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Abstract

In this thesis, our work on developing new techniques to measure and enhance field-free

molecular alignment and orientation is described. Non-resonant femtosecond laser pulses

are used to align and orient rotationally-cold gas-phase molecules. The time-dependent

Schrödinger equation is solved to simulate the experimental results. A single-shot kHz

velocity map imaging (VMI) spectrometer is developed for characterizing 1D and 3D align-

ment. Stimulated by a novel metric for 3D alignment proposed by Makhija et al. [Phys.

Rev. A 85,033425 (2012)], a multi-pulse scheme to improve 3D alignment is demonstrated

experimentally on difluoro-iodobenzene molecules and the best field-free 3D alignment is

achieved. A degenerate four wave mixing probe is developed to overcome limitations in

VMI measurement; experiments on different types of molecules show good agreement with

computational results. Highly aligned linear molecules are used for high harmonic gener-

ation experiments. Due to the high degree of alignment, fractional revivals, variation of

revival structure with harmonic order and the shape resonance and Cooper minimum in the

photoionization cross section of molecular nitrogen are all observed directly in experiment

for the first time. Enhanced orientation from rotationally cold heteronuclear molecules is

also demonstrated. We follow the theory developed by Zhang et al. [Phys. Rev. A 83,

043410 (2011)] and demonstrate experimentally for the first time that for rotationally cold

carbon monoxide an aligning laser pulse followed by a two-color laser pulse can increase

field-free orientation level by almost a factor of three compared to using just the two-color

pulse.
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Chapter 1

Introduction to laser induced
molecular alignment

1.1 Background

Laser induced molecular alignment has developed rapidly over the last two decades [1]. The

goal is to use non-resonant laser pulses to fix molecular axes (in a gas-phase target) to the

laser polarization axes so that experiments can be performed close to the molecular frame

(MF). This is important since experiments performed in the MF are not averaged over the

molecular axes distribution, which can “blur” the outcomes. Information with more angular

resolution can be obtained from the MF measurements.

The definition of the molecular and lab frame (LF) are shown in Fig. 1.1. Throughout

this thesis, the LF and MF are denoted by (X, Y, Z) and (x, y, z) axes, respectively. The

LF is defined by the laser, with X and Z defined as laser polarization directions and Y as

the laser propagation direction. The MF x, y, z axes represent the slowest, intermediate,

and fastest axes about which molecule will rotate. Our goal is to bring the LF as close

as possible to the MF. The possible alignment and orientation scenarios are depicted in

Fig. 1.1 using the asymmetric top molecule 3,5-difluoro-iodobenzene (DFIB). In the case of

no alignment, the molecular (x, y, z) axes are pointing in random directions. By confining

molecular z axis with the lab Z axis, 1D alignment (1DA) can be achieved, but the x and y

axes remain randomly oriented and there is no distinction between the positive and negative
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Z direction. The x and y axes of this molecule can be further confined to the corresponding

X and Y axes resulting in 3D alignment (3DA). Further, the symmetry between the positive

and negative Z directions can be removed by orienting the molecules.

There are two conventional ways of characterizing the degree of alignment. First, in the

direction cosines representation, 〈cos2 θxX〉, 〈cos2 θyY 〉 and 〈cos2 θzZ〉 quantify the proximity

of each individual MF axis to its corresponding LF axis [2, 3], where θxX , θyY and θzZ

are angles between x and X axes and so on (these angles are not shown). Second, in the

Euler angle representation 〈cos2 θ〉, 〈cos2 φ〉 and 〈cos2 χ〉 quantify alignment [4, 5], where θ,

φ and χ are illustrated in Fig. 1.1. 〈cos θ〉 is used to quatify orientation. In this thesis, the

direction cosine representation is chosen to characterize alignment and orientation.

Figure 1.1: Demonstration of different kinds of alignment and orientation on 3,5-Difluoro-
iodobenzene molecules as well as the definition of molecular and lab frames. See text for
details.

There are mainly two categories of laser induced molecular alignment: geometric align-

ment and dynamic alignment [6]. The former is simply the alignment in the fragment

distribution due to selective ionization. The latter requires a non-ionizing laser pulse to

torque the molecules and drive them towards the laser polarization direction. In this thesis,
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we are particularly interested in dynamic alignment which provides an aligned molecular

ensemble that can be used for further experiments. There are two types of dynamic align-

ment — adiabatic alignment and impulsive alignment. When the laser pulse duration τ

is much larger than the molecule’s rotational period — 1/2B for a linear molecule with

rotational constant B — the induced alignment is adiabatic. Conversely, if τ � 1/2B, the

induced alignment is impulsive and occurs after the pulse has passed and is hence field-free

alignment. Both scenarios were predicted and studied theoretically in 1995 by Friedrich and

Herschbach [7] and Seideman [8].

In the case of 1DA, the first adiabatic 1DA experiment was carried out by Larsen et al. in

1999 [9], in which a yttrium aluminum garnet (YAG) laser with nanosecond pulse duration

(full width at half maximum in intensity) was used to align several different molecules such

as I2, CH3I and C6H5I. A value of 〈cos2 θ2D〉 above 0.8 was achieved for most of the molecules,

measured using a velocity map imaging (VMI) spectrometer, where θ2D is evaluated from the

2D images recorded by a camera (more detail will be given in Chap. 2). Adiabatic alignment

tends to give very good alignment provided the molecules are rotationally cold. The highest

degree of alignment achieved so far, 〈cos2 θ2D〉=0.97, was reported by aligning state-selected

iodobenzene molecules [10]. However, since the optimum alignment always happens at

the peak of the laser pulse, many further experiments will be affected by this aligning

laser field. For example, in situations involving back scattered electrons, such as high

harmonic generation (HHG) [11, 12] and non-sequential double ionization [13, 14] processes,

such an external field will certainly affect the electronic trajectories and complicate the

experimental results. That is the reason why more and more work is focused on using

short laser pulses to get field-free alignment. All the work present in this thesis will also

be focused on field-free alignment. In the field-free alignment experiment carried out in

2001 [15], picosecond laser pulses were used to impulsively align I2 molecules and strong-

field alignment revivals were observed for the first time. Impulsive alignment occurs via

the excitation of numerous angular momentum states resulting in a rotational wave packet
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which, for linear and symmetric top molecules, periodically re-phases since the rotational

energies of such molecules are regularly spaced. The best field-free alignment achieved so far

is 〈cos2 θ2D〉=0.83 in rotationally cold iodobenzene molecules [16]. In both the adiabatic and

impulsive cases, the keys to better alignment are fewer initial incoherent rotational states

and a large number of coherently populated rotational states, which corresponds to lower

initial rotational temperature and larger laser fluence as long as no vibrational or electronic

excited states are populated.

In the case of 3DA, a majority of the work has been focused on adiabatic 3DA. This

goal was achieved by using either one elliptically polarized nanosecond YAG laser pulse [17]

or a combination of a linearly polarized nanosecond YAG laser pulse with a perpendicularly

polarized femtosecond infrared (IR) laser pulse [18]. Even though good 3DA can be achieved,

field-free three dimensional alignment (FF3DA) is still required for certain experiments due

to the reasons described previously. Disappointingly, to date, limited work has been done

to explore FF3DA and possible ways of enhancing it. For example, using two orthogonally

polarized time delayed femtosecond IR pulses [19] or a single elliptical polarized femtosecond

IR pulse [20]. Both provide a FF3DA level slightly above the isotropic value. More detail

will be given in Chap. 3.

The goal of molecular orientation was initially achieved without utilizing a laser field.

A hexapole state selector [21] or a strong electric field [22] can fulfill the task, but both

have certain limitations. Laser induced orientation was initially achieved adiabatically and

later extended to the field-free regime. The adiabatic case requires a strong laser field

and a moderate DC electric field [23], whereas the field-free case uses few or single cycle

terahertz pulses [24] or phase synchronized fundamental and second harmonic pulses [25].

Experimentally, the degree of field-free orientation reported is still under 0.1 for 〈cos θ〉 [26].

More detail will be given in Chap. 6.

In terms of applications, a large majority of work has been focused on attaining field-free

one dimensional alignment (FF1DA) of simple linear molecules, which serves the needs for
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further experiments on these systems. There is also a large amount of work on attaining

FF1DA for asymmetric top molecules; however, very few further experiments have been

performed either due to experimental constraints or the difficulties of interpreting and sim-

ulating the complicated system. Only in recent years has some work been carried out, such

as high harmonic generation from 1D aligned allene molecules [27]. There are also a few

reports on field-free three-dimensional alignment (FF3DA) for asymmetric top molecules

[19, 20], which will provide even more information in further experiments. Unfortunately,

this still remains a challenge for the whole field since only poor FF3DA can be achieved. Due

to the challenge of achieving good field-free orientation, harmonic generation experiments

on oriented CO molecules have only recently been reported [28].

For example, the technique of alignment can be used for imaging isolated molecules.

A high energy electron beam [29] or X-ray beam [30] can be impinged on a gas target

and due to the large scattering cross section of electrons and atoms, a diffraction pattern

will form in the far field containing information about the molecular structure. Only the

internuclear distances can be extracted from the diffraction pattern if the molecules are

randomly oriented. However, when the molecular axes are fixed in space, the diffraction

pattern will contain information about the bond angle of the molecule as well. Position of

the atoms can be retrieved and the precision of the retrieved information is dependent on

the degree of alignment that can be obtained. The first experiment was demonstrated by

Hensley et al. [29], in which a CF3I molecule is aligned and imaged.

Aligned molecules can also be used for imaging molecular orbitals. Different orbitals

of the molecule will have very different angular dependence. For instance, in nitrogen

molecules, for the outermost σg electron orbital, the probability of finding an electron along

the N-N bond axis (0 degrees) is much larger than that along the perpendicular axis (90

degrees). However, for the next orbital, πu, the probability peaks at 90 degrees. In the case

of oxygen molecules, for the outermost orbital πg, the probability peaks around 45 degrees.

Therefore, it is necessary to align the molecules so that different orbitals can be identified
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and extracted in the measurement. So far, orbital structure has been successfully extracted

experimentally for molecules such as N2 [31], CO2 [32, 33]. The dependence of harmonic

generation on the alignment angle of polyatomic molecules has also been shown to follow

the structure of the outermost orbital [27].

Since the electron density distribution is very angle dependent, the study of strong-field

ionization can also benefit from aligned molecules. Photoelectron angular distributions in

the multi-photon regime [34] and angle dependent ionization rates in the tunneling regime

[35] have been successfully measured experimentally. The former yields the electron angular

dependence for different multiphoton ionization channels. The latter maps the contribution

of different molecular orbitals.

Upon removal of one electron, in the presence of a laser field, the electron can be driven

back to collide with the parent ion. The structure of the molecules that the electron “sees”

when it recollides may be different from when it ionizes. If the molecules are fixed in space,

molecular dynamics such as bond lengths or bond angles changing can be probed to better

precisions [36, 37].

There are many other measurements that will benefit from using aligned molecules.

Some of these experiments have been successfully demonstrated with simple molecules in

the last few years. Extending these to more complex molecules remains challenging due to

either the lack of techniques providing highly aligned samples in multi-dimensions or other

technical difficulties. This motivates the search for more efficient alignment schemes with

the purpose of providing highly aligned molecular targets for future investigations.

This thesis details our contributions to this field. FF1DA, FF3DA, FF1D orientation

and further experiments will be discussed. A breakthrough significantly enhancing FF3DA

and an experimental demonstration of increasing orientation levels will be described. High

harmonic generation from highly aligned linear molecules will be demonstrated as an appli-

cation of FF1DA.
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1.2 Theoretical treatment of field-free one dimensional

alignment

Under the rigid rotor approximation [1], when a multi-cycle laser pulse interacts with a

molecule, any contribution from the molecule’s permanent dipole will be averaged out be-

cause the laser electric field changes direction every half cycle. It is the induced dipole that

mediates the interaction since the direction of the induced dipole changes with the direction

of the electric field. The total Hamiltonian can then be expressed as

Ĥtotal = Ĥrot + V̂ = Ĥrot −
1

4

∑
i,j

αijEiEj, (1.1)

where Hrot is the field-free Hamiltonian, V is the interaction potential, αij are the polariz-

ability tensor elements in the lab frame with i, j = X, Y, Z, and E is the laser electric field.

The total Hamiltonian Htotal varies depending on the type of molecules that are interact-

ing with the laser. The different types — linear molecules, symmetric top molecules and

asymmetric top molecules — will be discussed individually in the following sections.

1.2.1 Linear and symmetric-top molecules

For linear molecules interacting with a linearly polarized laser pulse, the total Hamiltonian

can be written as

Ĥtotal = BĴ2 − Eo(t)
2

4
(∆α cos2 θ + α⊥), (1.2)

where B = 1/2I is the rotational constant, I is the moment of inertia, Ĵ is the angular

momentum operator, Eo(t) is the time-dependent electric field envelope, ∆α is the polar-

izability anisotropy—the difference of the polarizabilities parallel and perpendicular to the

molecular axis — α‖ − α⊥. The basis set that describes the rotational states will be the

spherical harmonics |JM〉, where M is the projection of the angular momentum J onto

the LF Z axis. If the laser pulse is linearly polarized the system has cylindrical symme-
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try and M is conserved. For each initial thermal populated state, we can write down the

time-dependent Schrödinger equation (TDSE) for the wavefunction |ψ(t)〉,

[
BĴ2 − Eo(t)

2

4
(∆α cos2 θ + α⊥)

]
|ψ(t)〉 = i∂t |ψ(t)〉 , (1.3)

where |ψ(t)〉 =
∑

J ′ CJ ′M(t) |J ′M〉, CJ ′M(t) are the time-dependent coefficients of each state.

Projecting the Schrödinger equation onto a state |JM〉, and taking into account that

Ĵ2 |JM〉 = J(J + 1) |JM〉 (1.4)

we get,

∂tCJM(t) = −iCJM(t)
[
BJ(J + 1)− Eo(t)

2

4
α⊥

]
+ i

Eo(t)
2

4
∆α

∑
J ′

CJ ′M
〈
JM | cos2 θ|J ′M

〉
.

(1.5)

The term 〈JM | cos2 θ|J ′M〉 gives the selection rules for J . cos2 θ can be rewritten using

Wigner d-matrices djm′m,

cos2 θ =
2

3
d2

00 +
1

3
. (1.6)

Using the coupling equations [3.97] and [3.119] given by Ref. [38], we can get

〈
JM | cos2 θ|J ′M

〉
=

√
(2J ′ + 1)(2J + 1)

4π

(
J 2 J ′

0 0 0

)(
J 2 J ′

M 0 M

)
, (1.7)

since the cos2 θ interaction couples rotational states with the same parity, therefore, the

selection rules for J are ∆J = 0,±2. Assuming a maximum value for J , which depends on

the initial population and the intensity of the laser pulse, we can calculate the transition

matrix before propagating the wavefunction in the laser field. The value of the maximum J

is determined such that by adding one extra J state, the calculated values of 〈cos2 θ〉 change

by less than 1×10−5 relatively. In the field, a Runge-Kutta method with adaptive step
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size [39] is used to solve the differential equations numerically with an absolute tolerance

of 1×10−10. At each time step, an array of the coefficients is obtained, whose square gives

the population of the corresponding J state. Once we get the wavefunction |ψ(t)〉, we can

calculate the expectation value 〈cos2 θ〉 (t) to quantify the alignment in the laser field for

each initial state.

After the laser pulse, the evolution of the wavefunction can be calculated by solving the

TDSE for the field-free Hamiltonian,

|ψ(t)〉 =
∑
J ′

CJ ′M(te) |J ′M〉 exp
[
− iEJ ′(t− te)

]
, (1.8)

where te is the time corresponding to the end of the laser pulse and EJ ′ are the eigenvalues

of the field-free Hamiltonian.

In order to get the alignment trace for the molecules with an initial rotational tempera-

ture, each initial state is thermally weighted by ωi, assuming a Boltzmann distribution

ωi = gi
exp(−Ei/kBT )∑
j exp(−Ej/kBT )

, (1.9)

where gi and Ei are the nuclear spin statistical weight and field-free eigenvalues of the

ith initial state respectively, kB is the Boltzmann constant, and T is the initial rotational

temperature. In order to estimate the number of initial thermally populated rotational

states for a given temperature, the partition function is calculated by continually adding

the Boltzmann factors of successive J states until the change in the function is less than

1×10−5. Then, the initial number of rotational states is estimated by adding the thermal

populations of successive J states until the sum is larger than 0.999. At last, the partition

function is recalculated by including those initial states. By propagating the initial states

separately, 〈cos2 θ〉 (t) can be evaluated for a given molecule at a given initial rotational

temperature. Fig. 1.2 shows some examples for the alignment of N2, O2, CO2 and N2O

molecules.

