species. Theeasured n curves
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Figure 4.3. Normalized transient shift of refractive index n from measurements (open
circles) and calculations (solid line) for (a) N» and (b) N,O. For comparison, a Gaussian
function centered att = 0 with 110 fs FWHM duration is shown on each gure (dashed
line) to represent the pump pulse envelope. Un-normalized n traces of (a) and (b),
along with instantaneous electronic nonlinear response ir, are shown in (c), under the
experiment conditions of 110 fs pump pulse duration with 95 J (6:7 10 W/cm 2), 60

J(4:2 108 W/icm?), and 20 J (1:4 10" W/cm ?) pulse energy (peak intensity), in
4.4 atm Ar, N, and N»O, respectively.
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are slightly wider than the calculations, which implies thathere may be a small
index change contributed by instantaneous,! . This di ers from Ref. [123], where
the prompt response and the rotational inertia e ects for N are considered to con-
tribute approximately equally to the transient refractive index. The justi cation in
Ref. [123] relies on measurements of spectral modulationaof intense, 120-fs laser
pulse passing through the gas sample, and the analysis reqsifree tting of two
parametersna.instant &Nd Na:rotation / to a detailed propagation model. This issue
is important for studies of long range propagation and lametation of femtosecond
laser pulses in the atmosphere [90, 123, 124, 125], where ti@ecular alignment
e ect has been long underestimated. This will be further inestigated in Chapter 5.
Figure 4.3(c) compares un-normalized n results using 4.4 atm Ar, N, and
N,O, with 95 J pump energy (67 10 W/cm? peak intensity) for Ar, 60 J
(4:2 108 W/cm? peak intensity) for N,, and 20 J (1:4 10" W/cm? peak
intensity) for N,O. These intensities were chosen to produce as large a phasié s
as possible without continuum generation and ionization, ich would interfere with
the SC probe and reference spectra. The Ar response is the pum@ompt nonlinear
electronic response. Nand N,O measurements were conducted at lower intensities
than Ar, however they still introduce larger index shifts, agin implying that the
orientational e ect dominates in N, and N,O. Note that as seen later in this chapter,
for H, and D, the prompt electronic response is larger than the alignmengsponse

under the experiment conditions.
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4.4 Quantum echoes of refractive index due to rephasing ofetho-

tational wave packet

As mentioned earlier, at times past the pump pulse, molecul@ases can ex-
hibit echoes in their refractive index response due to thedaced temporal coherence
of multiple rotational quantum states. Figure 4.4(a) showgrobe beam-center line-
outs of the measured alignmenkcog i, 1=3 for 6.4 atm of N, for time windows
centered att = O through t = 1:25 Ty, in 0.25 Ty, Steps (where forBy, = 2:0
cm ! [109], Ty = (2¢By,) ! = 8:33 ps). The pump pulse was 60J, 110 fs,
with peak intensity | = 4:1  10** W/cm?2. Note that preceding the half revivals
(t = qTev=2, q is 0dd) and the full revivals (@ is even) by an interval t = T,ey=No
are positive and negative excursions corresponding to aligent and anti-alignment,
respectively. Figure 4.4(b) shows the corresponding spao®e images across the
probe beam, clearly showing the radial intensity dependea®f alignment. Figure
4.4(c) shows a calculation ofcog i, 1=3for N, (using n, =9:3 10 *® cm?®)
comparing the nite pulse response (Eq. 3.55 and Eq. 3.56) twithe impulse pump
response (Eq. 3.53). The nite-bandwidth pulse is modeledybthe square of co-
sine function with phase ranging from =2 to =2, and the impulse is modelled
by a delta function representing a laser pulse with extremelshort duration and
ultra-broad bandwidth, and for both cases the laser uencesimatched to the ex-
perimental value of 45 10’ erg/cm?. The decay constant j; , in Egs. 3.53, 3.55
and 3.56 is assumed to be zero in the calculation for both rétpulse and impulse

responses. It is seen that the nite pulse result match to thexperimental curves
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Figure 4.4. Measured N alignment up to t = 1:25 T,y for 6.4 atm gas pressure and 4
10" W/cm 2 pump peak intensity: (a) probe beam central lineout, and (b) corresponding
2-D space- and time-resolved image across the probe beam. I@aated alignment is shown
in (c), assuming two di erent excitation pulse shapes: del&a function (dashed curve) and
cog function with 110 fs FWHM (solid curve). For N », Trev = 8:3 ps, and the collisional
dephasing of wavepacket is not included in this calculation
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better, but the delta-function result is still quite reasorable. To explain this, note
that for a thermal rotational distribution, it can be shown that the most populous
state contributing to the wavepacket hasj = jmax (1 + (1 + g';BTI)l:?). For
ke T=Bhc 1, which is the case for B jmax (ks T=BhQ'™?  10. For largej max,
the frequency width of the thermal distribution of rotational states available for
pumpingis !, ksT= 4 10%s ! By comparison, the pump laser intensity

R,

envelope bandwidth®(!) =

I (t)exp( i't )dt (corresponding t0  jaser 10
M) is !jaser 3 108 s 1 As ! jacer I ot, the bandwidth of the laser inten-
sity envelope adequately overlaps the thermal distributio and therefore one would
expect reasonable agreement in Fig. 4.4(c) with the deltarfation pump.

Note that the shapes of the calculated nite pulse alignmentasponse curves
for N, are an excellent match to the experimental results, exceptitv discrepancies
in amplitude. The calculation shows equal peak amplitudesif quarter-revivals and
for half-, full-revivals and the initial response, while te measured amplitudes decay
in time. This is because the dephasing (decoherence) terms , have been omitted
in the calculation.

Figure 4.5 repeats for @ in the format of Fig. 4.4 for a cell pressure of 5.1
atm and pump pulse energy 40J (peak intensity | = 2:7 10" W/cm?). Figure
4.5(a) shows probe beam-center lineouts of the measured &ignment hcos i,
1=3 for time windows centered att = O through t = 1:25 T,ey in 0.25 T, Steps,
where T,ey = (2¢Bo,) ! = 11:6 ps [109]. Note that unlike in N, the t = 1=4
Tev and t = 3=4 T, revivals in O, are comparable in amplitude to the full- and

half-revivals, which originates from the zero nuclear spiof 1°0. As discussed in
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Figure 4.5: Measured Q alignment up to t = 1:25 Tyey, Where Tyey = 11:6 ps for Oy, for
5.1 atm gas pressure and:Z 103 W/cm 2 pump peak intensity: (a) probe beam central
lineout, and (b) corresponding 2-D space- and time-resohatimage across the probe beam.
The dephasing time constant = = 23:2 ps was obtained by tting the peak amplitudes
of (a) to an exponential. Calculated alignment is shown in (9, including dephasing by
using the extracted value of , and assuming two di erent excitation pulse shapes: delta