We can see from the figure that besides the initial alignment, there are periodic recur-
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Figure 1.2: TDSE calculations of the alignment traces for four molecules with different
spin statistics. One full revival period is shown for all the molecules. A rotational temper-
ature of 30 k is assumed for all molecules and the laser parameters are chosen to be 80 fs,
50 TW/cm2, reproduced from Fig. 3.4 of [40].

rences of the alignment, some of which are stronger than the initial peak. These are the

previously mentioned rotational revivals. Depending on the nuclear spin statistics, different

molecules will have different revival structures. For example, N2 has revivals at 1/4 of the

rotational period which are small compared to half and full revivals. O2 and CO2 have

big quarter revivals but in opposite directions. N2O does not have quarter revivals. To

explain this, we can take a close look at the expectation values of cos2 θ for the field-free

hamiltonian. From Eq. 1.8, we get

〈
cos2 θ

〉
(t) =

∑
J ′,J

C∗J ′M(t)CJM(t) exp
[
i(EJ ′ − EJ)(t− te)

] 〈
J ′M | cos2 θ|JM

〉
. (1.10)

The phase term is φ = (EJ ′ −EJ)(t− te) = 2πB[J ′(J ′ + 1)− J(J + 1)](t− te) = 2πB(J ′ −
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J)(J ′+J+1)(t−te). Because of the selection rule, J ′−J = ±2, 0, we have φ = 2π2B(2J+3)t′

or −2π2B(2J − 1)t′ (J ′ − J = 0 adds a constant to the baseline, we use t′ for t− te). Since

the rotational period equals 1/2B and the phase is nπ at t′ = n/4B, n=0,1,2,3..., there

will always be coherent addition of all the states at integer multiples of half the rotational

period. This causes the half and full revivals seen in Fig. 1.2. At t′ = 1/8B, even and odd J

states will be exactly out of phase. Therefore, the structure at quarter revivals will depend

on the spin statistical weights of the even and odd J states. For N2, the ratio of even and

odd states is 2:1, which cancels out part of the quarter revivals, resulting in a smaller revival.

While for O2 and CO2, only even or only odd states contribute, making the quarter revivals

large but in opposite directions. For N2O, even and odd states are equally weighted, and

thus the quarter revivals cancel out completely, leaving only half and full revivals. (Spin

statistics for the molecules considered in this thesis are given in App. A). So, structure of

fractional revivals can be a useful tool for examining the symmetry of the rotational states

[41] and more will be discussed in later chapters.

Symmetric top molecules are quite similar to linear molecules in the sense that the

interaction only results in transitions between J states. The differences are in the field-free

Hamiltonian. The basis set describing the rotational states for symmetric-top molecules is

the Wigner D functions |JKM〉, where the extra quantum number K is the projection of

the angular momentum onto the MF z axis. Since the interaction does not depend on angle

χ, the angle of the rotation of the molecule about its own z axis, K is conserved.

In order to write down the field-free Hamiltonian and its eigenvalues, we need to specify

the type of symmetric top in question. In general, the field-free Hamiltonian can be expressed

as

Ĥ free =
J2
x

2Ixx
+

J2
y

2Iyy
+

J2
z

2Izz
= AJ2

x +BJ2
y + CJ2

z , (1.11)

where Jx, Jy and Jz are projections of the angular momentum about the molecular (x, y, z)

axes. Ixx, Iyy and Izz are moments of inertia, and A, B and C are rotational constants
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of each axis. For symmetric top molecules, two of the three axes are identical. If these

two axes are fast axes and Ixx = Iyy<Izz, the molecule is referred to as an oblate top. For

prolate tops, Ixx<Iyy = Izz. The field-free Hamiltonians and eigenvalues for both types are

as follows [38],

Oblate top:

Ĥo = AĴ2 + (C − A)J2
z (1.12)

E(J,K) = AJ(J + 1) + (C − A)K2 (1.13)

Prolate top:

Ĥp = CĴ2 + (A− C)J2
z (1.14)

E(J,K) = CJ(J + 1) + (A− C)K2. (1.15)

We can then solve the TDSE following the same steps as discussed above for linear

molecules except that now the selection rules for the observable 〈cos2 θ〉 are ∆J = 0,±1 and

±2. Fig. 1.3 shows an example of the calculated alignment trace from the oblate top benzene.

The polarizabilities α‖ and α⊥ of the molecule are calculated using α‖ = (αxx + αyy)/2 and

α⊥ = αzz, where αxx, αyy and αzz are the diagonal elements of the molecular polarizability

tensor.

Note that initially 〈cos2 θ〉 decreases instead of increasing as in Fig. 1.2. This is because

for benzene, the symmetry axis (in this case, the axis perpendicular to the plane of the

benzene ring) is the least polarizable axis, while the laser pulse aligns the most polarizable

axis of the molecule. The symmetry axis will therefore initially be driven away from the

laser polarization axis, and as a result, 〈cos2 θ〉, where θ is defined as the angle between

the symmetry axis of the molecule and the laser polarization axis, will decrease below the

isotropic value 1/3 [42].
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Figure 1.3: Calculated alignment trace for 30 K benzene molecules for a 130 fs and
15 TW/cm2 laser pulse.

1.2.2 Asymmetric-top molecules

In Eq. 1.11, if a molecule has Ixx 6= Iyy 6= Izz, it is an asymmetric top molecule. TDSE

calculations for this type of molecule can be very hard and time consuming and will only be

briefly introduced here. The code for asymmetric top TDSE was written by Varun Makhija,

who also performed all the computations for such molecules..

Unlike linear and symmetric top molecules, the field-free eigenfunctions of asymmetric

tops do not have an analytical form. However, they can be written in the symmetric top

basis:

|ψ(t)〉 =
∑
J ′,K′

CJ ′,K′(t) |J ′K ′M〉 . (1.16)

Diagonalizing the matrix calculated using Eq. [6.65∼6.69] from Zare [38] and sorting the

energy for each J state in ascending order, we get a set of eigenvalues in the |JτM〉 basis,

where τ labels the energy levels and ranges from -J to J .
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For molecules with the polarizability and moment of inertia tensor diagonalized in the

same coordinate system, the interaction potential can be written as:

V̂ = −E
2

4

[
sin2 θ(αxx cos2 χ+ αyy sin2 χ) + αzz cos2 θ

]
, (1.17)

where αxx, αyy, αzz are the diagonal elements of the polarizability tensor of the molecule.

Using Eq. 1.17 in the TDSE gives the following equation for the CJ,Ks

∂tCJK(t) = −i
∑
J ′,K′

CJ ′,K′(t)
[ 〈
J ′K ′M |Ĥ free|JKM

〉
δJ,J ′ +

〈
J ′K ′M |V̂ |JKM

〉 ]
. (1.18)

The matrix elements for Ĥ and V̂ can be written analytically in the |JKM〉 basis [38],

following which the above set of differential equations can be solved numerically. Following

the laser pulse, the wavefunction is transformed to the |JτM〉 basis and propagated in

time using the field-free eigenvalues. Fig. 1.4 shows 〈cos2 θ〉 (t) for a thermal distribution of

iodobenzene molecules at 1 K.

Figure 1.4: Calculation for iodobenzene molecules, at a rotational temperature of 1 K. 555
total initial states are populated and thermal averaged. The laser pulse duration is 140 fs
and the intensity is 8 TW/cm2, calculated by Varun Makhija.
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Revival type Revival time Selection rules Iodobenzene
J-type t≈ n/2(B + C) ∆J = 1, 2; ∆K = 0 707.8 ps
K-type t≈ n/(4A− 2B − 2C) ∆J = 0; ∆K = 2 50.3 ps
Hybrid t≈ n/(2A−B − C) ∆J = 0; ∆K = 1 100.7 ps
C-type t≈ n/4C ∆J = 2; ∆K = 0 754.7 ps
A-type t≈ n/4A ∆J = 2; ∆K = 2 44.1 ps

Table 1.1: List of different type of revivals and corresponding selection rules for asymmetric
top molecules, the formulas for calculating the revival time and the numbers for iodobenzene
molecules are given.

Since the energy levels of an asymmetric top molecule are not regularly spaced, the

revival trace is not periodic. However, subsets of energy levels are regularly spaced and

result in approximately periodic revival traces. Such revivals are named J-type, K-type,

Hybrid-type, C-type and A-type depending on which rotational coherences are involved

[43]. C- and A-type revivals can be thought of as rotations about the molecular C and A

axes. All the other revivals involve rotation about all three molecular axes. Selection rules

for different types and the approximate periods of these revivals based on the subsets of

approximately regular energy levels for iodobenzene are shown in Tab. 1.1.

Since both J and τ quantum numbers are involved in the transitions, the size of the

Hamiltonian matrix that needs to be solved is J2 + 2J , as more and more J states are

populated—resulting in better alignment—the amount of time needed for the simulation

increases significantly. At the same time, energy spacing scales with the molecular rational

constant, which is inversely proportional to the moments of inertia. Therefore, for heavy

asymmetric tops such as iodobenzene, even at 1 K, over 500 initial states are thermally

populated. A calculation for an effective aligning pulse will easily take one day. Therefore,

a few tricks are worth exploring to reduce the computation time. For example, because

positive and negative K states give the same interaction matrix elements, only positive K

states are needed for constructing the interacting matrix [30]. This will reduce the time

by at least a factor of 2. Furthermore, performing calculations for different initial states in

parallel will also reduce the calculation wall-time.
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1.3 Improving molecular alignment

The ultimate goal of aligning molecules is to bring the molecular axes as close to the lab

frame axes as possible. As previously mentioned, there are mainly two ways of increasing

the degree of alignment. One is to reduce molecular rotational temperature, and the other

is to increase laser fluence.

The molecular rotational temperature can be cooled using a high pressure supersonic gas

jet. A kHz Even-Lavie pulsed valve [44] is used for our experiments. About 70 atmosphere

backing pressure of helium gas is used to carry out the target molecules through a 0.1 mm

orifice of the gas jet into a vacuum with 10−7 torr background pressure. When operating

at 1 kHz, with such a high backing pressure, a short opening time and high pumping

capacity are required. In our case, with an 8 µs jet opening time, a 2500 L/s turbo pump is

needed to maintain a chamber pressure of 10−5 torr. Because of the huge pressure difference

on the sides of the small orifice, helium gas gets accelerated in the vacuum to a velocity

of about 1780 m/s at room temperature [44]. As the initial thermal energy of helium is

converted to translational kinetic energy of the jet, collisions between the helium atoms and

the target molecules also result in the reduction of the internal (vibrational and rotational)

energy of the molecules. Rotational temperature around 1 K for heavy molecules such as

iodobenzene can be obtained. For lighter molecules, carbon monoxide for example, when

mixed with helium gas, rotational temperatures below 5 K are accessible. However, below a

certain temperature limit, clusters of target molecules and helium atoms will start to form

and prevent further cooling. Even without seeding in carrier gases (helium, neon and so

on), supersonic expansion of a gas sample can also cool the rotational temperature of the

molecule to some extent, for instance, neat nitrogen can be cooled to about 10 K. However,

for some molecules, backing pressure needs to be much lower in order to prevent clustering.

An additional state selector or deflector [45] can further bring the temperature down to sub-

kelvin regime. The underlying principle is that a strong inhomogeneous electric field stark

shifts the rotational energy levels, dispersing different states spatially. By selecting different

16



parts of molecular beam to probe, molecules with sub-kelvin rotational temperature can be

studied.

Improving alignment by increasing the laser fluence has the limitation that the laser

intensity should not cause any vibrational or electronical excitations. Furthermore, it has

been shown that the degree of alignment that can be achieved by using a single intense

ultrashort laser pulse is limited [46]. Initially, pulse shaping experiments were performed

to seek complex pulse shapes in order to enhance the alignment. Later on, a multipulse

scheme was proposed to overcome this limit by dividing the too intense laser pulse into

two pulses or even several pulses. The first pulse initiates the rotational wave packet and

the following pulse kicks the molecules again at the rephasing or revival times to populate

more coherent rotational states—thus squeezing the molecular angular distribution. This

scheme has been proved to be very effective. For example, in an experiment performed

by Bisgaard et al. [47], it has been shown that with the same pulse duration and total

intensity, splitting the aligning pulse into two time separated pulses can increase the degree

of alignment from 〈cos2 θ〉 = 0.57 to 0.66 for rotationally cold iodobenzene molecules. It also

shows that the optimum conditions are: (1) the second pulse kicks right at the alignment

peak of the first pulse; (2) the second pulse is three times more intense than the first one.

In another experiment reported by Cryan et al. [48], eight femtosecond laser pulses are used

to repetitively kick room temperature nitrogen gas at full rephasing times and the 〈cos2 θ〉

value increases from about 0.4 to almost 0.7.

The calculation for multi-pulse alignment is relatively easy. The TDSE calculation for

the first pulse is the same as previously explained, and the initial set of CJM coefficients

for each successive pulse is obtained after propagation through the interval between the

pulses. A calculation is shown in Fig. 1.5 for aligning N2 molecules using three pulses. As

is evident this technique works very well for boosting the degree of alignment. In the later

chapters of this thesis, multi-pulse alignment will be used extensively for enhancing FF1DA

and inducing and enhancing FF3DA.
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Figure 1.5: 30 K N2 molecules are aligned by three 80 fs, 30 TW/cm2 laser pulses, first
pulse comes at t=0 ps, revival trace is shown in black dash line. Second pulse comes at
t=3.94 ps, right at the rising edge of the half revival, the trace is shown in red dash dot line.
The third pulse comes at t=12.3 ps, at the rising edge of the full revival after the second
kick, the trace is shown in blue solid line.
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Chapter 2

A one kHz velocity map imaging
spectrometer for measuring molecular
alignment

2.1 Introduction

Since the development of velocity map imaging (VMI) [49] as a method to measure the

momentum spectrum of charged particles, this technique has been widely used in atomic

and molecular physics. Compared to other methods of measuring momentum distributions,

for instance, cold target recoil ion momentum spectroscopy (COLTRIMS) [50, 51], which

measures 3D momentum distribution for both ions and electrons of the target in a coin-

cident manner, a VMI measurement does not record arrive time information. It measures

an integrated momentum distribution along one momentum component and the spatial dis-

tribution for either ions or electrons sources, resulting in momentum distributions with a

much higher count rate than the COLTRIMS measurement. Thus, VMI is very suitable for

experiments in which only momentum information is needed, such as measuring molecular

alignment. The fundamental idea is to use a non-uniform electric field as a “lens” to focus

charged particles. A three metal plate configuration is the simplest design (see Fig. 2.1).

By adjusting the high voltages on the first plate (the repeller) and the second plate (the

extractor), we can tune the focus of the “lens” so that all the particles with equal initial

momentum in the detector plane are focused to the same position on the detector. With
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the use of a microchannel plate (MCP) detector to amplify the signal and a phosphor screen

to convert the resulting electron pulse to visible light, two dimensional momentum distri-

butions can be directly imaged using a camera. By determining the centroid of the light

emission from the phosphor due to an individual detection event, it is possible to enhance

the resolution of the detector well past the average width of the spot [52]. In addition, by

using either the inverse Abel transform [53] or the inverse Radon transform [54], full three

dimensional distributions can be extracted from the raw 2D images (more detail of this

reconstruction will be given in Chap. 3).

Within the axial-recoil approximation [55] it is assumed that the molecule in question

dissociates along the direction of its molecular bond. Therefore, the two dimensional mo-

mentum distribution of the fragment ions measured using VMI would directly reflect the

molecular axes distribution, if the selectivity of the dissociating pulse can be minimized.

A number of experiments use the axial-recoil approximation in conjunction with VMI to

measure molecular alignment [9, 15, 18, 34, 45, 56–58]. A typical VMI image from aligned

molecules is shown in Fig. 2.1, it is a 2D projection of the 3D momentum distribution onto

the detector plane, from which we could measure 〈cos2 θ2D〉 to estimate the degree of align-

ment, where θ2D is angle between laser polarization direction and the vector of each hit with

respect to the image center. Note that 〈cos2 θ2D〉 has an isotropic value of 1/2 instead of

1/3 for 〈cos2 θ〉.

2.2 A single shot one kHz system and analysis of the

images

In experiments with kHz ultrafast lasers, the common practice is to use a Peltier-cooled

high-resolution CCD camera to capture the integrated 2D momentum distributions. This

method suffers from two disadvantages — the dynamic range of the measurement is limited

by noise (either optical or in the camera), and the resolution is limited by the average width

(in pixels) of the light distribution from the MCP-phosphor detector on the image intensifier
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Figure 2.1: VMI setup and a typical VMI raw image of I+ ion from aligned DFIB molecules.
The up-down asymmetry of the image is due to the difference of the gain efficiency at
different positions on the detector.

of the camera. When operating with high count rates, it is also easy to saturate the detector

and hence lose information about the relative intensity distribution. These issues can all be

addressed by single shot operation with centroid determination [52], in which each charged

particle hit within every laser shot is thresholded and tagged by its position information,

but working in this mode remains a challenge when the laser operates at 1 kHz. Another

1 kHz VMI that was simultaneously developed elsewhere [59] has used customized hardware,

making it inconvenient to replicate and preventing widespread adoption. Therefore, we

developed a simple implementation of a system capable of kHz single shot-operation (with

a 500×500 pixel camera) with off-the-shelf components. The ease of implementation of this

scheme should lead to its use widely in the atomic and molecular physics community.

The first requirement for a kHz detection system is a phosphor screen that has a lifetime

less than 200 µs. This allows the signal from one laser pulse to decay to a sufficiently low

level before the next pulse arrives so that there are no inter-pulse pile-up effects. We use a

40 mm diameter MCP with a P47 phosphor. The phosphorescence lifetime of P47 is 120 ns,

which is substantially better than the minimum requirement. Even though the phosphor’s

quantum efficiency is lower than that of the commonly used P43, it is still not too low as
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to be unusable for this purpose.

The second requirement is a camera that can take images at 1000 fps with sufficient

efficiency and gain uniformity. We chose the Basler A504k (later on updated to a Basler

acA2040-180km), a CMOS camera rated to operated at 500 fps with 1280×1024 pixel image

size. When the image size is reduced to 500× 500 pixels, the camera operates at 1000 fps.

This is our mode of operation. The camera can be triggered externally, and gated to an

exposure time as low as 2 µs. Even though the phosphor has a low enough lifetime that

pileup is not an issue, it is nevertheless useful to reduce optical and electronic noise in the

image by using the shortest acceptable exposure time.

Transferring data to a computer at a 1000 fps requires a fast bus and frame grabber. The

Basler A504k uses dual-channel Cameralink connection to achieve 640 MB/s transfer rate.

We use National Instrument’s PCIe-1429 frame-grabber to connect to the camera. With a

4×PCIe bus, 8-bit image data can be transferred to the computer’s RAM at the full 1 kfps

rate.

Thus, this combination of phosphor, camera and frame-grabber is capable of handling

the detection of VMI spectra at the required 1 kfps. Higher repetition rates can also be

achieved at the cost of a smaller image size.

With 8-bit, 500×500 pixel frames and 1 kfps acquisition rate, the computer must handle

250 MB of raw image data per second. There are two possible ways of handling this: write

the raw data to hard drives and process it off-line, or analyze each individual image for

detection events in real-time and write only the location of each particle hit to the hard

drive. The former requires very fast, large capacity hard-drives, and provides no feedback

while the experiment is running. The latter requires a fast computer running an efficient

algorithm, capable of analyzing individual images in less than 1 ms. We chose the latter

option both due to the challenges involved in writing data at such high rates and for the

real-time feedback it provides.

An image-analysis algorithm must satisfy several requirements. In addition to being
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fast enough, the algorithm needs to identify individual events while discriminating against

noise in the image and trying to distinguish single particle hits from double (or more) hits

(constituting in intra-pulse pile-up’s, which must be avoided if saturation effects are to

be minimized), and calculate the centroid of each hit with the highest accuracy possible.

Intra-pulse pile-up cannot be completely removed - there is always the possibility of two

particles hitting the same channel of the MCP detector, especially when it is desirable to

count hundreds of events per laser shot in order to measure a momentum distribution with

high statistics. Since the detector is operating in the counting or saturation mode, pulse

height measurements cannot distinguish such double hits from single events. Nevertheless,

it is often the case that the overlap of light emission is only partial and in such cases it is

possible either to separate the events completely or at least tag double hits as such. An

important advantage of doing this is that counting the number of double events in an image

and comparing that number to the number of single hits is an effective way of ensuring that

the count rate is not too high that image quality is degraded by intra-pulse pile-up effects.

A raw 8-bit, 500×500 pixel image is first convoluted with a Laplacian of Gaussian (LoG)

filter [60] which is a convolution of a Laplacian filter and Gaussian filter. The latter filter

smooths the image before edges in the image are sharpened by the former. The output of the

LoG filter is then eroded [61] to remove any isthmuses between partially overlapping events.

Erosion also removes any noise pixels that are too small to be real events. After erosion,

the image is thresholded, and any connected regions are indexed. Each indexed region is

identified as a real event, and its centroid, area and ellipticity are then determined. The

area and the ellipticity are examined to determine if the event might actually be a double

event. If either the area or the ellipticity is larger than preset values, the event is tagged as

a double and counted twice for the purposes of reconstructing the momentum distribution

from the raw images. The centroid of each event is recorded in a file, with x and y position

values stored as floats. The total data that is written to a file is only a few kilobytes per

frame, depending on the count rate.
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Figure 2.2: Schematic diagram showing the producer-consumer model implemented for
parallel processing of raw image data.

In order to achieve 1 kfps operation, clones of the image processing algorithms are

running simultaneously on all eight available cores of a Dell T7400 workstation. This is

achieved using a producer-consumer model and queues [62]. This implementation is shown

schematically in Fig.

After each consumer loop has determined the centroids of every event it detects on an

image, it writes an array containing the x and y positions of each event to another queue

(named coordinate queue in the figure). The event’s queue contains variable length arrays

of pairs of coordinate values, and is written to by all eight consumer loops. This queue is

monitored by another loop that creates the accumulated image, monitors the count rate

of single and double events, and writes data to disc. The producer consumer model is

used again, but this time there are eight producer loops and one consumer. Since the

single consumer loop is computationally trivial, it is able to handle the event’s queue at the

requisite 1 kfps.

Fig. 2.3 shows a single frame, before and after analysis. The image after analysis is

plotted from the position array by assigning an intensity value of 1 for each single event
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Figure 2.3: A single frame from the camera, before and after analysis. Ellipticity thresh-
old:1.9, area threshold:10 (any events with ellipticity or area larger than the threshold are
treated as double events). The analyzed image has been Gauss-smoothed for display pur-
poses. The top right on both images show a zoom in of the region marked by the red square
box.

and 2 for double events. Overall, the kHz data acquisition system for VMI experiments

has several advantages given the widespread use of kHz lasers. We expect such systems to

be utilized combining with single shot carrier-envelope phase (CEP) tagging technique [63]

for studying CEP-dependent molecular dynamics [64]. Such a system could also be used

for single shot high harmonic experiments, once again obviating the need for precise CEP

control. High dynamics range measurements, such as the electron momentum distribution

after laser induced rescattering and diffraction, should also benefit from such a system. As

a demonstration, we use this system to measure FF1DA.

2.3 Measuring FF1DA

The experimental setup is shown in Fig. 2.4, the laser system we use is the Kansas Light

Source (KLS), a home-built, multi-pass, chirped-pulse amplified (CPA) Ti-Sapphire laser

system. It delivers laser pulses at 2 kHz, 2 mJ/pulse, 30 fs centered at about 790 nm. The
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laser beam is then split into pump and probe arms using a broadband 50/50 beam splitter

(BS), the probe beam goes through a 30 cm automatic stage which can delay it up to 2 ns.

The two beams are then recombined collinearly on another broadband 50/50 beam splitter

and focused together using a 35 cm lens into the target chamber (lower chamber in the

figure) where a VMI sits. A half-wave plate and polarizer set is placed in the probe arm to

vary the intensity. Time overlap of pump and probe pulses is found by focusing both into a

barium borate (BBO) crystal to generate second harmonic (SH). Since this was a collinear

setup, the blue light could not be separated from the fundamental and both were focused

onto a photodiode. When the two pulses are overlapped the SH from their coherent sum

causes a jump in the photodiode signal. The target gas molecules supersonically expand

through the Even-Lavie gas jet, which cools the rotational temperature of the molecules.

When traveling from the source chamber (upper chamber in the figure) to the interaction

region in VMI, the molecular rotational temperature further cools down to about 1 K for

heavy molecules like iodobenzene and light molecules like N2 can also get below 10 K.

Figure 2.4: Experimental setup for inducing and measuring FF1DA from rotationally cooled
iodobenzene molecules. See text for details.

A measured alignment trace for a whole C-type rotational period of iodobenzene molecules
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is plotted in Fig. 2.5. The pump beam aligns the molecule and the probe beam is delayed

with respect to the pump to Coulomb explode the molecules. A VMI image with thousands

of laser shots is acquired for I+ fragment, from which 〈cos2 θ2D〉 is calculated from the po-

sition of each ion hit. By selecting one dissociative channel (depending on its sensitivity to

the alignment) and averaging over all the cos2 θ2D values within that channel we can get

〈cos2 θ2D〉. Ideally, the baseline before time zero should be 0.5 with an ionizing pulse polar-

ization pointing into the detector plane, here it is slightly higher because the pump beam,

with its polarization parallel to the detector plane, produces some ionization. Both full and

half J-type and C-type revivals are clearly seen in the figure, but no A-type or K-type are

seen because the measured 〈cos2 θ〉 does not involve the angle χ. The appearance of J- and

C-type revivals but not A- and K-types revivals is consistent with the calculation, shown

in Fig. 1.4 of Chap. 1.

Figure 2.5: A VMI measurement of the alignment trace of iodobenzene molecules, laser
conditions are marked in the figure. The inset shows the VMI image at the initial alignment
peak, about 4 ps.

Even though iodobenzene is an asymmetric top molecule and the theoretical calculations

are relatively complex, the experiment is less challenging since the molecules are rotaionally
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cooled and highly polarizable, making them very responsive to the laser pulse provided that

it is non-ionizing. The degree of alignment attained is 〈cos2 θ2D〉= 0.72, which is already

relatively high. In contrast, for light simple molecules such as N2, it is experimentally

challenging since the molecule has a ‘’high” rotational temperature (∼ 10 K) and weak

polarizability. To strongly align N2, we take advantage of the multi-pulse technique as

discussed in Sec. 1.3. The experimental setup is modified and shown in Fig. 2.6.

Figure 2.6: Experimental setup for inducing and measuring FF1DA from rotational cooled
nitrogen molecules using three aligning laser pulses. See text for details.

In order to get multiple laser pulses and still maintain a reasonable amount of energy

in each pulse, we make several changes to our setup. First, most of the laser power (80%)

goes to the pump beams that are split into three. To make up for the power loss in the

probe, we expand the probe beam using a telescope to double the original size, therefore,

the intensity at the focus will increase by a factor of four. On the other hand, the pump

beam is shrunk by a factor of two to be able to pass through the hole in the center of a 2

inch recombining mirror from which the probe is reflected off. This also expands the size

of the pump focal spot, ensuring that the probe only samples strongly aligned molecules.

Several additional BS with different splitting ratios are in the pump arm to generate the
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three pump beams, two of which have manual delay stages to control the relative delays

of all the pump pulses. Since now, all the beams are non-collinear, we can find the time

overlap by looking at the SH signal in the center of two fundamentals after they are focused

into the BBO crystal. VMI images are then acquired for N+ fragment and the alignment

trace from all three kicks is plotted in Fig. 2.7 along with a TDSE calculation. Note that,

the theory can not be directly compared to the measurement, since the theory calculates

〈cos2 θ〉 while experiment measures 〈cos2 θ2D〉 from the 2D images. In principle, 〈cos2 θ2D〉

can be calculated given the angular distribution of the molecule’s rotational wave packet

and angle dependent dissociative probabilities for N+ fragment. This calculation will be

discussed in later chapters, though the qualitative features of the measurement and the

calculated 〈cos2 θ〉 trace are similar.

Figure 2.7: Black curve: Measured momentum distribution of N+ fragment from N2

molecules using three time delayed pump pulses. Red curve: A simulation of the multi-pulse
alignment for 〈cos2 θ〉, laser conditions are estimated to be: pulse 1, 80 fs, 20 TW/cm2,
t=0 ps; pulse 2, 80 fs, 30 TW/cm2, t=8.55 ps; pulse 3, 80 fs, 20 TW/cm2, t=16.9 ps.
Molecular rotational temperature is estimated to be 5 K to give the best agreement between
measurment and calculation.

It took substantial effort to realize that such a complicated multi-pulse setup is actually

capable of generating remarkable FF3DA with a slight modification, the next chapter will
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particularly focus on getting FF3DA using multiple laser pulses.
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Chapter 3

Field-free three-dimensional
alignment

3.1 Introduction to FF3DA

The goal of bringing the MF close to the LF is not fulfilled after achieving good 1D align-

ment (1DA) for asymmetric top molecules. Further confinement is needed in more dimen-

sions. The first experimental and theoretical report on aligning asymmetric tops in three

dimensions (3DA) was published very shortly after the first experiment on 1DA of linear

molecules [17]. 3DA was achieved by impinging an elliptically polarized nanosecond YAG

laser on 3,4-dibromothiophene (see Fig. 3.1) molecules. 〈cos2 θ2D〉 ≈0.78 was measured for

the S+ momentum distribution using VMI. At the same time the distribution from the Br+

ion gets narrow, suggesting that there is a weak confinement of the molecular plane as well.

In later experiments, the degree of 3DA was further increased by using a linearly polarized

nanosecond YAG laser combined with a femtosecond IR field which kicks the molecule in

the perpendicular direction at the peak of 1DA [18]. The experiment was performed on

3,5-difluoroiodobenzene (DFIB) molecules (Fig. 3.1). The 3DA is characterized by two an-

gles together: one is the 2D angle between the C-I axis and the polarization axis of the

adiabatic pulse and the other is the angle between the benzene plane and the polarization

axis of the IR pulse. For these angles, cosine-squared values of 0.87 and 0.74, respectively,

were achieved. Even though good 3DA can be achieved using this technique, the align-
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ment occurs in the presence of the adiabatic laser field. As stated in Chap. 1 3DA under

field-free conditions is desirable. However, there is currently very limited work on FF3DA.

The first experimental demonstration used two time delayed, orthogonally polarized fs laser

pulses to induce FF3DA of SO2 molecules [19]. The first pulse aligned the most polarizable

axis of the molecule, termed the O axis in the paper (Fig. 3.1). The second pulse arrived

slightly before the alignment peak for the O axis and aligned the second most polarizable

axis (termed the S axis) in the perpendicular direction. A serious limitation to this method

is that second pulse drives the O axis away from alignment. However, since the S axis

rotates faster than the O axis, when its alignment peaks the O axis alignment has still

not completely faded away, resulting in relatively weak FF3DA (compared to the above

mentioned adiabatic technique). The degree of FF3DA achieved in this case was measured

using coincidence detection, which under the axial-recoil approximation yields 3D measure-

ments of the angles. The cosine-squared values for angles between the laser polarizations

and the S and O axes were each measured to be 0.6. Another technique uses a single ellip-

tically polarized short pulse to align the ethylene molecule and claims to observe FF3DA

at a revival time [20] by analyzing calculated alignment traces for several different direction

cosines, such as 〈cos2 θxX〉, 〈cos2 θyY 〉, 〈cos2 θzZ〉 and some off-diagonal directional cosines

(see Chap. 1 for definitions of the direction cosines). An experiment is carried out using

an optical Kerr-effect technique detailed in the next chapter of this thesis. The expectation

values of two direction cosines are estimated to be 0.37 from the results of this experiments,

implying very weak FF3DA since the isotropic values are 1/3.

In both examples, in order to quantify 3DA, careful examinations of the temporal evo-

lution for several direction cosines are required. This makes the characterization of 3DA

complicated in both experiments and computations. We know that for 1DA, a single mea-

sure: 〈cos2 θ〉 can be used to quantify the degree of alignment, is there a similar measure

for 3DA as well? Besides that, and more importantly, only relatively weak FF3DA has

been achieved so far, and a theoretical study proved that SO2 cannot be 3D aligned using
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Figure 3.1: Structure of 3,4-dibromothiophene and 3,5-difluoroiodobenzene, sulfur dioxide
and ethylene molecules.

multiple identical elliptically polarized pulses [65]. Is there another pulse sequence that can

fulfill this task? Both questions will be addressed in this chapter.

3.2 A metric for 3DA and a multi-pulse scheme to

enhance FF3DA

Part of this section is adapted from Makhija et al. [66].

In order to find such a single measure for 3DA, we use the axis-angle representation

rather than Euler angles or direction cosines, because in the axis-angle representation, the

distance between any two orientations can be represented by a single rotation δif , which is

the rotation that takes an initial orientation (θi, φi, χi) to the final orientation (θf , φf , χf )

[66, 67]. By writing the rotation in terms of the rotation matrices R(θ, φ, χ) [68], we have

cos δif =
1

2
{tr[RT (θi, φi, χi)R(θf , φf , χf )]− 1}. (3.1)

With the goal of rotating any arbitrary MF to the LF, the final orientation is the LF—thus

R(θf , φf , χf ) is the identity matrix. cos δ can then be written in terms of other representa-
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tions:

cos δ = (cos θ + 1)[cos(φ+ χ) + 1]/2− 1 = [cos θxX + cos θyY + cos θzZ − 1]/2 (3.2)

Figure 3.2: The four equivalent target orientations for 3DA reached by rotating about the
LF axes by 180 degrees.

Since a 3D aligned distribution has D2 symmetry, there are four equivalent target orien-

tations connected by a rotation of the LF about any of its Cartesian axes by 180 degrees,

see Fig. 3.2. Defining these rotations as δF (F = O,X, Y, Z), where O represents the LF

and X, Y, Z correspond to target orientations obtained from rotation about the LF X, Y, Z

axes. These can be expressed in terms of the Euler angles as follows

cos δO = (1 + cos θ)[1 + cos(φ+ χ)]/2− 1, (3.3)

cos δX = (1− cos θ)[1− cos(φ− χ)]/2− 1, (3.4)

cos δY = (1− cos θ)[1 + cos(φ− χ)]/2− 1, (3.5)
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cos δZ = (1 + cos θ)[1− cos(φ+ χ)]/2− 1, (3.6)

taking into account that 3DA does not distinguish between positive and negative directions

for all the MF and LF axes. The square of the above cosines for each target orientation can

be averaged resulting in an expression for the distance from a 3D aligned distribution –

cos2 δ =
1

4
(1 + cos2 θxX + cos2 θyY + cos2 θzZ). (3.7)

For perfect 3DA, the (x, y, z) axes get confined to the corresponding (X, Y, Z) axes and

〈cos2 δ〉 = 1. The expectation value for a uniform distribution equals 1/2, and its minimum

value is 1/4 when all three axes are perfectly anti-aligned. For perfect 1DA, the expectation

value will be 3/4.

In order to test the validity of this measure, a calculation on FF3DA of iodobenzene

molecules is performed using the same pulse configuration as in Ref. [19]. Two orthogonally

polarized laser pulses were used to induce FF3DA. The first Z-polarized pulse aligns the

most polarizable C-I axis (or z axis), the second X-polarized pulse comes around the peak

alignment of the z axis and kicks the benzene plane inducing confinement of the other two

axes. Fig. 3.3 shows the time evolution of the three direction cosines along with the trace

for 〈cos2 δ〉.