function (dashed curve) and co$ function with 110 fs FWHM (solid curve).
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Chapter 3, only odd;j states are populated, so that at the quarter revivals thereino
cancellation of aligned and anti-aligned states as obsedv@ N,. Figure 4.5(b) shows
the same revivals plotted versus space and time, and Fig. &pshows calculations
of alignment (usingBo, =1:44cmtand o, =1:14 10 2* cm?®[109]) using the
delta function pulse and the nite duration (110 fs) pulse, wiere a damping rate
of j 2= =4:31 10s ! (or dephasing time ¥ = 23:2 ps) was used. The
damping rate was obtained from a t to the declining peak ampiudes in the time
sequence data of Fig. 4.5(a). Since dephasing is dominated ddastic molecular
collisions, there should be littlej dependence of the dephasing rate; hence it is
reasonable to put j; » = . For Oy, as for N, in Fig. 4.4, the best agreement
with the data is obtained with the nite pulse, with the delta function response
tting the nite pulse response reasonably well. For oxygerat room temperature,
imax 13 and therefore, to a similar extent as in N the rotational state wavepacket
contribution is thermally limited rather than pump laser spectrum limited.

Results for NO, a linear molecule with a much greater moment of inertia (ah
lower rotational constant) are shown in Fig. 4.6, for pump esrgy of 20 J (peak
intensity | =1:4 10" W/cm?) and cell pressure 2.4 atm. Beam center lineouts of
the alignment are shown in Fig. 4.6(a) for windows centered 4 = 0, t = 0:5 Tyey
andt = Tey, WhereTey = (2¢By,0) 1 = 40:5 ps [109]. The ¥4 and 34 revivals
are not present owing to the axial asymmetry of the linear )0 molecule, in which
the atoms are ordered N-N-O. Thus even and oddrotational states are populated
with equal weight, causing the aligned and anti-aligned ctnibutions to cancel.

Figure 4.6 shows the same revivals in full space-time plotand Fig. 4.6(c) again
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Figure 4.6 Measured NO alignment up to t = Tey, Where Trey = 40:5 ps for N,O, for
2.4 atm gas pressure and:# 10 W/cm 2 pump peak intensity: (a) probe beam central
lineout, and (b) corresponding 2-D space- and time-resolvetimage across the probe beam.
Note that the 1/4 and 3/4 revivals are not present due to the axial asymmetry of the N,O
molecule. The dephasing time constant £ = 23:8 ps was obtained by tting the peak
amplitudes of (a) to an exponential. Calculated alignment s shown in (c), using the
extracted dephasing rate and assuming two di erent excitation pulse shapes: delta
function (dashed curve) and co$ function with 110 fs FWHM (solid curve).
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shows calculations for nite and delta function pulses uspBy,o = 0:412 cm?!

and N0 = 2:79 10 24 cm?® [109]. Here the delta function result shows even

better agreement with the nite pulse result and the experirantal revival curves.

Here j max 22, so the approximation ! o kg T= applies even better, with
laser > !0t @s inthe N, and O, cases.

Measurements are also performed for,Dand H,, which have the smallest
moments of inertia and largest values oB and therefore rotate the fastest. In
Fig. 4.7(a) is shown a beam center lineout of the alignmentaerrences in 7.8 atm
D, for a pump energy of 65 J (peak intensity | = 4:4 10" W/cm?), with the
corresponding time-space plot shown in Fig. 4.7(b). The dalfunction and nite
pulse calculations are shown in Fig. 4.7(d), where p, =0:292 10 2* cm? [109]
and Bp, = 30:4 cm ! are used, as determined below in connection with Fig. 4.7(c)
This corresponds toT,., = 548 fs, so that the single-shot temporal window is 2:5
Tev long. Earlier results for B, using Coulomb explosion imaging [126] showed
revivals through 0.5 T,.,, with error bars comparable to the revival amplitudes.
In the case presented here, apart from any e ects due to probandwidth limitation
or phase front distortion [78, 79], the estimated error is ( Shot:Nirlﬂzz)( ) 1 2%.

For D5, there are two signi cant di erences with the calculationsfor the smaller
B molecules discussed earlier. First, the delta-function dnnite pulse results are
strikingly di erent. The large value of B results in much lowerj states dominating
the wavepacket so that for B, jmax  S(1+(1+ 2X81)1%2)  2{3. Deuterium has

a spin-1 nucleus, so that for the B molecule, even rotationajj states are twice as

populated as oddj. Dominant coupled | = 2 states nearjnax are thereforej =2
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Figure 4.7: (a) Pump beam center lineout and (b) correspondig x-t perspective plot
of measured I molecule alignment recurrences excited by 65J pump energy (44

10'2 W/cm 2 peak intensity), with 7.8 atm gas pressure. (c) Fourier trarsform of the
signal representing rotational wavepacket revivals afterthe pump pulse in (a). The peak
frequency is identied as ! o 3:4 10 s 1, giving the rotational constant Bp, =
30:4 cm 1. (d) Calculated alignment with delta function (dashed curve) and 110 fs co$

function (solid curve), using Bp, obtained in (c).
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Figure 4.8: (a) Thermal rotational population ; and Jm and (b) calculated amplitude

of frequency components! j; > contributing to molecular alignment of D, at T = 300
K. The pump pulse shapes are assumed to be delta function and @issian, with uence

(peak intensity) matching the experimental parameters usé in Fig. 4.7.

andj = 4, which have a frequency spacingj4>="'4 !'>,=28cBp,=8:0 10°
slorj=0andj =2, with ! ,0=12cBp, =3:4 10%® s Thus, the pump
intensity envelope bandwidth of 3 10" s ! is barely adequate to overlap the latter
two rotation states. Fourier transforming the revivals of kg. 4.7(a) (ignoring the
rst spike representing the initial alignment plus the eletronic response) shows
explicitly, as seen in Fig. 4.7(c), the sparse modal conteof the wavepacket: the
peak at! =3:44 10 s !isimmediately identi ed as! »,, and allows us to extract
the value of Bp, = 30:4 cm ! used in the calculations as discussed above. There is
negligible contribution from other states. The estimatiorabove is also con rmed by
calculating the thermal population of D rotational levels " (for eachm state, as
de ned in Eq. 3.44) and ; = (2] +1) [" (summing over all degeneraten states) at

T = 300 K, and spectral amplitude of alignment revivals (whichs in proportional
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to( ™ M,(% j)=2j 1)) for each constituent frequency componeritj; by
impulse excitation (using Eq. 3.53) and by a 110-fs nite-badwidth pulse (using
Eq. 3.54), which are shown in Fig. 4.8(a) and Fig. 4.8(b), rpsctively.

Results for H, are shown in Fig. 4.9, for the same pressure and pump laser
conditions as in the B measurement. A beam center lineout of alignment is shown
in Fig. 4.9(a), and it is seen that the e ect is much smaller tan in D,. If not
for the full space-time plot in Fig. 4.9(b), where the revivis are seen to follow
the pulse like a wake, one might not have recognized the smalhplitude revivals
in the lineout. For H,, the error in the extracted phase shift is estimated to be
( shot:Niﬁfz)( y !t 15%. The revivals are well-modelled by the nite pulse
calculation, where the rotational constant that best ts the Fourier-transformed
response iBy, = 61:8 cm !, in good agreement with previous values [109], and
using n, = 0:30 10 2* cm® [109]. This corresponds tdl,,, = 270 fs, so that
the single-shot temporal window is 3 T, long. As in the case for D, the delta
function and nite pulse calculations di er substantially because of the insu cient
pump bandwidth of the nite pulse to populate many rotationd states.

For the H, rotational wavepacket, the most populated state is estimat to be
Jmax 2. The spin of the H nucleus is 42, so that odd| states are 3 times more
populated than even states, therefore the likely coupled j = 2 states are actually
] =3 and | =1 for a delta-function pulse. However for a 110-fs laser pa@®nvelope,
the bandwidth is far from adequate to reach 3, and it can only excite alignment
betweenj =2 and j =0 with ! ,o=12cBy, 7 10¥s 1, and the amplitude
is much weaker than that excited by the same pulse in D Figure 4.9(c) shows a
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Figure 4.9: (a) Pump beam center lineout and (b) correspondig x-t perspective plot of
H, alignment recurrences, measured in the same experiment cditions as in Fig. 4.7. (c)
20 7 10 s lis observed by Fourier transformation of recurrence signa{neglecting
the rst peak) in (a), which gives the rotational constant By, =61:8 cm 1. (d) Calculated
alignment with delta function (dashed line) and 110-fs co$ function (solid line), with
rotational constant given from (c). The calculated cos pulse response is shown again in
(e), with proper scaling revealing the small wiggles of rewals.
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Figure 4.10: (a) Thermal rotational population ; and Jm and (b) calculated amplitude
of frequency components! j; > contributing to molecular alignment of H, at T = 300
K. The pump pulse shapes are assumed to be delta function and @issian, with uence
(peak intensity) matching the experimental parameters usé in Fig. 4.9.

Fourier transform of the revivals of Fig. 4.9(a), con rmingthat the H, revivals are
generated by beating of the two low amplitudg = 0 and j = 2 rotational modes.
The calculated alignments excited by the delta-function gee and by the 110
fs nite-bandwidth pulse are shown in Fig. 4.9(d) and Fig. 8(e). Employing the
same methods applied to B the thermal population of H, rotational levels at 300K
and spectral amplitudes of calculated alignment revivalsra shown in Fig. 4.10(a)
and 4.10(b), respectively. From Fig. 4.10(a) it can be seehdt the most populated
state isj = 1, which is close to the simple estimation above, and for thenpulse
response the dominating spectral component Is;.;, as shown in Fig. 4.10(b). On
the other hand, it can be also con rmed from Fig. 4.10(b) thathe major frequency
component of H alignment revivals induced by the 110-fs laser pulse lis.o, which

is the same as in B but has much weaker amplitude compared with Fig. 4.8(b).
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In contrast to the nite pulse calculations (Fig. 4.7(d) andFig. 4.9(d)(e)), the
experimental results of B and H, alignment (Fig. 4.7(a) and Fig. 4.9(a)) show an
initial peak with much higher amplitude than the following revivals. We note that
the calculation accounts only for the rotational e ect on tre refractive index. For
D, and H,, the relative contribution of the isotropic n,l to the prompt response
is much greater than for the smallerB molecules, where the delayed rotational
response dominates near the pump, as seen by the excellentehaof calculations
and experiment shown for N, O,, and N,O.

Measurement of molecular alignment at di erent angles bew®en the pump and
probe polarization is also demonstrated. The pump polariian is tuned by rotating
a half wave plate in the pump beam path (HWP in Fig. 4.1). The reectivity of the
dielectric-coated beamsplitter (BS in Fig. 4.1) is not seits/e to polarization over
the pump pulse bandwidth. This is veri ed by measuring the rected pump pulse
energy while rotating the pump polarization. As an example,of 5.2 atm of O,
Fig. 4.11 compares the response neti= 0:75 T,, for pump polarization parallel

(hcog i, 1) and perpendicular ¢ sin® 3) to the probe. The pump energy

t
and peak intensity are 40 J and 27 10'® W/cm ?, respectively. As expected, the
measured response from perpendicular polarization casestialf the magnitude of
the parallel polarization case with the sign ipped.

Finally, results are presented for the gas pressure depende of collisional
dephasing of the wavepacket. The rst half-revival in NO is shown in Fig. 4.12(a)
normalized to the rst alignment peak neart = O for several gas cell pressures: 2.4,

3.7, 5.1, and 6.4 atm. The dephasing rate for each pressure was obtained from a
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Figure 4.11: Transient refractive indices of 5.1 atm Q near 3=4-revival of the rotational
wavepacket for the pump polarization parallel (solid curve and perpendicular (dashed
curve) to the probe beam. The pump pulse energy and peak intesity is 40 J and
2:7 10" wicm 2.
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Figure 4.12: (a) Measured £2-revivals of N,O alignment at pressures of 2.4, 3.7, 5.1, and
6.4 atm, normalized to the peak alignment amplitude neart = 0. (b) Dephasing rate

versus NbO pressure (squares) with a linear t (solid line). The dephasing rate per
unit pressure is 146 1019 s ! atm !. The laser pulse energy is 20 J, corresponding to
1:4 10" W/cm 2 peak intensity.
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t to the decay of revival amplitudes fromt = 0 through t = T.,. The dephasing
rate is plotted versus pressure in Fig. 4.12(b), and it is sed¢hat the dependence
is linear, as expected from the process of binary collisionBhe dephasing rate per

unit pressure obtained from a linear tis 146 10°s ! atm !