It is clear from the figure that, with just one pulse, right after the kick, the z axis

gets pushed closer to the Z axis while angles θyY and θxX are also affected but do not

contribute to the structure of 〈cos2 δ〉. After the second pulse, which is polarized along the

perpendicular axis, the z axis is driven away from the Z axis very quickly. However, the x

and y axes are confined to the corresponding LF axes even faster, and reach peak alignment

before the z axis completely misaligns, resulting in FF3DA. This can be directly seen in

the 〈cos2 δ〉 plot, where the spike following the second pulse indicates FF3DA. Therefore,

instead of searching for the FF3DA peak from many different direction cosine traces, we

only need to look at the 〈cos2 δ〉 trace to find out that the FF3DA peaks at 4.73 ps.
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Figure 3.3: TDSE calculations of the FF3DA from iodobenzene molecules using two or-
thogonally polarized pulses. Blue line shows the time evolution after one laser pulse, red line
shows the time evolution after both pulses. Laser parameters are as shown in the figure, the
rotational temperature of iodobenzene is 0.5 K. Calculated by Varun Makhija.

By knowing the exact time when 3DA peaks and its strength from calculating 〈cos2 δ〉,

this measure can be explored computationally to find possible ways of enhancing 3DA. In

the previously mentioned experiment by Lee et al. [19], the two orthogonally polarized

pulses give 〈cos2 δ〉=0.63 while a single elliptically polarized pulse used by Rouzée et al.

[20] gives 〈cos2 δ〉=0.52. Both are not very strong compared to an isotropic value of 0.5.

More importantly, neither shows scope for improvement. Specifically, using two orthogonally

polarized pulses will always degrade the alignment of the first axis. Even though tuning

the separation of the pulses makes it possible to find the optimum FF3DA peak, it still

compromises the alignment of the most polarizable axis in order to achieve FF3DA. In

Ref. [19], the first pulse already gives 〈cos2 δ〉=0.62 while the final 0.63 value is a result of

loss of alignment in the first axis and gain in alignment of the other two axes. For a single
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elliptically polarized laser pulse with defined intensity and pulse duration, ellipticity is the

only knob. Linear polarization will give FF1DA, circular polarization will cause planar

alignment [17], and Rouzée et al. [20] show that a specific ellipticity in between results in

the best FF3DA for a given molecule.

In order to develop a technique that is more efficient and robust, it is intuitive to think

of using multiple laser pulses since it was shown to be effective for linear molecules. Such

a method has already been theoretically simulated for an asymmetric top molecule—SO2

[65], showing that multiple pulses could not be used to increase or even induce FF3DA.

However, this rather general conclusion was drawn after only attempting to align SO2 with

a single predefined pulse sequence. Our calculations show that a multi-pulse scheme indeed

works for increasing FF3DA, provided that an appropriate pulse sequence is applied. We

were able to determine that for a molecule with both prolate-type inertia and polarizability

tensors such as SO2, a sequence of elliptically polarized pulses following a linearly polarized

pulse will result in a strongly 3D aligned distribution. Using DFIB as an example, the

linear first pulse aligns the C-I axis and the subsequent elliptical pulses align all three axes

simultaneously. Each successive kick is timed to arrive at the peak FF3DA induced by the

preceding pulses as quantified by 〈cos2 δ〉. The ellipticities are determined by comparing

the matrix elements of 〈cos2 δ〉 with the interaction Hamiltonian [30]. We can write both

analytically in the symmetric top basis |JKM〉
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〈JKM |HI(t)|J ′K ′M ′〉 =

4παI(t)
[(2− 3ε2X)√

6
〈JM ; 2, 0|J ′M ′〉+

ε2X
2

(〈JM ; 2, 2|J ′M ′〉+ 〈JM ; 2,−2|J ′M ′〉)
]

× [α2
0 〈JK; 2, 0|J ′K ′〉+ α2

2(〈JK; 2, 2|J ′K ′〉+ 〈JK; 2,−2|J ′K ′〉)], (3.8)

〈
JKM | cos2 δ|J ′K ′M ′〉 =

1

4
+

1

4
δJJ ′δKK′δMM ′ +

1

4

√
2J + 1

2J ′ + 1
〈J,M ; 2, 0|J ′,M ′〉 〈J,K; 2, 0|J ′, K ′〉

+
1

8

√
2J + 1

2J ′ + 1

{[
〈J,K; 2, 2|J ′, K ′〉+ 〈J,K; 2,−2|J ′, K ′〉

]
×
[
〈J,M ; 2, 2|J ′,M ′〉+ 〈J,M ; 2,−2|J ′,M ′〉

]}
, (3.9)

where HI(t) is the interaction Hamiltonian and εX is the weight of the electric field ampli-

tude in the X direction. The electric field can be expressed as E(t) = E0(t)[εX cos(ωt)eX +√
1− ε2X sin(ωt)eZ ], α is the fine structure constant, αlm are spherical components of the

molecular susceptibility tensor and 〈J,M ; J ′,M ′|J ′′,M ′′〉 are the Clebsch-Gordan coeffi-

cients. We label those terms with ∆K,M = 0 as 00 terms, those with ∆K = 0,∆M = ±2

as 02 terms and so on. As shown in both equations, there are only 00 and 22 terms in the

matrix element of cos2 δ while matrix elemeent of HI has 00, 22, 20 and 02 terms. In order

to boost FF3DA, or equivalently, enhance 〈cos2 δ〉, our goal is to increase both 00 and 22

tinteractions. The 00 term is equivalent to cos2 θ interaction (for linearly polarized laser

pulse), thus contributes to 1DA of the C-I axis (z axis) while the 22 term contributes to the

alignment of the other two axes (x and y axes). In the interaction matrix elements, there

are two extra terms—02 and 20, both will contribute to the value of 〈cos2 δ〉, however, the

mechanism of thier contribution merits further theoretical investigation. Guided by TDSE

calculations over a range of parameters, we choose pulse sequences that enhance the 00 and

22 terms in the interaction while reducing the effect of the 02 and 20 terms. Since the

parameters space is not searched systematically, our results only set a baseline — better
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pulse sequences for maximizing 3DA are very likely to exist.

Note that the 00 term contributes up to 1/4 of the total 〈cos2 δ〉 (in addition to the

isotropic value of 1/2). So in order to enhance FF3DA, it is important not to compromise

the FF1DA. Therefore, the coefficient of the 00 term in the interaction matrix element needs

to satisfy: 2 − 3ε2X ≥ 0, which yields ε2X ≤ 2
3
. That is the condition on the ellipticity for

each of the following elliptical pulses, which can align all three axes through the 00 and 22

terms. Fig. 3.4 shows a simulation of such a multi-pulse scheme on DFIB molecules using

up to four pulses, the first linearly polarized along the LF Z axis, and the rest elliptically

polarized in LF XZ plane with the major axis in the Z direction. Each pulse after the first

one arrives a few hundred fs before the peak of the 〈cos2 δ〉 due to all the previous pulses.

Specifically, the first pulse (at t=0 ps) gives a peak 〈cos2 δ〉 value of 0.61 at around 3.4 ps,

the second pulse arrives at 2 ps to increase the value of 〈cos2 δ〉. Before it reaches the peak

value at around 3.53 ps, the third pulse arrives at 3.3 ps to enhance the FF3DA. Ideally, we

can add as many pulses as we want as long as there is enough time to fit in pulses before

the FF3DA peaks.

It is clear from the calculation that, after each kick, all three axes are better confined and

FF3DA increases continuously. In particular, there is an increment rather than decrement

in the z axis alignment, which leads to a much better FF3DA compared to the case in

Fig. 3.3. A 〈cos2 δ〉 value of 0.71 is achieved after the first three pulses, which is a significant

improvement over previous attempts. However, we can not directly measure 〈cos2 δ〉 in

experiment yet. The proposed pulse sequence is demonstrated experimentally by aligning

DFIB molecules, and the degree of FF3DA is estimated by the confinement of the molecular

C-I axis to the laser Z axis and the benzene plane to the laser X axis, which are measured

using VMI.
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Figure 3.4: TDSE calculations of the FF3DA from DFIB using up to four laser pulses.
Top three panels show the time evolution of the three direction cosines, bottom one shows
how 〈cos2 δ〉 evolves after each kick. Pulse intensities and durations are limited by the
experimental constraints. Calculated by Varun Makhija.

3.3 Experiment of multi-pulse FF3DA

The experiment is performed using the same setup as in Fig. 2.6 with a quarter-wave plate

placed in the beam path after the recombination of pump 2 and 3 to make both circularly

polarized. Then pump 2 and 3 recombine with pump 1 on a BS that has different transmis-

sion efficiency for, and adds different phase to the s and p polarization components, making

the circularly polarized light elliptically polarized but with major axes tilted away from Z

axis. A quartz plate is placed in the path after the recombination of all three pumps to

rotate the major axes back to the LF Z axis. Polarizations of all pump and probe pulses

are carefully characterized by measuring Stokes parameters. The target DFIB molecules are

seeded in high pressure helium gas through the supersonic gas jet and rotationally cooled
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to about 1 K. We use VMI to measure the momentum distribution of both I+ and F+ frag-

ments. The former indicates the alignment of the C-I axis and the latter the confinement

of the benzene plane.

Figure 3.5: End and side views of both iodine and fluorine ion fragments at different
moments, all images have been Gaussian smoothed and four fold symmetrized (Since the
polarization of the elliptically polarized pulses have four fold symmetry in the polarization
plane, the resulting momentum distributions have four fold symmetry.). “Isotropic” gives the
momentum distribution for both ions before any aligning pumps interact with the molecules.
“After 1 pump” shows the distributions at the peak of the FF1DA of C-I axis, which is about
3.8 ps. “After 2 pumps” and “After 3 pumps” show the distributions at the peak of the
FF3DA after two kicks and three kicks, respectively.

Images for both ions at different times are shown in Fig. 3.5. For both I+ and F+,

images collected with the C-I axis aligned perpendicular to the detector are referred to as

“end view” images, and those with the C-I axis parallel to the detector are referred to as

“side view” images. The polarization of the probe pulse is chosen to be perpendicular to

the detector plane for both I+ end and side views. For F+, the probe is perpendicular to the

detector for end views and parallel to the detector for side views. By doing so, the effect of

the probe on the measured angular distributions is minimized. Before any aligning pulses,
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both end and side views of I+ give uniform distributions, while for F+, because the probe

preferentially dissociates molecules that have the C-I axis along the probe polarization axis,

the resulting F+ distribution has a donut shape for both side and end views. The first

linearly polarized pulse aligns the C-I axis but leaves the benzene ring spinning. At the

alignment peak, the I+ side view clearly shows more counts along pump 1’s polarization

axis, and because of the alignment of the C-I axis and the distribution of the I+ in the

end view becomes tighter. For F+, because the C-I axis is fixed, more F+ will be driven

away from the center, so in the end view, the number of counts in the center of the donut

decrease significantly. Since the benzene ring is still spinning, the projection of the spinning

F+ rings produces four spots in the side view images. Pump 2 aligns both the C-I axis

and the benzene ring at the same time. The side view distribution of I+ gets stretched and

further confined to the major axis and the end view distribution becomes even tighter. The

minor axis of pump 2 starts to align the benzene ring, in the end view of F+ the distribution

starts going towards the direction of the minor axis and since the rotation of the benzene

ring is more confined now, the four spots on the side view start to merge into two spots.

After pump 3 arrives, it further increases FF3DA, especially for the F+ distribution, where

both the side and end views of F+ become more confined. We can define an angle θ2D in

the I+ side views as the angle between vector of an individual hit with respect to the image

center and laser major axes. We can define the same angle for the F+ end views as the angle

with respect to the laser minor axes. Then we can plot the evolution of the cosines of both

angles after each pump pulse, as shown in Fig. 3.6. A projected 2D value of 0.8 is reached

for the C-I axis and 0.65 for the benzene plane at the peak of the FF3DA which, to the best

of our knowledge, is the highest degree of FF3DA achieved thus far. It is also comparable

to the peak values measured in [18], where the peak alignment occurs in the presence of

the aligning laser field. Furthermore, this value can be further enhanced by adding more

elliptically polarized pulses as shown theoretically in Fig. 3.4.

Calculations also show that the pulse sequence described here, with the pulses appro-
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Figure 3.6: Top panel shows the time evolution of the 〈cos2 θ2D measured in I+ side views
for one pump, two pumps and all three pumps. Lower panel shows a similar figure measured
in F+ end views. Laser parameters are the same as in Fig. 3.4.

priately timed, is also effective for other asymmetric tops with a prolate-like polarizability,

however, the same pulse sequence is not effective for those with oblate-like polarizability.

In the latter case, changing the linear first pulse to an elliptical pulse is predicted to induce

and enhance FF3DA.

3.4 Tomographic measurement

Even though the 2D momentum distributions and their evolution with time suggest that

we have achieved remarkable FF3DA, they do not distinguish clearly between confinement

of the molecular C-I axis to XZ plane or the Z axis. It is possibe that the elliptically

polarized pulsed will confine the C-I axis to the plane of the polarization rather than to the

major axis if incorrect ellipticities (with ε2X > 2
3
) are used. In order to correctly quantify

the alignment of the C-I axis we need to reconstruct the 3D I+ momentum distribution. For

that purpose, a tomographic measurement is needed since the distribution does not have
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Figure 3.7: A simple illustration of how the filtered back-projection algorithm works.Right
side figures are adapted from www.impactscan.org/slides/eanm2002/img014.gif.

cylindrical symmetry.

To perform such a measurement, the probe polarization is chosen to be circular to mini-

mize the probe selectivity effect. Then a zero order broadband half-wave plate is placed after

the recombination of all the beams and rotated with a step size of 2 degrees between 0 and

90 degrees rotating the beam polarizations together at a pump-probe delay of 5.2 ps, where

the maximum FF3DA is achieve. Therefore, we get 90 projections of the 3D distribution

onto the detector plane with each projection containing up to 1 million ion counts. A fil-

tered back-projection algorithm [69] is then used for the reconstruction of the 3D momentum

distribution.

Fig. 3.7 shows how the algorithm works. Briefly, when the unknown 2D object gets

projected onto a line, an intensity array will be accumulated on each line. Projecting

different intensity lines back, the intersection of those lines will form the object. The figure

on the right tells us that the more projections we have, the more resolution we will have in

the reconstructed object. In our case, we have a 3D object that projects onto 2D planes,

though the procedure is the same. By running such an algorithm on the data set with the

correct ellipticity, we get the reconstructed 3D-momentum distribution for I+ in Fig. 3.8.

These plots show that the C-I axis remains well aligned with the Z axis rather than

getting redistributed to the XZ plane after the elliptical pump pulses. When combined with
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Figure 3.8: Reconstructed 3D-momentum distribution for I+ at the peak of FF1DA (left)
and FF3DA(right).

the fluorine projections in Fig. 3.5, these images show FF3DA unambiguously. We can also

calculate 〈cos2 θ〉 values from the reconstructed 3D distributions for the peak FF1DA and

FF3DA, which are 0.56 and 0.65, respectively. These two values can be directly compared

to the values indicated by the arrows in the 〈cos2 θzZ〉 plot in Fig. 3.4. The calculated

values are 0.61 and 0.7, which are higher than the measured ones. One possible reason is

that in the calculation the molecular rotational temperature is set to be 0.5 K, while in the

experiment, it is more likely to be around 1 K. Further no intensity averaging over the focal

volume is performed in the calculation.

In Chap. 2 and 3, I have described in detail the VMI technique for measuring momentum

distributions from molecular fragments. Both FF1DA and FF3DA can be measured using

this technique. However, there are several limitations, first, the fragments must dissociate

along the bond axis direction to reveal the alignment distribution, or in other words, only

those molecules obeying the axial-recoil approximation can be used as the targets for mea-

suring alignment. Second, due to the sensitivity of the detection system, the gas density

needs to be very low in the interaction region, therefore, the aligned molecules will not be
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suitable for any further experiments that require high gas density, such as high harmonic

generation. So we would like to find some ways that allow us to measure alignment from

much broader species of molecules as well as in an environment with much higher gas density,

this will be the topic of the next chapter.
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Chapter 4

Optical measurement of molecular
alignment

4.1 Introduction to different optical measurements

Generally speaking, one does not need to break the molecule in order to measure its align-

ment [70, 71]. Moreover, angular dependence of the dissociation channels of molecules,

especially for large molecules, can be quite complicated [72]. In the VMI measurement, the

momentum distribution of the fragments is convolved with the contribution from the strong

probe pulse and thus does not always represent the degree of alignment very precisely. On

the other hand, linear and non-linear optical interactions with a molecular gas are easier

to characterize and can be used as a measurement of alignment. The idea is that when

molecules are not aligned, all optical properties should be the same along all different di-

rections. When molecules are aligned, let’s say 1D aligned along the LF Z axis, optical

properties, such as refractive index and higher order non-linear optical susceptibilities, will

be different along the Z axis compared to the X or Y axis. The stronger the alignment, the

greater the difference between the optical properties of the axes will be. Measuring these

differences through optical interactions with the gas can serve as a measure of the degree of

molecular alignment.

There are two popular ways of doing optical measurements. The first measures the

induced birefringence in the gas, named Kerr-effect measurement [71]. The second measures
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Figure 4.1: Experimental setup of the Kerr-effect measurement.

alignment using the transient grating diffraction technique [70, 73]. These two methods will

be discussed in detail in this section.