4.5 Conclusion

In conclusion, single-shot supercontinuum spectral intlarometry (SSSI) is
applied to measure, for the rst time in a single-shot, the spce- and time-resolved
guantum rotational echo response of a number of molecularsgs to femtosecond
pulse excitation. In particular, these measurements haveebn achieved for K and
D,, for which the low level of the e ect could easily have been dhilen in the shot-

to-shot uctuations characteristic of multi-shot pump-probe techniques.
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Chapter 5
Direct measurement of the electron density of femtoseconaskr
pulse-induced lament in air

5.1 Introduction

It is shown by a simple model in Chapter 1 that di raction of a hser pulse can
be balanced by self-focusing, when the peak laser power tezca critical powerP,.
This phenomenon was rst observed in solids [21, 127, 128}, which ne damage
tracks were formed for an extended length along the directicof laser propagation,
indicating that the laser beam formed a transversely con re\hot spot”, with the
local intensity exceeding the material damage thresholdrfan axial distance signi -
cantly longer than the Rayleigh range. In 1995, lamentatia of intense femtosecond
laser pulses in gas was reported [23]. In this case, in additito di raction, plasma
generation and refraction is also involved and plays an impgant role to the beam
propagation. When the laser power is abovB,, the laser intensity will eventually
exceed the ionization threshold of the gas due to self-focus during the propa-
gation. The resulting plasma provides a negative-lens-gkrefractive index pro le,
which tends to defocus the beam. This dynamic balancing beten self-focusing
and ionization defocusing leads to the development of one multiple highly trans-

versely conned € 100 m in diameter) optical \ laments" at a typical intensity
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of 10" W/cm 2, with self-sustained propagation accompanied by electratensity
tracks over distances from centimeters to meters in the lakatory, or even hundreds
of meters in the atmosphere.

Filamentation by femtosecond pulses in gases has been sgoeatly studied
by many groups pursuing both basic understanding and appétons [129, 130, 131].
Because the extended propagation of high intensities in aament is not constrained
by the need for a guiding structure, it is ideal for applicabns requiring long-range
delivery of optical elds, such as remote sensing [132], sl broadening [133]
and shaping [134] of ultrashort laser pulses, and teraherteneration [135, 136].
Moreover, the lament is an ionized channel, which is promisg for guiding of
electrical discharges and even for lightning protection 3%, 138].

While optical lamentation can be simply interpreted as thedynamic balance
between nonlinear self-focusing of an intense optical peland laser plasma-induced
defocusing, the detailed process is rather complicated amelquires a full spatio-
temporal model simulation to describe such nonlinear progation. A simpli ed
pictorial description of lamentation process is the \moving focus" model [139, 140],
in which during the propagation the di erent time slices of he laser pulse have

di erent e ective focal length [19]:

0:367z

(2]

Z;

; (5.1)
1=2 2
P 0:852 0:0219

wherezy is the Rayleigh range, and® is the power at the speci c time slice of the
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laser pulse. It is usually preferable to use a lens to aid thel&focusing so that the
lamentation can start within a shorter propagation range. In this case the e ective
focal length becomesp = 1=(z, * + f 1), wheref is the focal length of the lens.
As illustrated in Fig. 5.1, a particular time slice is focusedo a high intensity spot,
defocused by the plasma, then is refocused back from the plesfree region, and
the whole process repeats itself. The lament is thereforerimed by the axially
moving hot spot (\core") originated from each time slice of he pulse undergoing
such defocusing and refocusing, and it is surrounded by a lomtensity halo, or
\background reservoir" [23, 140, 141], which is composed tife unfocused and
defocused portion of the pulse. This process signi cantlyistorts the pulse shape
both spatially and temporally, and is accompanied by inteisting phenomena such as
continuum generation [133], conical emission [141], andansity (and also electron
density) clamping [30, 142, 143]. The reservoir is found tceehvital for lamentary
propagation [144]. An example of a long-range femtosecondda lament in air
imaged by a CCD camera is shown in Fig. 5.2(a), and the extergdleuorescence
track is due to the radiative recombination [129]. Figure 2(b) shows transverse
laser beam pro les at the end of the lament at di erent pulseenergies (peak powers)
[112], and the onset of the lament can be seen whéh > P, with the presence of
the bright core surrounded by the background reservoir.

For lamentation formation in atmosphere, simulations [18, 145, 146, 147]
have predicted typical peak electron densities anywhereofn ~ 10'? through 10"
cm 2 depending on laser and focusing conditions. Many experintahmethods have
been developed and have also produced estimates in this repgmcluding plasma
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Figure 5.1: A simpli ed pictorial illustration of the movin g-focus model, after Ref. [130].

uorescence [148], secondary electrical discharges [148prescence spectroscopy
[150], longitudinal spectral interferometry [151], shadegraphy and optical di rac-
tion [152, 153], and electron conductivity [154]. However|laf these techniques are
indirect methods, which either have no spatial resolutionraequire the precise prior
knowledge of the laser pulse, and thus can only be considesesdmethods for crude
estimation. Given the centrality of the electron density po le to the physics and
applications of femtosecond laments, the prior literatue's lack of direct space- and
time-resolved measurements is striking.

An issue in the study of atmospheric lamentation is that the ysics of the
optical nonlinearity has been long incorrectly perceived.Nonlinear propagation
originates from the distortion of the electron clouds of atns by the intense laser

pulse, leading to an ensemble-averaged dipole moment noahrly increasing with
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Figure 5.2: (a) Measured nitrogen uorescence originatesrbm a long-range femtosecond
laser lament in air (from Ref. [129]), (b) the transverse beam pro les near the end of

the lament in air at various laser pulse energies (peak powes), showing the onset of the
lament core when P > P, 10 GW, with the surrounding background reservoir (from

Ref. [112]).

eld strength. Moreover, as discussed in Chapter 3, in lineagas molecules, the
increase of dipole moment can be also caused by the eld-irghd molecular align-
ment. As it will be seen later, for air molecules Nand O, the response timescale
of the orientational e ect at room temperature is t o 20{40 fs, therefore for a
pulse duration t,, the majority of the nonlinearity the laser pulse experieres
is electronic, while the role of molecular inertia emergeshen the pulse duration
> t . The results of Chapter 4 showed that the Nand O, molecular alignment
contributes much more to the nonlinear index shift than the pmpt responsen;,l in

the vicinity of the pump pulse at longer pulse duration ¥ t o), which contradicts
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the previous result reported in 1997 [123]. As mentioned in @pter 4, the authors
of Ref. [123] reached a conclusion that the nonlinear indeardributions are approx-
imately the same size for prompt and orientational e ects, hich was measured by
the less adequate method of spectral modulation by propagan. The magnitude
of the nonlinear contribution from alignment of air molecuts has been underesti-
mated since then, in both simulation (for example, Ref. [1$band interpretation of
experimental results (for example, Ref. [154]).

A recent paper reported that the lamentation critical powe P, in air in-
creased with decrease of the laser pulse duration [156], igipg the contribution
of molecular rotation is not negligible for longer pulses. hwever, this observation
was qualitative, without detailed characterization of thelament nor a quantitative
approach to clarify the delayed e ect enhancing the nonlireity. Another two ex-
periments showed pulse duration e ect on laments by measurg the beam pro le
axial evolution [157] and electrical conductivity [154]. Tis Chapter presents for the
rst time direct time-resolved measurements of electron ahsity pro les along and
across the path of the lamenting pulse. These measuremerdfiow the identi ca-
tion of the molecular rotational response of nitrogen and ggen as the dominant

contribution to extended atmospheric lament dynamics.

5.2 Experimental setup

Interferometry is a standard tool in experimental plasma pysics, and it has

been successfully employed in the past to transversely pelkfor example, plasma
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channels generated from the line-focus of the axicon [158]relativistic self-guiding
[159] with electron densityne & 10'® cm 2. However in atmospheric laments the
range of electron densityn,  10'2{10'" cm 3 (depending on laser and focusing
conditions) is too low to register a phase shift distinguisble from the background
noise in an optical probe beam. The remedy is to intersect antérferometric probe
beam through the lament at a near-grazing angle, which ine@ases the interaction
length and phase sensitivity. While maintaining excellentadial spatial resolution
as in the conventional method, the price paid for the small pbe crossing angle is
reduced axial spatial resolution. However, this is of littleconcern for meter-scale
length laments. This technique allows measurement of plasa density as low as
10 cm 3.

In the experiment described here, the lament is generatedybfocusing a
multi-millijoule pump pulse from a Ti:Sapphire laser in air To produce a single,
long lament, the f number of the focusing system is tuned by an iris immediately
after the focusing lens. The experimental setup is shown indg- 5.3. A low energy
probe beam with 1 ps delay is split from the pump beam, counter-propagated
at an angle = 0:75 across the lament. The scheme of counter-propagating
pump and probe fully isolates the pump beam from the imaging/stem, preventing
strong pump light from interfering with the probe imaging. The plane central to the
crossing region is relayed and imaged to a CCD camera by a pairrelay lenses (L)
and a microscope objective (O), with a spatial resolution df.55 m/pixel. During
alignment of the imaging system, a ne metal wire mesh with 12 m wire diameter

and 215 m grid spacing is placed at the central crossing plane for @dgtnining the
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Figure 5.3: Experimental interferometry setup, showing imaging lenses (L) and the mi-
croscope objective (O). The inset shows the lament widthd and probe crossing angle

spatial resolution and calibration. The variable probe dal allows the lament to
be imaged at di erent times.

A folded wavefront interferometer is installed between th&vo relay lenses and
splits the probe beam into two replicas with variable delaysand nearly-collinearly
recombines them so that they partially overlap on the CCD cagra with slightly
di erent incident angles, forming an interference fringe @ttern on the detector chip.
Because the probe beam size is much larger than the transveximension of the
lament, it is possible to spatially overlap a region of the lpam containing the
lament-induced phase shift with a region of the replica wit no phase shift. The
setup is rail-mounted and is translatable along the full lanent, which allows sam-
pling of axial locations.

For the typical measured lament diameters od;, 70 m (shown later), the
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probe path through the plasma isdyope  dj=sin() 5 mm, the axial spatial
resolution along the lamentis z.s d;=c 5 mm, the temporal resolution is
tres = Zres=C 10{15 ps, and the radial resolution is 5 m. Crucial to the ability
to extract the very small optical phase shifts imposed by thiow lament electron
densities is (i) the extended probe interaction lengthtyone and (ii) a very high
quality probe phase front imposed by a spatial Iter. It has een veri ed that dyope
is su ciently short for the lament densities that negligib le refractive distortion of
the probe phase front occurs. The resolution limit is set byesidual phase front noise
] noisej 6 mrad in the probe which sets the measurable lower bound dépdo
5 10" cm 3.

The interferograms are analyzed by standard techniques ases in, for exam-
ple, Ref. [158]. First the phase shift is retrieved using théourier transform method
developed by Takedeet al. [73]. A sample raw interferogram obtained at 1 ps
probe delay and the corresponding retrieved phase shift asbown in Fig. 5.4(a)
and Fig. 5.4(b), respectively. Note that the 2-D phase in Figh.4(b) shows a shape
corresponding to the left half of a \bow tie". The narrowest egion to the right rep-
resents the section of the lament crossing the object plangf the imaging system,
and more detail of this feature will be discussed later. Theadial electron density
pro le is extracted from the vertical lineout of the phase slit at this in-focus region
using Abel inversion. For fast inversion speed we use an algom based on fast
Fourier transform proposed by Kalal and Nugent [160]. The raeved phase shift
was averaged over 200 laser shots before Abel inversion.

The uctuation of pump beam pointing is unavoidable due to arhient air ow
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Figure 5.4: (a) A sample interferogram of a single lament, and (b) the retrieved phase.
and mechanical vibration in the laboratory environment, lading to slight shot-to-
shot transverse movement of the lament as well as random $hbf the \bow tie"
on the retrieved 2-D phase images. Therefore prior to averag, all the \bow-tie"
shapes on the phase images were spatially aligned by an aifpon based on 2-D
cross-correlation. The procedure is to choose a phase imaggx; y) as the reference

and compute its autocorrelation

Z 1 Z 1
Cu(xy) = (XYY 1 (xO+ x;y0+ y)dxy? (5.2)

1 1

and nd out its peak location (x1;y1). Also compute the cross-correlations between

1(X;y) and the rest of theN 1 images 4(x;y) (92 2,3 N):

Z 1 Z 1
Ciq(X;y) = (XYY q(x°+ x;y0+ y)dxdy®, (5.3)

1 1
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and nd out the peak locations (q; Yg). Assuming that the \bow-tie" feature on each
image is nearly identical and that the background noise is gkgible, then the relative
shift of the \bow ties" on two images 4(x;y); 1(X;y)is( X; y)=(Xq X1;¥q Y1)
One can substantially speed up the computation using fast &der transform with
the cross-correlation theoren€,q(ky; ky) = €, (K«; ky) €q(Kkx; ky), where €y, €,, and
€, are Fourier transforms ofCyq, ,, and g, respectively. Moreover, data binning
was performed by rejecting those \bow tie" images with in-fous lineout widths and

peak phase shifts that fall beyond a standard deviation of thmean.

5.3 Results

As has been well-visualized by simulations [145, 146, 1470113 femtosecond
lament in gas starts as a result of rapid self-focusing inability arrested by plasma
formation and defocusing. This abrupt beam collapse and eteon density onset
have been observed as shown in Fig. 5.5, for the case of a 2.85 "2 fs pulse (40
GW) focused atf number = f, = 345 (lens focal lengthf = 224 cm, beam diameter
= 6:5 mm) by using a probe delay tpone = 50 ps. The frames show a sequence of
1-cm-spaced axial positions of the interferometer objectgme, (i) z= 39 through
(vi) 34 cm, wherez =0 is the lens focal plane.