The simple experimental setup for Kerr-effect measurement is shown in Fig. 4.1. The

KLS laser beam is split into pump and probe arms, and focused non-collinearly using a 2

inch lens into the target gas—air is used for the experiment. A telescope is placed in the

pump beam in order to reduce the pump beam size, thus increasing the size of its focal spot,

ensuring that the probe beam only sees molecules that are aligned. A neutral density (ND)

filter is placed in the probe beam to greatly reduce the power causing the probe beam to not

dissociate or ionize the molecules. After the focus, the probe is collimated and sent through

a polarizer after which the light intensity is measured using a photodiode. Polarization of the

pump pulse is along the LF Z axis while the probe polarization is 45 degrees with respect to

that of the pump. The optical axis of the polarizer is perpendicular to the probe. Initially,

when there is no alignment, the probe beam gets filtered by the polarizer and there is no

light on the photodiode. After the pump beam aligns the molecules in the air (mostly N2

and O2) along the Z axis, the probe beam will experience different refractive indices along

Z and its perpendicular axis—X axis. Thus, the X and Z components of the probe pulse

will have a phase difference which causes it to become elliptically polarized. Light along

the minor axis will transmit through the polarizer and fall on the detector. The better

the alignment is, the larger the ellipticity, and correspondingly the stronger the photodiode
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Figure 4.2: Revival trace in air measured by optical Kerr-effect. All the quarter, three
quarter and full revivals can be seen for both N2 and O2 molecules at the correct time. A
long delay scan up to 140 ps is shown in the inset.

signal. Fig. 4.2 shows our measured trace from air with all revivals from N2 and O2 marked.

Note that the alignment dies gradually for a delay up to 140 ps. This is because at high gas

density and high temperature, molecular collisions wash out the alignment as time evolves.

The signal is proportional to (cos2 θ − 1/3)2 [71], so it gives a positive peaks for both

alignment and anti-alignment. Due to this lack of sensitivity to direction, this type of mea-

surement is called a homodyne measurement. In practice the signal may appear heterodyned

(sensitive to direction) in the presence of a baseline offset due to light leakage through the

polarizer. As shown previously in Eq. 1.10, the phase difference between two rotational

states that coupled by the cos2 θ interaction equals 2B(2J + 3). Therefore, a Fourier trans-

form will give frequency components spaced by 4B, as plotted in Fig. 4.3. Contributions

from even and odd J states are marked by the red lines for N2 and O2 molecules, respectively.

The Kerr-effect measurement is easy to set up and interpret, however, since it is a linear

optical process, a large amount of gas density is required to give enough refractive index

anisotropy—the difference between refractive index parallel and perpendicular to the molec-
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Figure 4.3: Fourier transform of the revival trace in air. Left panel shows the spectrum as
a function of the N2 rotational frequency, components from even J states are marked as red
lines. Right panel shows the same thing for odd J states in O2.

ular axis—in order to cause change to the polarization of the probe. For a pulsed gas jet,

the number density in front of the jet is still much smaller compared to the air target used,

therefore, the depolarization of the probe is too weak to be detected (or distinguished from

the background light) by using an avalanche photodiode detector, however such experiment

was demonstrated successfully by using a photomultiplier tube [71] for a CO2 gas jet. Nev-

ertheless, when measuring alignment from non-gaseous molecules, such as iodobenzene (IB)

molecules, a small amount of liquid is placed inside the gas jet and carried out by the car-

rier gas, the resulting gas density is orders of magnitudes smaller than using pure molecular

gases. The Kerr-effect technique is clearly not very suitable for such experiments. There-

fore, a more sensitive, non-linear optical method has been explored for measuring alignment

from low number density molecules, named transient grating diffraction technique.

Fig. 4.4 shows the focusing geometry for this technique. Three laser beams with the

same wavelength at three corners of a square (BOX-CARS geometry [74]) focus into the gas

target using the same lens. Because of phase matching, a fourth beam of the same color will

exit from the forth corner at the output and this is the signal beam that is detected. Two

50



Figure 4.4: A demonstration of the phase matching in the transient grating diffraction
method. See text for details.

of the incoming beams overlap and interfere with each other and form an alignment grating

in the medium, with maximal alignment at positions of constructive interference. The third

beam is time-delayed with respect to the other two beams and refracts off this grating to

form the signal beam.

To confirm the validity of this technique at low gas density, an alignment experiment is

performed on a N2 gas jet first. Two pump beams (as labeled in Fig. 4.4) are overlapped

and used to align the molecules. Polarizations of the pumps are chosen to be orthogonal

(one along the Z axis, the other one along the X axis) to form a polarization grating

[73], because in the parallel case, in which an intensity grating is formed, ionization and

plasma formation will disturb the measured signal [73]. The probe beam is then delayed

with respect to the pumps, and the trace of the signal strength is recorded and plotted in

Fig. 4.5; note that this is also a background free and homodyne measurement. For a scan

up to about 80 ps, there is no clear decay of the alignment due to the lower gas density and

rotational temperatures being achieved from the gas jet. However, when such measurement

is applied for seeded IB, signal was detectable but no convincing revival trace was measured.

This is most likely due to the complexities of the alignment grating setup in an asymmetric

top sample, especially for the cross polarized pumps configuration. Taking these facts into

consideration, we modified the transient grating diffraction technique and came up with a

new scheme based on pump-degenerate four wave mixing (DFWM) [42], which successfully

measured 1DA from seeded IB molecules and in principle can be adapted for measuring
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3DA as well. The next section will described this in detail.

Figure 4.5: Measured revival trace in nitrogen gas jet using transient grating. One of the
probes is polarized along the Z axis, the other probe is polarized along the X axis, pump is
polarized along the Z axis and signal is measured along the X axis.

4.2 A pump-degenerate four wave mixing technique

Part of this chapter is adapted and modified from Ren et al., [42].

As shown in Fig. 4.6, we use four beams instead of three for the new scheme. The

three beams for generating transient grating diffraction signal are still positioned at the

same places on the lens, except that all three beams are now fixed in both space and time,

therefore the signal beam is present during the entire experiment. To further simplify the

setup, a metal plate with three holes at the correct phase matching position is used to

split an expanded probe beam into three, giving us a two beams setup rather than four,

simplifying the experiment. The resulting DFWM signal is proportional to the square of the

polarization of the signal’s light field (see App. B for the derivation), which can be expressed

as
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Figure 4.6: A demonstration of the pump-degenerate four wave mixing setup, see text for
details.

P
(3)
i = χ

(3)
ijklEjEkE

∗
l , (4.1)

where i, j, k, l correspond to signal and three probes respectively, χ
(3)
ijkl is the third-order

susceptibility tensor in the LF and Ei,j,k,l are the electric field of all four pulses.

An extra pump beam is introduced in this new scheme. It aligns the molecules and

causes changes to the nonlinear susceptibility in the the LF. By delaying all three probes

together, such changes can be measured, which in principle is related to the alignment of

all three axes. The LF third order susceptibility tensor can be obtained by rotating the MF

hyper-polarizability tensor γmnop into the the LF using rotational matrices. m,n, o, p cycle

through the MF x, y and z axes. See App. B for more detail.

χ
(3)
ijkl = Nε0 〈RimRjnRkoRlp〉 γmnop, (4.2)

where Rij are elements of the rotational matrix, N is the number density of the molecules,

ε0 is the vacuum permittivity and the expression is summed over repeated indices. To

get the expression for χ
(3)
ijkl and calculate the evolution of the DFWM signal, we pick out

the unique nonzero elements of the hyperpolarizability tensor in the ground vibronic state

[75], specifically, γzzzz, γxxxx and γxxzz for linear molecules; γzzzz, γxxxx, γxxzz and γxxyy

for symmetric tops; γzzzz, γxxxx, γyyyy, γxxzz, γxxyy and γyyzz for asymmetric tops. Taking

into account the molecular symmetry and the degeneracy of the frequencies in the DFWM

process, all four indices of the tensor can be permuted, adding 12 more components for
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linear molecules, 14 for symmetric tops and 15 for asymmetric tops. The values of those

unique nonzero elements are obtained from Ref. [76] for benzene and iodobenzene and Ref.

[77] for nitrogen.

For linear and symmetric tops, after interacting with the pump laser, which is linearly

polarized along Z axis, the susceptibility tensor elements do not depend on the Euler angles

χ and φ, thus we can get the analytical express for χijkl containing only the moments of

cos θ. In the experiment, the measured signal is proportional to χ2
ijkl, so, for instance, the

expression of the component χ2
ZZZZ for N2 molecule is as follows (in atomic units),

χ2
ZZZZ = (0.47411+1.24106 cos2 θ+0.67969 cos4 θ−0.17338 cos6 θ+0.00925 cos8 θ)×624187,

(4.3)

where χZZZZ is the susceptibility tensor element with all probes polarized in the LF Z

axis and the signal measured along the Z axis as well. In the experiment, the measured

signal is from a rotational wave packet evolving in time. Therefore the time dependent signal

χ2
ZZZZ(t) can be expressed by replacing cosn θ, n = 0, 2, 4, 8, with the calculated expectation

value 〈cosn θ〉 (t) averaged over alignment distribution and thermal population.

For asymmetric tops, the interaction involves Euler angle χ, therefore expression for the

χijkl is a sum of the product of 〈cosn θ〉 and 〈cosm χ〉, where m,n = 0, 2, 4, 8.

χlm = Nε0
∑
m′

Dl
m′,mγ

l
m′ , (4.4)

where χlm and γlm′ are spherical components of the susceptibility and hyperpolarizability

tensors, respectively. Dl
m′,m are the Wigner matrices. For third-rank tensors, l = 0, 1, 2, 3, 4

and m = −l,−l + 1, ..., l − 1, l. In the symmetric top basis |JKM〉, the matrix elements〈
JKM |χlm|J ′K ′M ′〉 are easy to calculate. Transforming the results back to Cartesian basis

gives the matrix elements for the required Cartesian susceptibility component in the |JKM〉

basis. As discussed in Chap. 1, TDSE calculation for asymmetric tops are also performed

in |JKM〉 basis, thus the time evolution of different susceptibility tensor elements can be
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calculated and compared to the experiment.

Figure 4.7: Experimental setup for the pump-DFWM experiment, see text for details.

The experimental setup is shown in Fig. 4.7. The KLS beam splits into pump and probe

arms, the probe beam goes through an automatic delay stage and then gets expanded using

a telescope to double the beam size. The expanded probe then reflects off a 2 inch mirror

with a 6 mm hole in the center and lands on the 2 inch metal plate, the plate picks out

3 small beams from the probe in the correct phase matching positions for DFWM which

are focused using a 35 cm lens (L1) into the chamber. The pump arm goes through the

center holes on both the 2 inch mirror and metal plate to recombine with the probes non-

collinearly. In order to increase gas density, we focus all the beams right in front of the jet.

The pump aligns the target from the jet causing changes to the susceptibility tensor of the

target, the probes are delayed to generate DFWM signal at each moment after the initial

alignment. The output is filtered using another metal plate with a hole in the position of

the signal beam to reduce any scattered light. The signal is then collimated by another lens

(L2) and focused (by L3) into an avalanche photodiode detector. A boxcar integrator is

used to collect the data, which is sent to a computer for further analysis. A 50 µm pinhole

is placed at the focus, which is also the image position of the interaction region. This allows

us to select signal generated from the most intense part of the pump beam where the highest
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degree of alignment is obtained. The detrimental effects of focal-volume averaging are, thus,

also minimized. Later on, simulations without intensity averaging are shown to agree well

with the experimental data.

In order to increase the signal to noise ratio as well as normalizing the measurement.

We add an optical chopper in the pump beam, which chops the beam at 500 Hz, since the

laser has a repetition rate of 2 kHz and the gas jet runs at 1 kHz, we have four distinct

combinations of gas and pump beams (the probe is always present): (a) Gas jet is on and

pump is not blocked. (b) Gas jet is on and pump is blocked. (c) Gas jet is off and pump

is not blocked. (d) Gas jet is off and pump is blocked. Thus, we have four different kinds

of signals in every cycle consisting of four laser pulses: (a) DFWM signal from the aligned

target gas and scattered light from both pump and probe beams, which we call signal A,

where A = (χijklEjEkE
∗
l )

2 + Spu + Spr. (b) DFWM signal from unaligned target gas and

scattered light from probe only, which we call signal B, where B = (χijkl−isoEjEkE
∗
l )

2 +Spr.

(c) Scattered light from both pump and probe, which we call signal C, where C = Spu +Spr.

(d) Scattered light from only probe beams, which we call signal D, where D = Spr. By

doing a simple algebra—(A − C)/(B − D)—we can get rid of the scattered light and get

the normalized signal Sijkl = χ2
ijkl/χ

2
ijkl−iso. In this way, the average number of molecules

in the laser focus, the volume of the focus and the intensity of the probe beams are all

factored out providing a calibrated measurement of the third-order susceptibility of the

target molecules. The data shown below were all averaged over 1000 cycles to overcome

shot-to-shot fluctuations of the laser power and the gas density fluctuations.

We start with a simple linear molecule: nitrogen. The measured trace is shown in

Fig. 4.8. We set all probe beams to be polarized along the LF Z axis and measure the Z

axis component from the signal to extract the normalized χ2
ZZZZ trace. Before the pump

laser aligns the molecule, the probes see an isotropic distribution, so the normalized signal

equals 1. Fig. B.1 in App.B shows that for N2, χ2
ZZZZ increases with the alignment, as

observed in the experiment. By performing a TDSE calculation using the experimental
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Figure 4.8: Panel (a): Pump-DFWM trace of the normalized χ2
ZZZZ component from

aligned N2 molecule. Both experiment and simulation are plotted. Panel (b): The cor-
responding 〈cos2 θ〉 trace. Both experiment and calculation use a pump laser with 60 fs
and 30 TW/cm2, a rotational temperature of 20 K gives the best agreement. No intensity
averaging is included in the calculation.

laser parameters, we can theoretically fit Eq. 4.3 to the data, with an estimated rotational

temperature of 20 K, which agrees with the experiment quite nicely. The maximum value

of 〈cos2 θ〉 occurring at the revival peak is 0.55.

The next step is to lower the gas density and try more complicated molecules. Benzene,

a symmetric top, is the second target we tried. The measured and calculated revival traces

are shown in Fig. 4.9. In experiment, a small amount of liquid benzene is placed inside the

gas jet and carried out by 70 bar of helium gas, the vapor pressure is about 360 mbar at

50 oC, which is much lower compared to 70 bar backing pressure of neat nitrogen in the

previous case. The agreement between experiment and calculation is pretty good, giving a

maximum value of about 0.6 for 〈cos2 θ〉. There are some very tiny one-third, one-fourth and

one-eighth revivals in the calculated trace, but those are too small in magnitude to be seen in

the measurement. One feature that is worth mentioning is that for all the alignment traces
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Figure 4.9: Panel (a): Pump-DFWM trace of the normalized χ2
ZZZZ component from

aligned C6H6 molecule. Both experiment and simulation are plotted. Panel (b): The cor-
responding 〈cos2 θ〉 trace. Both experiment and calculation use a pump laser with 130 fs
and 15 TW/cm2, a rotational temperature of 35 K gives the best agreement. No intensity
averaging is included in the calculation.

shown previously (except for Fig. 1.3, which is also benzene), there is a constant baseline

up shift after the initial alignment (if the initial alignment goes up). It is the incoherent

alignment, which happens when the laser populates very high J states so that 〈J2〉 � 〈M2〉

[78], therefore, the angular momentum vector of the molecules are more distributed in the

XY plane or in another word, molecular axes are more confined to Z axis even at moments

when there are no revivals. However, for benzene and any other oblate symmetric tops

with the least polarizable axis along the symmetry axis, as previously discussed in Chap. 1,

the symmetry axis is driven away from the laser polarization direction, causing 〈cos2 θ〉 to

decrease. For linear molecules incoherent alignment results in alignment of the molecular

axis with the laser polarization. However in the case of benzene, incoherent alignment leads

to planar alignment—the molecular plane is weakly confined to the plane perpendicular to

the laser polarization, which causes an upward shift (in the opposite direction of the initial
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alignment) in 〈cos2 θ〉. Since χ2
ZZZZ goes in the opposite direction to the alignment (see

App. B), we see an incoherent down shift in the χ2
ZZZZ trace.

Figure 4.10: Panel (a): Pump-DFWM trace of normalized χ2
ZZZZ component from aligned

C6H5I molecule. Both experiment and simulation are plotted. Panel (b): The corresponding
〈cos2 θ〉 trace. Experiment is performed with a 60 fs, 18 TW/cm2 pump and calculation uses
a pump laser with 60 fs and 15 TW/cm2, a rotational temperature of 8 K gives the best
agreement. No intensity averaging is included in the calculation, although the calculation is
using a slightly lower intensity to account for a little bit of intensity averaging.

Finally, iodobenzene molecules are investigated using this technique. Again it is a liquid

and seeded in high pressure helium gas through the jet. The vapor pressure is much lower

than benzene, about 18 mbar at 70 oC. Fig. 4.10 shows the measured and calculated nor-

malized signal of the ZZZZ component. 〈cos2 θ〉 is estimated to be about 0.51 at initial

alignment peak. Other than the J-type and C-type revivals that we always see in VMI ex-

periment (see Chap. 3), surprisingly, very clear K-type revivals also show up at the expected

times (see Tab. 1.1), which indicates that this measurement is sensitive to rotations about

all three axes in asymmetric top molecules and may be capable of measuring 3D alignment

as well. Note that the estimated temperature is about 8 K, which is much higher than the
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one in VMI (about 1 K). That is because these measurements are performed right in front

of the jet and we do not expect the cooling process to be complete.