It is rst worth explaining the characteristic \bow-tie" sh ape of the phase
images. These re ect the short ( 1 mm) depth of eld of the imaging system: the
wide sections are out-of-focus regions on either side of tbbject plane, which is

tightly imaged at the bow-tie center. The local lament axid and radial density
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pro le (see Fig. 5.8) is obtained from phase extraction onlgt the center of the bow
tie. In frame (i) of Fig. 5.5(a) , at z= 39 cm, only the right side of the bow tie
is visible; there is no lament electron density at the objecplane and upstream of
it. Inspection of the object plane and upstream region in fraes (ii) and (iii) shows
the abrupt onset of ionization atz > 38 cm, while frames (iv){(vi), looking back
along the lament at increasing distances, show the lamers continued upstream
development. The terminated right side of the bow tie is theelading temporal edge
of the lament; the interferometer probe temporal delay wasere adjusted to catch
the lament mid ight. Both far downstream from the collapse point and at longer
probe time delays, the bow tie extends and widens to both theft and right edges
of the frame. Note that in this speci c measurement shown in Bi 5.5(a) the probe
delay is 50 ps, which is much longer than that in Fig. 5.4 ( 1 ps), hence the right
part of the \bow tie" is more signi cant on the phase images. Ado note that this
experimental apparatus is capable of resolving two or myftie laments, as shown
in Fig. 5.5(b).
Although the temporal resolution of this experimental appaatus is limited to
10 ps, it is su cient to study the plasma density decay which $ typically in sub-
ns timescale in the lament, due to radiative and non-radiave recombination of
electrons and ions [161], and electron attachment to neutratoms (molecules) such
as O, [152]. In the radiative recombination an electron is capted by an ion with
emission of a photon. The non-radiative recombination is ahtee-body process in
which two electrons and an ion are involved, resulting in anextron and an neutral

atom. The measured on-axis electron density decay of a lamieat z= 3.5 cm in
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Figure 5.5: (a) Spatial sequence of bow-tie phase images shing lament collapse, for a
2.85 mJ, 72 fs pulse focused aty = 345. The frames show a sequence of 1-cm-spaced
axial positions of the interferometer object plane, (i)z = 39 cm through (vi) z= 34
cm, (b) two laments are generated and recorded at the same tine, showing the capability
of spatially-resolved measurement.
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Figure 5.6: On-axis plasma density decay (squares) in a larant at the axial distance
z= 3.5 cmto the focus, for pulse duration =40 fs, peak powerP =19 GW, lens focal
length f =95 cm, and f; = 240. An exponential decay time constant 244 ps is obtained
by tting the measured density vs probe delay (solid curve).

the rst 100 ps probe delay is shown in Fig. 5.6, and it can be se that at 110 ps
delay the density drops by more than 30%. In this measuremenhe laser and the
focusing parameters are: pulse duration = 40 fs, peak powerP = 19 GW, lens
focal lengthf =95 cm, andf, = 240. An exponential decay t gives a ¥etime
constant 244 ps, which is close to the results given by Ref5@] using transverse
optical di raction method.

The ability to directly measure the electron density with god axial resolution
allows a sensitive test of lament propagation physics. Onef the most discussed
aspects of lamentation has been the nature of the neutral ganonlinearity rst
leading to beam collapse and later contributing to the dynaiuo stabilization. Part

of the air nonlinearity is an instantaneous response owing electron cloud nonlinear
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distortion in argon atoms and within N, and O, air molecules. It has also long been
recognized [123] that molecular rotation in the laser eld @ntributes a delayed
nonlinearity resulting from the increased dipole moment athe molecular axis is
torqued toward the laser polarization. In Chapter 4, it has ben suggested that
the orientational e ect is in fact dominant at the typical 100 fs pulse lengths
and mJ energy levels used for a majority of air lamentation exp@ments. This
is because the lamenting pulse, in the intensity range 1810 W/cm 2, typically
excites 20{30 rotational quantum states in N and O,, resulting in a refractive
index response time due to rotation alone of v  2=! ;.. = 2Trev=jnigh(J high +
1) 20{40 fs, where! ;. is the angular frequency of the wavefunction associated
to the highest rotational eigenstatejjnigni excited by the laser pulse, andle, is
the fundamental molecular rotation period (or alignment reival period) de ned in
Chapter 3 (Trev:n, = 8:3 ps for nitrogen andT,ey.0, = 11:6 ps for oxygen [109]).

To illustrate the profound e ect of changes in the laser puks duration on air
lamentation, experiments with two di erent focusing geonetries were performed,
keeping the peak laser power xed for each: (&) = 95 cm, f; = 240, laser peak
powerP =17 GW, gy =40 fs, and oy = 120 fs and (b)f =306 cm, f4 = 505,
P =19 GW, gonr =44 fs, and ong = 132 fs. Here, refers to the FWHM pulse
widths measured immediately after the lens by a eld envela@and phase diagnostic
[86] and a single-shot autocorrelator. The pulse width waslgsted by translating
the laser's compressor grating, and it was veri ed that thimmount of chirp had no
e ect on the results. In all experiments, the power was caneity adjusted to avoid

development of hot spots in the beam prior to the lens or mufile lamentation as
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Figure 5.7: 200-shot-averaged radial electron density prtes vs axial distance for (a) lens

focal length f =95 cm, f; = 240, laser peak powerP =17 GW, |ong = 120 fs (upper
panel), and shot = 40 fs (lower panel) and (b) f = 306 cm, fz = 505, P = 19 GW,
long = 132 fs (upper panel), and snort = 44 fs (lower panel).

seen by multiple white light spots on a screen in the far eld.The interferometer
probe delay was set td,one 1 ps (rapid drop of the density in the rst 100 ps was
measured as shown earlier). It is observed that the lengthtyscture, and density of
measured laments is quite sensitive to minor distortionsn the beam, either from
optics or from hot spots due to accumulation of nonlinear pls& in air in advance
of the lens. A clean beam is essential for comparing experimte to propagation
simulations.
The measured radial pro les of the electron density with rgeect to the axial

positions for conditions (a) and (b) mentioned above are shwm in Fig. 5.7(a) and

Fig. 5.7(b), respectively, with results for |ong in upper panels and gno in lower
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panels. Figure 5.8(a) shows the on-axis lament electron dsity (left panel) ne and

FWHM diameter d, (right panel) as a function of axial position, correspondig to

f4 240 and conditions (a) above. Peak, 6:5 10 cm 2 (corresponding
to fractional ionization 2:4 10 3) occurs atz 9 cm for ong, While peak
Ne 214 10%cm 3( 10 3) occurs atz 3 cm for short, With 1ong resulting

in stronger self-focusing and more rapid collapse, higheegk density, and longer
overall lament length. For both pulses,d, is quite stable over the lament length,

except near the end. A notable di erence is a secondary elemt density peak at
z 5cmfor ong. Both laments are quite di erent from the case of propagaton in

very low air density, where a simulation (described belowpf ¢, Shows an axial
density distribution peaking at =10 °, with an axial FWHM of 10 cm centered
at z=0. For ong, the low density simulation shows an even smaller and axial

extent.