4.3 A pulse shaping setup to enhance FF1DA

In the previous section, we have demonstrated that, the pump-DFWM scheme is capable of

measuring alignment from an extremely low density gas target and in principle, should be

able to measure alignment from all kinds of molecules, since all molecules have susceptibility

tensors that will change when alignment occurs. Furthermore, since we have one single

quantity, for example χ2
ZZZZ , that changes monotonically with the degree of alignment, we

could shape the aligning pulse and use an optimization algorithm to improve the alignment

level.

Figure 4.11: A pulse shaper is inserted into the pump beam in the pump-DFWM setup.

Such an optimization setup is shown in Fig. 4.11. The pulse shaper is a typical 4-f system

[79, 80]. We use cylindrical mirrors instead of spherical lenses to reduce astigmatism as well

as increasing the amount of power that can go into the system since cylindrical mirrors only
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focus in one direction. A transform limited (TL) and collimated laser pulse goes into the

system, a grating with 1200 lines/mm groove density disperses the frequencies within the

laser bandwidth. Grating 1 is set to be tilted so that the dispersed beam goes down and hits

mirror 1 (M 1), then the beam gets raised and lands on the 35 cm focal length cylindrical

mirror 1 (CM 1). By doing so, we get horizontal dispersion on CM 1. The distance from

grating 1 to CM 1 is 35 cm. CM 1 collimates the dispersed beam as well as focusing each

frequency component 35 cm away, where a spatial light modulator (SLM) is placed.

Our SLM is a dual mask 640-pixel model, allowing phase, intensity and polarization to

be shaped. The basic idea is that both masks contain an array of 640 liquid crystals with

optical axes all along 45 degree (for mask 1) and –45 degrees (for mask 2) with respect

to the LF Z axis. When a Z polarized (more efficient on the grating) pulse comes in, by

adding voltages on each of the 640 liquid crystals on both masks, the refractive index of

the crystals along their optical axes will be modified. If the voltages on both masks are

the same, laser components along +45 and −45 degrees see the same amount of refractive

index change, therefore a constant phase will be added on the frequency component within

every single liquid crystal pixel while still maintaing the polarization of the laser. If the

voltages on both masks are not the same, there will be a phase difference between the +45

and −45 degree components, polarization shaping is therefore achieved. By careful design

and calibration of the system, we can change the phase of each frequency component within

the laser bandwidth to great precision.

After the SLM, all the modified frequencies go through the reversed setup (focused

using CM 2, reflected on M 2 and combined on grating 2) and get converted back to time

domain to form the shaped laser pulse. The phase changes in the frequency domain will

result in changes of the laser pulse in the time domain. For instance, a linear phase will

result in a time shift of the output pulse, a second order phase will cause broadening of

the pulse and so on. A test of how different phases on our SLM affects the output laser

pulses is plotted in Fig. 4.12. Second harmonic (SH) traces are obtained by performing
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cross-correlation measurements of the pump pulse (shaped or unshaped) and the transform

limited (TL) probe pulse. Features corresponding to the effect of adding linear phase (time-

delayed pulse), second-order phase (pulse broadening), third-order phase (ringing structure

on one side) and fourth-order phase (side peaks) can be seen in panels (a), (b), (c) and (d)

respectively.

Figure 4.12: The cross-correlation of the output pump pulse and a transform limited probe
pulse with (a) first order, (b) second order, (c) third order, (d) forth order phases on the
our SLM. All the second harmonic signals have been normalized to their peak values.

After building a working pulse shaping setup, we attempted some optimization exper-

iments. Before jumping directly into alignment optimization, we started with optimizing

the laser pulse duration. First, the shaper was aligned so that the system had minimum

dispersion—a TL pulse (∼30 fs) goes in, a near TL pulse will come out. Then, dispersive

optics were introduced in the beam path after the shaper to stretch the output pulse. The

stretched pulse was focused together with the TL probe pulse into a BBO crystal to gen-
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erate a SH signal at the overlap. In order to shorten the pulse, we feed this SH signal into

a genetic algorithm as the fitness function. Using the phase at each pixel as the gene, an

interpolated array of 640 phases as the genome of one individual we iterate the algorithm

to try and increase the fitness. Within about 100 generations, we successfully compressed

the stretched 200 fs pulse down to about 50 fs, as shown in Fig. 4.13.

Figure 4.13: The cross correlation of laser pulses before and after the optimization are
shown.

In order to optimize alignment, we replace the fitness with the DFWM signal from a

molecular gas and try to increase or reduce it. However experiments with nitrogen and

iodobenzene proved unsuccessful. The former requires a lot of pulse energy for better align-

ment, which we are unable to supply due to the damage threshold of the SLM. The latter has

poor signal to noise ratio due to the low gas density resulting in too much signal variation

with changing number density precluding a long enough optimization run. Therefore, we

chose the asymmetric top toluene molecule as the target, which has higher vapor pressure

and is still reasonably polarizable requiring less pulse energy than nitrogen to align well.

Since the alignment trace has a huge spike at zero-delay signifying pulse overlap, the

χ2
ZZZZ component cannot be used as the fitness as it will cause the algorithm to opti-
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mize the time overlap of the pump and probe rather than alignment from the pump. In-

stead we measure the χ2
XXXX component by rotating polarizations of all beams to X axis,

since the zero-delay spike goes up while χ2
XXXX goes down at alignment peak, we use

1 − χ2
XXXX/χ

2
XXXX−iso at the alignment peak as the fitness and the results are shown in

Fig. 4.14.

Figure 4.14: Results from optimizing alignment of toluene molecules using our pulse shap-
ing setup. Top panel shows how the value of (1−χ2

XXXX/χ
2
XXXX−iso) changes as a function

of generation numbers, zeros phase values are also plotted at the same generation. Lower
panel shows both scans from the unshaped pump pulse and the pulse that gives the best fit-
ness. The unshaped pulse has a pulse duration of 60 fs and intensity of 18 TW/cm2. The
structure of the toluene molecule is shown on the right side.

We can see from the figure that within 80 generations, the best value of each generation

— the elite — shows a clear increasing trend until it reaches about a factor of 1.4 greater

than the unshaped pulse value. In each generation, a value of the unshaped pump pulse, or

the zero phase value, is also recorded, which tells us that it is actually the alignment that

is improving and this is not an effect of the number density fluctuations. We also measured

the normalized χ2
ZZZZ trace for laser pulses with both zero phase and elite phase. The
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increment of alignment level in the latter case is obvious and dramatic. The initial alignment

peak increases from 1.2 to almost 1.55. The more convincing features that indicate better

alignment are the big DC jump after initial alignment and the enhancement of the C type

revival along with a reduction in the J type revivals, which all indicate a higher population

of rotational states, therefore better alignment [81].

Figure 4.15: Cross-correlation of a TL pulse and the optimum pulse from the optimization.

The cross-correlation of the optimum pulse with a TL pulse is shown in Fig. 4.15. Even

though we can not explain it fully, it does have features that have been proven to be able

to increase alignment, such as a pulse train with a cubic like phase, whose pulse energy

gradually increases [82]. More theoretical work needs to be done to find out why this

particular pulse gives much better alignment.

As mentioned at the end of Sec. 4.1, since DFWM measures rotations about all three

axes of an asymmetric top molecule, in principle, it could be used to measure 3DA. Ideally,

we want to find a single quantity, like χZZZZ for 1DA, to represent 3DA. There are totally

four independent non-zero third-order susceptibility tensor elements that could be measured

in an experiment: χZZZZ , χXXXX , χZZXX and χXXZZ (those including the Y axis require

a cross pump probe setup which can be done but is cumbersome). Can we somehow find
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3DA information in one of those components? Or is it hidden in combinations of those

components? Those are questions that require further investigation and the answers might

be able to link the proposed metric for 3DA (see Chap. 3) to an observable that can be

measured in experiment.

So far, all that has been discussed is how to induce and measure FF1DA and FF3DA,

which merely serves as a tool for many other experiments. The next few chapters will demon-

strate some of the applications of aligned molecular distributions emphasizing experiments

on high harmonic generation with aligned molecules carried out in our lab.
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Chapter 5

High Harmonic Generation from
aligned molecules

5.1 Introduction to high harmonic generation

High harmonic generation (HHG) [11, 12], the process of generating new frequencies that

are high order integer multiples of the driving laser frequency, has been studied extensively

over the past two decades since the development of high intensity femtosecond lasers. It

is often referred to as a table top soft X ray source. As a result of the extremely broad

spectrum, it also initiated the whole field of attosecond laser science [83–86].

Figure 5.1: Three step model for HHG, adapted from [87].

The generation of high order harmonics can be explained by the well known semi-classical

three-step model [11, 12] as illustrated in Fig. 5.1. When an intense laser interacts with an

atomic or molecular target, beyond a certain intensity limit in the so called tunneling regime,
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the Coulomb potential of the atomic or molecular ions will bend causing the outermost

electron to tunnel out through the barrier. In the second step, the ionized electron is

accelerated by the electric field. As the electric field reverses direction, the electron will

move back towards the parent ion. In the third step, the returning electron recombines

with the parent ion releasing the energy gained in the laser field as Extreme Ultraviolet

(EUV/XUV) photons, referred to as harmonics.

There are several properties of HHG:

1. Harmonics are emitted every half cycle of the laser field. A Fourier transformation

of such a pulse sequence to the frequency domain gives harmonic orders that are spaced by

2ω0, where ω0 is the fundamental frequency of the driving field. Thus, starting from the

fundamental, there are only odd order harmonics. However, if we overlap the fundamental

with its second harmonic field, for example by using a phase synchronized 800 nm+400 nm

two-color field, we can break the symmetry of the electric field and generate harmonics once

every cycle, thus even order harmonics are obtained [88–90]. Another way of obtaining

even order harmonics is to break symmetry of the molecular target, this has also been

demonstrated recently by generating harmonics from oriented carbon monoxide molecules

[28].

2. For harmonics in the perturbative regime, for instance, third order, fifth order and

so on, the intensity of those harmonics will reduce dramatically with increasing harmonic

order. However, in the non-perturbative regime or higher order harmonics, surprisingly a

plateau region is formed with the harmonic intensity staying flat for many orders. The

region following the plateau where the harmonics die away quickly is called the cutoff. The

maximum photon energy that can be generated is calculated from the cutoff law [11],

Ec = Ip + 3.2Up = Ip + 3.2
e2E2

0

4meω2
0

, (5.1)

where Ip is the ionization potential from a certain orbital. Up is the ponderomotive energy,

which is the average kinetic energy that an electron can gain in the laser field.
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3. Depending on the initial phase of the electric field at which the electrons are tunneled

out, different electrons with different propagation times in the laser field can recombine

with the parent ion with the same energy. Electrons which recombine earlier travel short

trajectories, and those that recombine later travel long trajectories. In general, harmonics

from those two quantum paths interfere and this interference has been studied [91–94].

Geometrically, short trajectory harmonics are more collimated than long trajectory ones.

4. HHG is a macroscopic process, each atom or molecule in the laser interaction region

will emit XUV photons with different phases, when the fields add up constructively, the

harmonics are phase matched. Phase matching is a very complicated and sensitive process.

Laser focusing condition, laser beam profile (Gaussian, Bessel, truncated or others), gas

density and gas profile will all affect phase matching [95–97].

5. Harmonic generation provides a train of attosecond pulses [98]. Fervent research in

the past few years has been focused on generating isolated attosecond pulses in order to drive

the ultrafast science into a regime where electron dynamics can be directly probed. Various

techniques have been developed, such as harmonic generation from phase stabilized, few

cycle laser pulses with the polarization gating technique [99], in which two opposite handed

circularly polarized pulses are partially time overlapped so that harmonics are generated at

the overlap region. By adding a weak two color field, the so called double optical gating

technique, can be used with multi-cycle driving pulses [100, 101].

6. Harmonic intensities are strongly dependent on the driving field wavelength λ. It

has been established that harmonic intensities scale as λ−5 ∼ λ−6 [102–106], therefore, as

the wavelength decreases, harmonics will get much more intense. This is useful to obtain

more pulse energy for the attosecond bursts. However, as we can see in Eq. 5.1, the cutoff

energy will be greatly reduced with the use of short wavelength lasers. In order to generate

high cutoff or high energy photons, we actually need to use a long wavelength laser. So far,

photon energy beyond 500 eV has been achieved using near-infrared 800 nm source on a

helium target [107]. By going into the 1.5 µm ∼ 3 µm regime, multi-keV photons can be
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obtained from helium [108].

Soon after the three-step model was proposed, a quantum mechanical treatment was

used to simulate the HHG process [109]—the Lewenstein model or, more commonly, the

strong field approximation (SFA). This model neglects the interaction of the electrons in

the continuum with the parent ion and agrees well with experiments for near cutoff har-

monics but not for lower plateau harmonics [110]. A quantitative rescattering (QRS) theory

developed by Chii-Dong Lin’s group [111] expresses the harmonic dipole as a product of

a returning electron wave packet and the photorecombination cross section (PRCS) of the

laser-free continuum electron coupling back to the initial ground state. Since photorecom-

bination is the time-reversed process of the photoionization under field-free conditions, we

can use the photoionization cross section (PICS) instead of PRCS in the model.

In the case of a fixed-in-space molecule, under the assumption of QRS, we can write

down the expression for the energy and angle dependent induced dipole moment as follows

[112]

D(ω, θ) =
√
N(θ)W (ω)d(ω, θ). (5.2)

where θ is the angle between the laser polarization axis and molecular axis, N(θ) is the

molecular frame tunneling ionization rate, W (ω) is the returning electron wave packet and

d(ω, θ) is the photorecombination transition dipole. Both N(θ) and W (ω) can be calculated

using molecular SFA [113, 114] while d(ω, θ) is independent of laser conditions and can be

calculated using a state of the art molecular photoionization code [115, 116]. Depending

on whether the parallel component D‖(ω, θ) or perpendicular component D⊥(ω, θ) (with

respect to the driving field polarization direction) is calculated, d‖(ω, θ) and d⊥(ω, θ) should

be used correspondingly. So far, this theory is able to reproduce numerous measured features

of HHG including intensity, phase and polarization [111, 117, 118].

Apart from the development of theory, the experimental side has been divided mostly

into two parts. One focuses on developing new sources, either shorter or more intense
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attosecond pulses or XUV photons with very high photon energies. This part of the research

is focused on the study of HHG from noble gas molecules. The other part focuses on

studying properties of the target such as molecular electronic orbital structure and dynamics

using HHG, especially in aligned molecules. The underlying mechanism is that HHG from

molecules strongly depends on the electron density distributions, which in the LF depend

on how the molecules are oriented. Furthermore, the radiation of different harmonic orders

happens when electrons spend various amounts of time in the laser field before recombining

to the parent ion, thus the change in geometry of the parent ion, if there is any, will be

encoded in different harmonic orders. To date, multi-orbital structures of various molecules

have been successfully measured or retrieved [31, 32, 119, 120] along with a few experiments

that probe molecular dynamics [37, 121]. Since QRS suggests that the recombination step is

simply related to PICS, using HHG to extract PICS has recently become a very interesting

topic in the field [122–124].

The amount of information that can be extracted from HHG measurements and its

quality depends strongly on the degree of alignment that can be achieved. In most previous

work, the degree of alignment — 〈cos2 θ〉 — obtained with single non-ionizing laser pulses

ranges from 0.5 to 0.65 for molecules like N2, O2 and CO2 [32, 119, 120]. Information of

the highest occupied molecular orbital (HOMO) or even lower ones has been successfully

measured or retrieved with these degrees of alignment. However, sharp features in the PICS

such as shape resonances and Cooper-like minima often tend to be washed out. Fig. 5.2

shows the calculated parallel component of PICS from the N2 HOMO. The strong peak

around 30 eV is a shape resonance, which is due to a resonant transition from ground 3σg

state to continuum kσu states. The dip around 55 eV corresponds to a Cooper minimum,

resulting from the fact that the wave-function of a continuum electron can be written as

a coherent superposition of partial waves, among which the p (l=1) and f (l=3) partial

waves interfere destructively [124]. It is clear that both features are very narrow in angle,

especially the Cooper minimum. So far, no direct observations have been reported although
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some of the features can be obtained indirectly after some theoretical analysis [124, 125]. In

order to directly observe those features, we use two laser pulses to improve the alignment of

N2 molecules (see Chap. 1 for more detail). Details of the experiment and the results will

be discussed in the following sections.

Figure 5.2: Calculated angle and energy dependent photoionization cross section and phase
from N2 HOMO, only parallel component is shown, adapted from [126].

5.2 Experiment and calibration of HHG spectrometer

The experimental setup is shown in Fig. 5.3. The experiment is performed right in front

of the gas jet—the same position as in the DFWM experiment, where gas density is high.

Pulses from KLS are again split into pump and probe arms. The probe arm goes through the

motorized 2 ns delay stage, reflects off a half inch mirror in the center of a 2 inch aluminum

block and focuses into the dense gas target through a 35 cm lens to generate harmonics.