For f4 505 and conditions (b) above, Fig. 5.8(b) shows an earlier iak
beam collapse and lament onset forig,g than for gno, With the entire measurable
lament located in advance ofz = 0 in both cases. The peak density forong is
36 10%cm 3 ( 10 3), while that for g, is 11 10 cm 3. d; for both
pulses is in the range 65{80 m, with widening near the end of the measurable
lament. Here, as in the smallf; case, 1ong results in stronger self-focusing, higher
peak density, longer overall lament length, and the appeance of a prominent
secondary density peak. By contrast, low density simulatis for these conditions
show < 10 7 centered atz = 0.

Figure 5.9 compares lament output on-axis spectra forisng and spo for
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Figure 5.8: On-axis electron density and lament FWHM vs axial distance acquired from

Fig. 5.7, for (a) lens focal lengthf =95 cm, fy = 240, laser peak powerP = 17 GW,

short = 40 fs (red circles), and ong = 120 fs (black squares) and (b)f = 306 cm,

fy =505, P =19 GW, short = 44 fs (red circles), and ong = 132 fs (black squares).

Each point is a 200-shot average. The inset in (b) shows a sangelectron density pro le

fromz = 75 cm. Peak values shown have 20% uncertainty near the collapse point and
10% over the rest of the lament.
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Figure 5.9: On-axis lament spectra corresponding to the caditions of Fig. 5.8, with (i)
fz =240 and (i) f4 = 505. Also shown are the input spectra. The insets in (ii) shav
the lament spots on a far eld screen for ghort and jong.

the two focusing cases. The input spectra for the long and sh@ulses are shown
as thinner curves. In all cases the output spectrum forng is wider and more
intense, owing to the greater e ective nonlinearity and ex@nded interaction length
experienced by that pulse. For thedy 505 lament of panel (ii), the enhanced
spectral broadening for o4 is particularly strong, and images of the lament white

light spots are shown as insets.
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5.4 Simulation

The intense femtosecond pulse propagation in air is simuét by using the
code WAKE [147, 162], assuming a cylindrically symmetric, tended paraxial wave

equation for the laser pulse:

@ @a

o+ = a —+rga:

@ ‘@2

2@
c@s

4q°ne
mc?

k3" a (5.4)

Here, a(x-; ;s) is the complex envelope of the laser electric eldky and !, are
the central wave number and frequency of the initial pulseespectively,x, is the
transverse coordinates = z is propagation distance, =t z=y is time local to
the pulse frame moving at group velocityg, » = ko(d?k=d!?)j, =1, is the group
velocity dispersion of air,q = e is the electron chargen, is the electron density
generated by laser ionization, and' (X»; )= "t + "inst IS the nonlinear dielectric
response. " ot is modeled as a damped oscillator
d? d

F+2 Dd—+!§ "ot (X237 ) =21 2Nyl (X2 ) (5.5)

with 1 (x»; )/j aj?, and where 2=! ,, =400 fs, p =120 fs, andny,y =2:6 10%
cm?/W are obtained from ts to the prior ultrafast measurements of weighted N
and O, rotational response in Chapter 4. Ignored are later-time tational quan-
tum revivals. In the prior measurements, a comparatively rgigible instantaneous
response in N and O, was observed for < t o, and here " J&=""& < 0:15 is

used as an upper bound setting the value @i, in " st = 2l (X,; ). Therefore,
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at long times 2=l 1, "(X2; )  2(nyp + ny)l(x»; ), where the value for
N+ N, 3:0 10 cm?/W corresponds closely with measuredn," values for long

pulses [130]. The apertured beam is modeled as a at top withsamooth intensity

transition to zero at 90% radius, while the phase was taken asquadratic function

of radius determined by the lens focal length. A t to tunnelhg and multiphoton

rates [163] was used to simulate air ionization, as this rate higher than tunneling

alone in the expected intensity range of mid-£® W/cm 2. For the parameters used
in the simulation, the paraxial approximation is su cient.

Simulation results for on-axis lament density and lamentdiameter vs axial
position are shown in Fig. 5.10 for the focusing geometrigseak powers, and pulse
widths of Fig. 5.8, plus additional runs at 20% higher powerThe additional runs
were performed because, fdr; 505 and ¢hort, €Xperimental lament onset was
guite sensitive to energy: For the lower power case fas, it is seen that the peak
lament density drops by almost half.

The main qualitative features of the simulations are in agement with the
measurements. For the same peak power, thg,y laments start earlier and more
abruptly, have signi cantly higher density, and are longerthan those for ghort. In
addition, the g laments have multiple peaks as in the experiments. The abso
lute density values and lament extents are in good agreemefor the f, = 240
case. Forfy = 505, while the peak densities dier by 50%, the qualitative be-
havior is well-followed. Note that varying the simulation'sionization model varies
the detailed shape of the radial electron density pro le (bunot the peak density;

see further discussion below). A specic measure of widthugh as FWHM) can
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Figure 5.10: Simulation results for the conditions of Fig. 58 (solid lines). Additional runs
have been performed at 20% higher power (dashed lines). Redhort pulse; black, long
pulse.
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then show variation for di erent ionization models used. Tl need to re ne the
ionization model may explain the di erence between experiemtal and simulated
lament FWHM.

The di erence in long and short pulse results is a direct coeguence of the
dominance of the delayed nonlinear response of the air malkxs, which leads
to stronger nonlinear focusing and more extended propagati. The double elec-
tron density peaks originate from the variation of nonlineafocusing and refraction
through the temporal envelope of the pulse: The leading paoh loses energy and
refracts away from its self-generated plasma, causing a dipthe electron density,
while the trailing part accumulates su cient nonlinear phase in the lament periph-
ery to self-focus and cause a plasma resurgence [145, 148].1n air, this e ect
is enhanced for longer pulses, since the later slices of thése experience increas-
ing molecular rotational nonlinearity. The multiple densly peaks are associated
with pulse temporal splitting, which we have measured on-gxand will present in
a future publication. The higher electron density for oy is simply the lament's
dynamical o set of the stronger nonlinear focus of the exad molecular lens. The
simulation's sensitivity to ionization model was tested bymultiplying the rate by a
factor of 20. This resulted in negligibly increased peak dsities, reinforcing the idea
that the density and intensity are clamped by a dynamic balace of plasma-induced
refraction and self-focusing.

The experiments and simulations presented in this Chapteuggest a method
to control density or intensity clamping in atmosphere by catrolling the molecular
excitation. To estimate the upper limit of the plasma densyt in molecular alignment-
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assisted lamentation, assuming that  Npjasmamax = Nrot:max, WNEre  Nigt:max =
(4N=3)(0:8 ,+0:2 o,) 10 *isthe maximum shift of refractive index in
air when every molecule is aligned along the laser polarigat direction, leading
to the electron densitynemax 35 10 cm 3. High degree (nearly 100%) of
alignment has been demonstrated in )\ using excitation of a pulse train spaced
by the rotational revival period T,e, [164]. This may provide a route toward high-
density, long-range lamentation in atmosphere.

Recently, it was claimed that lamentation in atmosphere t&es place without
plasma stabilization, based on the speculative assumptiaf negative higher-order
Kerr indices [165]. The laser and focusing parameters fao in Fig. 5.8(a) corre-
spond closely to parameters simulated in Ref. [165] by that@up. Their simulations
predict electron densities almost 2 orders of magnitude site than experimental
and simulation results in Fig. 5.8(a) and Fig. 5.10(a), castg doubt on the impor-

tance and perhaps existence of the negative higher-orderrKendices.

5.5 Conclusion

In conclusion, the rst direct space and time-resolved elegon density mea-
surements is presented for a nonrelativistic femtoseconakkr pulse nonlinearly |-
amenting in gas, here the atmosphere. This has allowed a dé&td elucidation of
the nonlinear physics leading to atmospheric lament form#on and a route to its

enhancement.
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Chapter 6
Conclusions and future directions

6.1 Optical nonlinearities of linear gas molecules

An improved, highly stable version of SSSI is developed fongie-shot, 1-D-
space- and time-resolved measurement of ultrafast evoli of refractive index in
the optical medium. The rotational responses of various kar gas molecules to a
femtosecond laser pulse are measured, and the results agvekwith the calculations
using quantum perturbation theory. In particular, the improved sensitivity of SSSI
enables the measurement of laser-induced alignment revs/af D, and H,, which
are very weak in magnitude, for the rst time at room temperatire. However the
experiments were conducted by focusing the laser pulse irdayas cell much longer
than the Rayleigh range, giving rise to the di culty of determining the interaction
length. This problem can be solved by focusing the laser pal$n vacuum onto a
gas jet produced by a nozzle with narrow exit ori ce. As long athe width of the
jet is much shorter than the Rayleigh range, the laser inteitg can be regarded
as constant when propagating through the gas. This makes dat extraction of
refractive index shift n from the measured phase shift possible, eliminating
the calibration process requiring an, value of Ar from other literatures, as shown
in Chapter 2.

It is found that for N,, O,, and N,O, the delayed molecular e ect dominates
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the prompt electronic response in nonlinear shift of the nefctive index induced
by a 100 fs laser pulse. However the magnitude of the prompt respenis not
determined because the pulse duration used in the experiniés much longer than
the characteristic response timescale of the molecule @0 fs for N and O,), so
that the small prompt index shift n,.inst| cannot be distinguished from the relatively
larger orientational response. Using a very shork(40 fs) laser pulse, it is possible
to identify the contribution of the prompt nonlinearity and extract n,.j,: values of
these linear gas molecules from SSSI measurement. Becailmepgrompt and the
delayed nonlinearities result in di erent polarization d@endence of the refractive
index (birefringence), one can perform two measurementstivipump polarization
parallel and perpendicular to the probe, which may further élp to discriminate

both nonlinearities.

6.2 Laser lamentation in atmosphere

This research also presents the rst space- and time-resetl electron density
measurements for a non-relativistic femtosecond laser palnonlinearly lamenting
in gas, here the atmosphere, with the lower detection limitfcelectron density
5 10" cm 3. This is achieved by using optical interferometry with a nedy-grazing
incident probe beam, while maintaining reasonable axial drntemporal resolutions.
The probe wavelength used here is 800 nm, and a possible iny@ment is to extend
the detection limit by increasing the wavelength. For examp, by employing a

femtosecond ber laser at 1.5 m as the probe, the minimum measurable electron
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density will be lowered by a factor of 2, enabling better study of extremely weak
ionization, which is the case near the end of a long lament iair.

Dramatically di erent laments are observed from both expeiments and sim-
ulations when using the same laser peak power but di erent gewidth, leading to
the conclusion that the dominant nonlinearity responsibléor extended air lamen-
tation is rotational. This suggests that the properties of alament in atmosphere,
such as density or intensity clamping, can be controlled by amipulating the orien-
tational e ect of air molecules. As mentioned in Chapter 5, om may use a train
of pulses to excite high degree of molecular alignment, whienay be helpful for
long-range lamentary propagation with higher electron desity.

This work also helps to clarify whether the higher order Kere ect plays a
signi cant role in the lamentation process [165], as the athor noticed that re-
cently there is a debate over this issue [166, 167, 168, 1680[1 In Chapter 5, the
experiment results show satisfactory agreement with themsulations based on the
"standard" (plasma refraction with reduced role of instanhneousn,) model, thus
it is found unnecessary to introduce negative high order Keindices claimed by

Ref. [171].
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Appendix A

List of publications by the Candidate

1. Y.-H. Chen, S. Varma, I. Alexeev, and H. M. Milchberg, \Measument of tran-
sient nonlinear refractive index in gases using xenon supentinuum single-
shot spectral interferometry,” Opt. Expressl5, 7458 (2007).

2. Y.-H. Chen, S. Varma, A. York, and H. M. Milchberg, \Single-shy space-
and time-resolved measurement of rotational wavepacketvigals in H,, D,
N2, O,, and N,O," Opt. Express 15, 11341 (2007).

3. B. D. Layer, A. York, T. M. Antonsen, S. Varma, Y.-H. Chen, Y. Leng and
H. M. Milchberg, \Ultrahigh-Intensity Optical Slow-Wave Structure,” Phys.
Rev. Lett. 99, 035001 (2007).

4. Y.-H. Chen, S. Varma, and H. M. Milchberg, \Space- and time-solved mea-
surement of rotational wave packet revivals of linear gas rezules using single-
shot supercontinuum spectral interferometry,” J. Opt. SocAm. B 25, B122
(2008).

5. S. Varma, Y.-H. Chen, and H. M. Milchberg, \Trapping and Destuction of
Long-Range High-Intensity Optical Filaments by Molecular @antum Wakes
in Air," Phys. Rev. Lett. 101, 205001 (2008).

6. B. D. Layer, A. G. York, S. Varma, Y.-H. Chen, and H. M. Milchberg \Peri-
odic index-modulated plasma waveguide,” Opt. Expresk7, 4263 (2009).

7. Z. W. Wilkes, S. Varma, Y.-H. Chen, H. M. Milchberg, T. G. Jonesand A.
Ting, \Direct measurements of the nonlinear index of reframon of water at
815 and 407 nm using single-shot supercontinuum spectratarferometry,”
Appl. Phys. Lett. 94, 211102 (2009).

8. S. Varma, Y.-H. Chen, and H. M. Milchberg, \Quantum moleculariensing
of femtosecond laser optical/plasma laments,” Phys. Plasas 16, 056702
(2009).

9. Y.-H. Chen, S. Varma, T. M. Antonsen, and H. M. Milchberg, \Diret Mea-
surement of the Electron Density of Extended Femtosecond &ar Pulse-Induced
Filaments," Phys. Rev. Lett. 105, 215005 (2010).
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