The generated harmonics travel into another chamber, passing through a 1 mm slit — which

is used to filter most of the IR light — and then diffracted off a grazing incidence flat-field

grating to form a HHG spectrum, which is then detected using a microchannel plate with

a phosphor screen and a 14-bit CMOS camera. A typical HHG spectrum for N2 is shown
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Figure 5.3: Experimental setup for HHG experiment, see text for details.

in Fig. 5.4. Since the harmonics in the top panel of the figure are spatially collimated,

we identify them as short trajectory harmonics. Those in the bottom panel spread in the

vertical direction and therefore result from long trajectories. In the experiment, we move

the focus of the probe with respect to the position of the gas jet in order to pick out

harmonic spectra that are dominated by either short or long trajectories [127]. We use long

trajectories or a mixture of both in order to have a higher cutoff. In the spectrum there

sub-peaks around the lower order harmonics. These are from second order diffraction off

the grating and we discover that they can actually be used to calibrate our spectrometer.

Details will be discussed in the following section.

The pump arm goes through a telescope and gets shrunk to half of the original beam size,

in this way, the focal spot will be bigger than the probe focus, ensuring that the harmonics

are only generated from aligned molecules. The pump beam, then, gets split again using

another broadband beam splitter. The reflected beam goes though a manual delay stage

and is recombined non-colinearly with the transmitted one; both beams then go through the

two side holes on the 2 inch aluminum plate and recombine with the probe non-colinearly.

The pumps are focused using the same 35 cm lens to align the molecules. One of the pumps

is delayed by about 4 ps to kick the nitrogen molecules again at the half revival due to the
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Figure 5.4: HHG spectrum measured from N2 molecules. Top graph shows the short tra-
jectory and the lower one shows the long trajectory. X axis corresponds to photon energies
and the Y axis shows the divergence of the harmonics.

previous pump in order to enhance the alignment. The harmonics are then recorded at each

pump probe delay to form a revival trace, an example of such trace is shown in Fig. 5.5.

In Fig. 5.5, the dips around 0 and 4 ps are due to the saturation of ionization, therefore,

depletion of HHG, at the pump probe overlap. Fractional revivals at 1/2, 1/4 and 1/8 of

the rotational period are clearly seen after the second pump, indicate very good alignment

and confirm the sensitivity of HHG to higher order moments [41]. Due to the symmetry of

the molecular orbital, Ramakrishana et al. [128] suggest that for the N2 HOMO, which is a

σg orbital, the parallel HHG component can be written as

S‖(t) =
[∑

n

an
〈
cos2n θ

〉
(t)
]2

, (5.3)

where an are the coefficients of different orders and n = 1, 2, 3.... The series is dominated

by the lowest order term: 〈cos4 θ〉, which is averaged over the alignment distribution and

initial thermal populations. The trace of 〈cos4 θ〉 is calculated and shown in Fig. 5.5 using

experimental conditions. We can see that its structure agrees with the experiment quite
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Figure 5.5: Black line: Measured yield of harmonic 19 from aligned N2 as a function of
pump probe delay, the dips around 0 and 4 ps indicate the time when the two pumps overlap
with the probe. HHG yield has been rescaled and is in arbitrary units. Red line: calculated
〈cos4 θ〉 trace using the laser parameters listed in the figure.

well. Note that even small features such as the 1/8th fractional revivals occurring at 1.5 and

3.0 ps, are reproduced by the calculation. From the calculation a maximum 〈cos2 θ〉 value

of about 0.81 is achieved at around 12.5 ps. On the other hand, for an orbital of different

symmetry, for instance, πg HOMO orbital of O2, HHG will be dominated by the lowest

order of the following series,

S‖(t) =

[〈
sin2 θ

∑
n

bn cos2n θ

〉
(t)

]2

. (5.4)

In order to obtain the energy axis of Fig. 5.4, we need to calibrate our HHG spectrometer.

A traditional way is to use the grating equation: d(sin θi + sin θm) = mλ, where d is the

grating groove density, θi is the incident angle, θm is the diffraction angle of harmonic order

m, λ is the fundamental wavelength. By calculating the displacement between harmonic

order m and m−1 on the detector and comparing it with the displacement of neighboring

harmonics in experiment, we can identify the harmonic orders and therefore, calibrate the

energy axis. However, this is very sensitive to the incident angle and the distance between
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the grating and detector; for example, a shift in the incident angle by less than 5 degrees

will shift the spectrum by one harmonic order. In order to get more precise calibration,

we follow Farrell’s report [129], in which plasma emission lines are used to identify each

harmonic.

Figure 5.6: Top panel: plasma emission lines for calibrating our spectrometer, both neon
and helium gases are used. Bottom panel: calibrated harmonic spectrum from Neon.

We add a quarter wave plate in the probe beam to make it circularly polarized in order

to get rid of the harmonics and leave only the plasma lines. For circularly polarized light or

light with large enough ellipticities, the electric field will drive the electrons away, causing

them to miss the parent ion. Both plasma emission lines from neon and helium gas are

measured and plotted in Fig. 5.6. The peaks are identified by searching through the atomic

spectra from the NIST atomic spectra database [130]. The calibrated energy axis is then
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used to plot the harmonic spectrum from neon. Each harmonic is identified starting from

harmonic 9.

Sometimes, identifying the emission energies for different species can be a little bit tricky,

because there are so many different emission energies from differently charged ions that are

quite close to each other. However, we also discover a more precise way to calibrate our

spectrometer by comparing the revival structures measured from the second order diffraction

to the corresponding first order in a nitrogen HHG spectrum. A demonstration is shown

in Fig. 5.7. We choose the peak to the left of the harmonic centered around the 600th

spectrometer pixel as our second order diffraction to study. By using either of the previous

methods, the harmonic orders can be roughly determined within an error of one or two

harmonics, so depending on whether the harmonic at pixel 600 is the 13th or the 15th, this

second order will be associated with either the 25th or 29th harmonic under the corresponding

energy calibration. The notation i?j in Fig. 5.7 indicates ambiguity in the order of the

labeled harmonic. For example, the harmonic at pixel 600 is labeled 13?15 as the previously

described calibration methods identify it as either the 13th or the 15th harmonic. We plot

the revival structures of the three labeled harmonics together in the bottom panel of Fig. 5.7.

By comparing the structures of the 1/8 and 1/4 revivals near 5 and 6 ps respectively,

we can see that the structure of the second order match better with the structure from

harmonic 25?27. For example, there is a revival at around 5 ps and a dip at the positive

peak around 6 ps for harmonic 27?29, but not in the other two. Therefore, we conclude that

the second order originates from harmonic 25?27, which means that the harmonic at pixel

600 is the 13th harmonic.

Identifying this harmonic is very important, because there are some disagreements be-

tween two papers, one by McFarland et al. [120], the other one by Soifer et al. [131]. Both

papers see strange behavior in the second harmonic (centered at pixel No. 400 in our spec-

trum) on their measured spectrum and we observe this as well. Briefly, for that particular

harmonic, at high intensity direction of all the revivals are reversed compared to the other
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Figure 5.7: Top panel: In this particular nitrogen spectrum, the second order to the left of
the harmonic at pixel 600 is selected to compare with its corresponding first order, either the
25th or the 29th. Bottom panel: Revival structures of all three, only revivals after the second
kick are shown.

plateau harmonics. As we reduce the intensity, the structure changes and finally becomes

the same as the other plateau harmonics, see Fig. 5.8. Mcfarland treats it as harmonic 13

while Soifer claims it is harmonic 11. The explanation in Soifer’s paper for the abnormal

behavior is that harmonic 11 is very close to the N2 ionization potential: 15.7 eV, and

by changing the laser intensity, it can be shifted to below or above the ionization thresh-

old. However, if this harmonic is the 13th, it will be about 5 eV above the threshold, and

a reduced laser intensity will not be able to shift it below the threshold. Based on our

calibration, the strange harmonic is the 11th, in agreement with Soifer’s result.

The reason we can do this calibration is because H25 and H27 have distinguishable
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Figure 5.8: The abnormal behavior of harmonic 11 in N2. The revival structures after the
second kick are shown for different probe intensities, at the highest intensity, the structures
are reversed comparing to other harmonics, as shown in Fig. 5.7. As we go to lower probe
intensities, the structure gradually reverses.

revival structures. In fact, the differences are not only in these two harmonics, they are

visible across the whole spectrum and in nearly every harmonic. These differences will be

discussed in detail in the next section.

5.3 HHG from well aligned nitrogen molecules

Fig. 5.9 shows our experimental revival scans from aligned N2 for several different harmonics

orders. The time axis starts at 3.5 ps, slightly before the second pump pulse which is at

3.94 ps. This timing is chosen such that the harmonic yield (proportional to molecular

alignment degree) is maximized after the second pump.

It can be clearly seen that the revival structures are different for all the harmonics.
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Figure 5.9: Delay scans after the second pump. Black line shows the experimental revivals
normalized to the isotropic spectrum. Blue lines show the QRS calculations and red lines
show theoretical fits to the data. A 〈cos4 θ〉 trace is also shown on the top. The right small
sections are zoomed in the 1/8th revivals. First pump is 80 fs, 48 TW/cm2, second pump is
80 fs, 56 TW/cm2 and the separation between the pumps is 3.94 ps. Probe is measured to
be 30 fs, 200 TW/cm2. Molecular rotational temperature is estimated to be about 30 K.

In particular, with increasing harmonic order, the structure of the half revival (near 8 ps)

becomes sharper, the 1/4th (near 6 ps), 3/4th (near 10 ps) and full (near 12 ps) revivals begin

to split near the alignment peak, and the direction of the 1/8th revivals reverses gradually.

All those features indicate a strong departure from the 〈cos4 θ〉 trace, which is also plotted

in Fig. 5.9 under the same laser conditions. It is clear that for higher order harmonics, at

such a high degree of alignment, high order terms in Eq. 5.3 can not be neglected.
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In order to reproduce the revival structures of higher order harmonics as well as to

estimate the degree of alignment more precisely (which is previously estimated by comparing

the 〈cos4 θ〉 trace to the experiment), we perform theoretical fittings to all the delay scans.

Instead of fitting an expansion using Eq. 5.3 [41], we fit our delay scans to an expansion of

a series of Legendre polynomials [119], which in the case of linear molecules are equivalent

to the Wigner D-functions with m=0. Because the laser focuses are moved away from the

center of the jet in order to achieve good phase matching for the long trajectories [127],

which makes it harder for measuring experimental laser focusing conditions. Therefore, we

fit the laser parameters and molecular temperature as well to obtain the correct rotational

wave packet. We start with fitting only H19. The harmonic intensity can be written in the

form

I(ω, t) =
[∑

j

aj
〈
Dj

00(θ)
〉

(t)
]2

, (5.5)

where ω is the harmonic energy, Dj
00 are Wigner D-functions with j = 0, 2, 4, 6 and aj

are real coefficients. While fitting, molecular rotational temperature T , pump laser peak

intensities I1 and I2, pulse durations τ1 and τ2 and the separation tsep are all set to be

variable within a certain window. For each combination of (T, I1, I2, τ1, τ2, tsep), we solve the

TDSE in the rigid rotor approximation and get the rotational wave packet. A Levenberg-

Marquardt algorithm [132] is then used to fit the experimental H19 revivals and find one

set of aj coefficients. We loop through all different combinations of temperature and laser

parameters to find an optimum solution, as plotted in Fig. 5.9 for H19. Therefore, we get

the optimum rotational wave packet, which is then used to fit all the other harmonics. All

of them fit well as shown in Fig. 5.9, the coefficients obtained from fitting all harmonics are

listed in App. C. From this procedure, we get 〈cos2 θ〉 ≈ 0.82 at the full revival after the

second kick. Such a high degree of alignment is, to the best of our knowledge, the highest

achieved for HHG experiments.

Note that we use real coefficients for the fitting, but the harmonic field is a complex field
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with both amplitude and phase, and one should use complex coefficients in order to take

into account of the phase [41]. However, mathematically it is not possible to retrieve phase

from a 1D intensity scan, because there are infinite combinations of phase and amplitude

that will give the same intensity. Nevertheless, Vozzi et al. [33] suggested that such a phase

retrieval can actually work if one can fit all harmonics simultaneously and somehow link the

phase for each harmonic, but this method is still under debate. In order to get the correct

amplitude and phase, an additional measurement of the harmonic phase is required [32, 133].

However, we will show that, by fitting using real numbers, or in another words, assuming the

phase is independent of angle, the retrieved harmonic angular distributions and PICS are

actually not very much different from the theory, which suggests two possible explanations,

first, the harmonics we detect at each delay are mainly coming from those molecules within

a narrow ranges of angles; second, the phase of harmonics is weakly dependent on angle.

Since calculation shows that the phase of the PICS is very angle dependent [126], that leaves

the former explanation.

We also perform calculations using QRS theory and compare them with the measured

delay scans. Good agreement is found between theory and measurement, as shown in

Fig. 5.9. Therefore, we attribute the differences in all harmonics to the rich features in

PICS of N2 HOMO (see Fig. 5.2), which is included in the QRS theory. Overall most of

the structures are reproduced, including the direction change in 1/8th revivals. However,

the greatest disagreement is in H19 (∼ 30 eV) and H31 (∼ 50 eV), which are right at the

center of the shape resonance and Cooper minimum respectively. QRS predicts a much

higher value at the alignment peak — almost double — for the shape resonance (the QRS

calculation for H19 has been scaled by a factor of 0.5 in Fig. 5.9 for display purposes) and a

lower value for the Cooper minimum. Our explanation is that QRS uses a single molecule

while experimentally HHG is a macroscopic process, and each molecule will emit harmonics

with a phase. At the shape resonance and Cooper minimum position, those phases will

not add up perfectly constructively, which washes out both features to some extent. A
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macroscopic propagation calculation is needed in order to reproduce the experiment more

precisely.

5.4 Extracting Photoionization Cross Section from N2

To see a more direct picture of the effect from PICS, we perform an angle scan at the full

revival after the second pump at the alignment peak by rotating both pumps with respect

to the probe using a half wave plate and measure the HHG spectrum at each angle. Scan

from 0 to 360 degrees with a step size of 4 degrees is shown in Fig. 5.10,

Figure 5.10: Panel (a): angle scans at alignment peak for different harmonics as a function
of photon energy and pump probe angle α, signal has been normalized to isotropic spectrum.
Panel (b): orbital structures of both HOMO and HOMO–1 of N2, adapted from [120]. Panel
(c) shows the definition of several angles.

It is clear that for plateau harmonics, the angle scans generally follow the structure of

the HOMO. A very pronounced peak shows up around 30 eV, corresponding to the shape

resonance in the PICS. For harmonics after about 50 eV, the angle scans no longer follow

the structure of the HOMO. Specifically, dips start to show up at zero degree, which is a
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direct expression of the Cooper minimum in the PICS. Note that, this is not coming from

HOMO–1 as we do not observe any peaks at 90 degrees [120]. A QRS calculation with

the alignment distribution is plotted in panel (b) of Fig. 5.11 to compare both features to

experiment; the two show good agreement. This is the first time that both features can be

directly seen in the HHG experiment, which is a result of the high degree of alignment in

our experiment.

There are a few angles that need to be clarified. We use angle α as the angle between

the pump and probe polarizations. For a certain degree of alignment, molecules will have

a distribution inside the cone around the pump polarization, and we use angles θ and φ (φ

not shown) as the polar and azimuthal angles of the alignment distribution with respect

to the pump polarization. θ′ and φ′ represent the polar and azimuthal angles of a single

molecule with respect to probe polarization. QRS suggests that at angle α, the induced

dipole moment can be modified from Eq. 5.2 and written as [111]

D(ω, α) =

∫ 2π

0

∫ π

0

ρ(θ′, φ′)
√
N(θ′)W (ω)d(ω, θ′) sin θ′dθ′dφ′, (5.6)

where θ′ and φ′ are functions of (θ, φ, α) and ρ(θ′, φ′) is the alignment angular distribution

about the probe polarization. Since harmonics are emitted in both directions parallel and

perpendicular to the driving field [134], we can calculate the molecular frame induce dipole

D(ω, θ′) =
√
D2
‖(ω, θ

′) + cos2 φ′D2
⊥(ω, θ′). In our case, the alignment distribution is so

narrow that we can treat φ′ ≈ 0, therefore, there is no φ dependence and we can write the

MF dipole as an expansion of
∑

j bjD
j
00(θ′), where bj are the coefficients of different orders

of Wigner D-functions Dj
00.

We get the alignment angular distribution ρ(θ, φ) at the alignment peak—the same peak

that is used for experimental angle scans—using the same laser parameters that we get from

fitting the delay scans. In order to get ρ(θ′, φ′), we rotate ρ(θ, φ) using a rotational matrix

R(α). The rotation is done on each |lm〉 state
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R(α) |lm〉 =
∑
m′

Dl
m′m(α) |lm′〉, (5.7)

where Dl
m′m are the Wigner D-functions. The alignment angular distribution ρ(θ, φ) can be

expressed as

ρ(θ, φ) = C∗l′m′Clm 〈l′m′|lm〉 , (5.8)

where Clm are coefficients of each |lm〉 state. Expectation values of
〈
Dj

00(θ′)
〉

are then

calculated in the (θ′, φ′) coordinates and those are fitted to the measured angle scans at

each photon energy. The fitted angle scans are plotted in panel (c) of Fig. 5.11, it is almost

identical to the measured one (panel (a) of Fig. 5.11), the coefficients obtained from the

fittings are listed in App. C.

Note that, we also use real coefficients bj as we did for delay scan fittings. In this

case, since the degree of alignment is so high, we make the approximation that within the

alignment distribution, dipole phase from each molecule changes slowly [124], therefore, we

assume again an angle independent phase for fitting.

In both delay and angle fittings, we fit to delay and angle scans that are normalized to

the isotropic spectrum, therefore, the returning electron wave packet W (ω) can be canceled

out. By further deconvolving the alignment distribution, the extracted signal SExt can be

expressed as

SExt(ω, θ
′) =

N(θ′)d2(ω, θ′)

A(ω)
, (5.9)

where A(ω) is an energy dependent factor from normalizing to the isotropic harmonic spec-

trum. The extracted harmonic yield SExt(ω, θ
′) are plotted in Fig. 5.11 from both fitting

methods. In order to extract the PICS d2(ω, θ′), we need to factor out the angle dependent

tunneling ionization rate N(θ′), however, because we have an energy dependent constant,

A(ω), we can only determine PICS for each harmonic order separately.
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Figure 5.11: Panel (a): Measured angle and energy dependent harmonic yield (2D projec-
tion of panel (a) from Fig. 5.10). Panel (b): QRS calculation using the alignment distribu-
tion getting from fitting delay scans. Panel (c): Fitted angle scans for each harmonic order.
Panel (d): Extracted molecular frame harmonic yield from fitting angle scans. Panel (e):
Extracted molecular frame harmonic yield from fitting delay scans. Only data between 0 and
90 degrees are shown for all the figures.

The experiment for measuring the angle dependent tunneling ionization rate is performed

using the same setup as in Fig. 5.3, except that all the beams are now focused into the VMI

spectrometer. Probe focusing conditions are kept as close as possible to the conditions in

the HHG experiment. Meanwhile pumps fluence are reduced a little bit in order to provide

similar degree of alignment in the VMI interaction region where the molecular rotational

temperature is expected to be lower. To ensure that the process is in the tunneling regime, we
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examine the Keldysh parameter [135]—γ =
√

Ip
2Up

—for our system. With a probe (centered

at 800 nm) intensity of 200 TW/cm2, for N2, whose ionization potential is 15.6 eV, γ equals

0.8. The criteria for justifying if a process is in the tunneling regime is by comparing γ to one,

with γ � 1 and � 1 corresponding to tunneling ionization and multi-photon ionization,

respectively. We follow the literatures [35, 136, 137] and treat the value of 0.8 as in the

tunneling regime.

The tunneling ionization rate of N2 is measured by operating the VMI in the time of

flight (TOF) mode, in which ion fragments with different mass to charge ratio will hit the

MCP detector at different time. A voltage gate is then applied on the MCP detector with

the trigger and gate time set so that only signal from N+
2 is recorded by a boxcar integrator.

The integrated ion yield of N+
2 at each pump-probe delay is recorded to extract the angle

dependent tunneling ionization rate.

In order to reduce the noise in the measurement and to normalize the ionization rate to

its isotropic value, an optical chopper is introduced in the pump arm. Similar to scenario

in the pump-DFWM measurement discussed in Chap. 4, we also have four different kinds

of signals for every four laser shots. These are: (a) Jet and background gas N+
2 signal from

both the pump and probe pulses, referred to as A. (b) Background gas N+
2 signal from

both the pump and probe pulses, referred to as B. (c) Jet and background gas N+
2 signal

from just the probe pulse, referred to as C. (d) Background gas N+
2 signal from just the

probe pulse, referred to as D. By factoring out the background and normalizing the signal

to the isotropic, we can get the normalized ion yield trace as a function of the pump probe

delay–Sion = A−B
C−D . Such measurements are shown in Fig. 5.12, with alignment from pump 1,

pump 2 and both pumps are recorded separately.

To extract the angle dependent tunneling ionization rate, we follow the procedures as

discussed previously and fit the measured delay scans to an expansion of Wigner D-functions

with m = 0. Different from the HHG case, for ionization, we do not need to worry about

the phase, and the ionization yield can be written as [119]:
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Figure 5.12: Left panel: measured delay scans and fittings for the (a) pump 1 (b) pump 2
(c) both pumps. Right panel: Extracted Molecular Frame tunneling ionization rates from
those fittings.

Sion(t) =
∑
j

aj
〈
Dj

00

〉
(t), (5.10)

where aj are real coefficients with j = 0, 2, 4, 6, 8.... During the fitting, the Levenberg-

Marquardt algorithm searches for the optimum combination of (T, τ1, I1, τ2, I2, tsep) to give

the minimum least squares between experiment and calculation, where τ1, I1, τ2, I2 corre-

spond to pulse durations and intensities of pump 1 and pump 2, tsep is the time separation

between the two. As shown in Fig. 5.12, all revival scans are less structured compared to

the HHG delay scans (Fig. 5.9), therefore, higher orders of
〈
Dj

00

〉
are not necessary for this

fitting. This is examined by checking the error bars on the retrieved coefficients within

certain confidence level. For example, in the two pumps case, where the degree of align-

ment is estimated to be about 0.86 for 〈cos2 θ〉 at the full revival peak after the second

pump—if we fit up to 〈D6
00〉 (t), the coefficients turn out to be a0 = 1.0093 ± 0.0012, a2 =

0.4119 ± 0.0056, a4 = 0.0038 ± 0.0113, a6 = 0.0007 ± 0.0141 with a 80% confidence level.

The confidence intervals for a4 and a6 are consistent with zero values for these coefficients.
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Different pumps T τ1 I1 τ2 I2 tsep a0 a2 a4
〈
cos2 θ

〉
Weak pump 10 50 40 � � � 1.0111±0.0008 0.4589±0.0028 0.0003±0.0099 0.65
Strong pump 10 � � 50 60 � 1.0176±0.0011 0.4159±0.0046 0.0121±0.0105 0.75
Both pumps 10 60 40 60 64 3.84 1.0093±0.0012 0.412±0.0055 -0.0035±0.009 0.86

Table 5.1: List of retrieved rotational temperatures, laser parameters and coefficients of
D0

00, D2
00 and D4

00 for three different aligning pump pulses. T is in units of Kelvin, τ and I
are in units of fs and TW/cm2 respectively and tsep is in units of ps.

Moreover, the presence of the 〈D6
00〉 (t) term also does not effect the retrieved angular dis-

tribution very much since the overall contribution is negligibly small. Therefore, we decide

to fit only up to the 〈D4
00〉 (t) term. The fitted delay scans for all three cases are shown in

Fig. 5.12 and the retrieved laser parameters and coefficients are shown in table 5.1 along

with the best degree of alignment in each case.

We can see that the extracted laser parameters in the case of both pumps deviate some-

what from those extracted with each pump alone, which may be due to small changes in

the experimental conditions, such as laser power fluctuating or a drift of the spatial overlap

of the pump and probe. But the overall agreement between the experimental delay scans

and the calculated ones is quite good. The angle dependent MF tunneling ionization rate

S(θ) can then be obtained by replacing Dj
00 coefficients with the corresponding Legendre

polynomials Pj(cos θ). In this case, S(θ) = a0P0(cos θ) + a2P2(cos θ) + a4P4(cos θ). Those

are also shown in Fig. 5.12. S(θ) from all three cases look almost identical, which proves

that our extraction is consistent and reliable.

Thus, this angle dependent ionization rate is then used for extracting the angle dependent

PICS from the HHG measurements. The result from fitting harmonic angle scans is shown

in the middle panel of Fig. 5.13. We compare it with the calculated PICS, which is similar

to the one in Fig. 5.2, except that now both parallel and perpendicular components are

included. Very good overall agreement is seen between the two. We also plot the extracted

PICS from fitting harmonic delay scans. Surprisingly, even though the angle independent

phase approximation is not quite applicable in this case, the agreement with calculation

is still quite good. Again, the possible explanation is that in delay scans, the dominant
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contribution for each harmonic still comes from a narrow range of angles.

Figure 5.13: Top panel: Theoretical molecular-frame PICS of the HOMO (The PICS which
are responsible for both parallel and perpendicular components of HHG are included). Middle
and bottom panels: PICS retrieved from the experimental angle and delay scans, respectively.
All results are normalized to peak value for each harmonic order individually.

Even though the extracted ionization rate gives a PICS that is very similar to the one

theory predicts, we still want to comment more how reliable the extract ionization rate

is. Different from tunneling ionization rate from atoms, which have been well studied and

found to be in good agreement with existing tunneling ionization theories [138, 139], such as

the strong field approximation (SFA) [140] and the Ammosov-Delone-Krainov (ADK) [138]

theory, the study of tunneling ionization from molecules have been struggled a lot for the past

decade. To date, many measurements still show significant deviation from existing molecular

tunneling theories, such as molecular-SFA (MO-SFA) [113, 114] and molecular-ADK (MO-

ADK) theory [141]. For example, in the case of aligned molecules, the molecular frame

angle dependent tunneling ionization from aligned CO2 was extracted from experiment [35]
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and showed very sharp peak at 45 degrees with respect to the molecular axis, which can not

be reproduced by current tunnel ionization theories. Similar experiments were performed

on aligned carbonyl sulphide molecules [137], in which an ionization peak was observed at

0 degree while MO-ADK predicted a dip. Moreover, the ratios of the ionization rate along

molecular axis versus its perpendicular axis that has also been reported are very different

and show strong departure from the theory. For instance, for the N2 molecule, a ratio of 3.3

was reported by Pavičić et al. [35] while 4.5 was reported by Litvinyuk et al. [136], however,

SFA predicts 5 and MO-ADK predicts 10. In our case, the ratio is even lower—about 1.8.

One possible reason might be the participation of lower orbitals, such as HOMO–1, which

will peak at 90 degrees with respect to the molecular axis, thus reduce the ratio. Another

possibility is that we may be underestimating the intensity of the ionizing pulse; the ratio is

expected to decrease with increasing intensity [35, 137]. While both experiment and theory

in this field need further improvement in order to solve this problem, our extracted angle

dependent ionization rate serves as part of debates.

In conclusion, we show that HHG can be utilized as a viable tool for photoionization

measurements if the molecules are well aligned. A high degree of alignment is essential

to extract narrow angular features. In particular, such inversion can be done without any

prior knowledge of the electronic structure of the molecular and thus has the potential to

reveal new molecular frame features. Furthermore, the fact that delay scans can also be

used to extract PICS suggests that this method can be extended to asymmetric tops, for

which angle scan measurement about the angle χ (the angle that a molecule rotates about

its own axis) is not accessible even if the molecules are 3D aligned. Yet, by fitting delay

scans for different harmonic orders from such molecules, it should be possible to extract

the fully differential PICS with dependence on both angle θ and χ. Such experiments and

analysis are in progress.
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Chapter 6

Alignment-assisted orientation of
molecules

6.1 Introduction to molecular orientation

Different from molecular alignment, where the head and tail of heteronuclear molecules are

not distinguished, molecular orientation further confines this freedom. This is useful in the

sense that for heteronuclear molecules, any measured information on the aligned samples

will be averaged over the two opposite orientations, a real molecular frame measurement

can not be achieved without orienting the molecules.

It is generally accepted that producing molecular orientation is much more challenging

than producing molecular alignment. The conventional ways of inducing molecular orienta-

tion are to use hexapole focusing [21, 142, 143] or brute force [22, 144] methods. Briefly a

hexapole works as a state selector. Due to the first order stark effect when the field from the

hexapole interacts with the molecule, any rotational states with quantum number M < 0

(linear molecule) or K ×M < 0 (symmetric top) will be pulled into the center and focused

some distance away. A single |JKM〉 state can then be selected and oriented by adding

another DC electric field. This method is able to generate the strongest possible degree of

orientation compared to other methods. However, it only works for linear and symmetric

tops and not for asymmetric tops. Furthermore, the complicated experimental design and

the extremely low gas density that remains limit the practical application of this method.
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Brute force orientation is simple experimentally. Two charged plates with very high DC

electric field will orient polar molecules via the permanent dipole interaction. However,

the degree of orientation that can be achieved is rather poor and the required DC field is

extremely high.

Laser induced molecular orientation was first developed by combining an adiabatic non-

resonant laser field with a moderately strong electrostatic field. Molecules can be aligned

by the laser pulse and then oriented by the electrostatic field through interaction with

the molecule’s permanent dipole moment [23, 145]. Experimentally, both linear [146] and

asymmetric top [147] molecules have been oriented using this method and the degree of

orientation can be enhanced by increasing the laser intensity or static field strength, or by

lowering molecules’ rotational temperature. Even though this method gives strong orienta-

tion, it fails to produce orientation under field free conditions which will affect many further

experiments. A small change to this scheme is able to provide field free orientation. For

example, the combination of an electrostatic field with a slow-turn-on and rapid-turn-off

laser pulse [148], or with an intense ultrashort non-resonant laser field [149]. However, the

electrostatic field is still always present, which may affect experiments involving low energy

electrons and so on. Therefore, an all optical field free orientation technique is desired.

To serve this purpose, two techniques have been proposed. One uses few cycle terahertz

pulses [24, 150, 151], the other uses dual color pulses [25, 152]. The fundamental idea in both

cases is the same—producing an asymmetric driving field. The former uses few or single

cycle terahertz pulses to reduce cycle averaging on the permanent dipole interaction. An

experiment has been reported on orienting room temperature OCS molecules with few cycle

THz pulses, which gives only weak orientation [151]. No experiments have been performed on

rotationally cooled molecules yet. The dual pulse technique consists of a phase synchronized

fundamental and its second harmonic field. Two scenarios are involved when the field

interacts with the molecules—when the field intensity is high, it selectively ionizes molecules

with their axes pointing along one direction versus the other, therefore, it depletes one
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orientation and leaves an oriented ensemble [28, 153]. However, because of the strong

two-color field, molecules are very likely to be excited to higher vibrational or electronic

states which will complicate the interpretation of further experiments. On the other hand,

when the two-color field intensity is relatively low, it interacts with the molecular hyper-

polarizability tensor and causes molecules to orient. Due to the fact that molecules with high

ionization potentials normally have weak hyper-polarizabilities, the orientation degree in this

case tends to be low [153]. Since the first experimental demonstration of this technique [26],

many groups proposed various methods of trying to increase the orientation such as using

two time separated two-color pulses [154], or a combination of time separated single and

two-color pulses [155]. The former provides control of the rotational wavepacket and gives

an increment of less than a factor of 2. The latter has been proved to be very effective on

both low [156] and high [157] temperature molecules. An increment of more than a factor

of 3 is simulated when the single-color field is appropriately delayed with respect to the

two-color field.

In this chapter, I will describe the first experimental demonstration of this technique.

An increment from 〈cos θ〉=0.055 to 0.13 is achieved from rotationally cooled CO molecules

by adding the single-color field, where θ is the angle between the laser polarization axis and

molecular axis.

6.2 Orienting molecules using two-color laser field

Before examining the case of combined single and two-color laser pulses, we orient gaseous

CO molecules with just a two-color beam. For our laser with a center wavelength of about

800 nm, that is a combination of 800 nm and 400 nm pulses.

The electric field of such a two-color pulse can be expressed as E(t) = εω(t)eiωt +

ε2ω(t)ei2ωt+ϕ, where εω and ε2ω are amplitudes of the the fundamental (800 nm) and its

second harmonic (400 nm), and ϕ is the relative phase between the two. When the field

interacts with the molecule via its hyper-polarizability, the interaction Hamiltonian can be
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written as

H = BĴ2 − µE(t) cos θ − 1

2
[(α‖ − α⊥) cos2 θ + α⊥]E(t)2

− 1

6
[(β‖ − 3β⊥) cos3 θ + 3β⊥ cos θ]E(t)3, (6.1)

where B is the rotational constant of the molecule, Ĵ is the angular momentum opera-

tor, α‖ (β‖) and α⊥ (β⊥) are parallel and perpendicular components of the polarizability

(hyper-polarizability). Under slowly varying envelope approximation, the Hamiltonian can

be further cycle averaged over the electric field which gives,

H̄ = BĴ2 − 1

4
[(α‖ − α⊥) cos2 θ + α⊥][ε2

ω(t) + ε2
2ω(t)]

− 1

8
[(β‖ − 3β⊥) cos3 θ + 3β⊥ cos θ]ε2

ω(t)ε2ω(t) cosϕ. (6.2)

By solving the TDSE for a rigid rotor [1], we can get both alignment and orientation

revival traces, which can be quantified by 〈cos2 θ〉 and 〈cos θ〉, respectively, as mentioned in

the previous chapters.

The experimental setup is shown in Fig. 6.1. We split the output from KLS into pump

and probe arms using a broadband 80/20 beam spliter, 20% goes to probe arm and focuses

into the VMI spectrometer using a 25 cm focusing mirror. 80% goes to the pump arm in

which a telescope is used to shrink the pump beam size by a factor of 2 in order to increase

the efficiency of second harmonic generation as well as reducing the pump intensity at the

focus so that it does not ionize the molecule, this is confirmed by examining the time of flight

spectrum of the pump in which no ion fragments are observed. The pump beam is split

again by a 70/30 beam spliter. 70% goes through a 200 µm BBO crystal to generate the

second harmonic. Three 600 µm calcite plates and a pair of wedges are used to overlap the

fundamental and the second harmonic. One of the calcite plates is mounted on an automatic

rotational stage to control the relative phase ϕ. The two-color beam then recombines with
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Figure 6.1: Experimental setup for orienting CO molecules using two-color laser pulse.
The inset shows how a typical momentum distribution for C2+ and the region in between the
two red circles is the channel we gate on. θ2D is also marked.

the single-color beam and the probe beam non-colinearly and all are focused together by the

same focusing mirror. Our target CO molecules are produced by the 1 kHz supersonic Even-

Lavie valve with a 500 psi mixture of 20% CO and 80% helium as the backing gas, which will

be shown to cool the rotational temperature of CO down to 3 K. In the interaction region,

which is about 50 cm away from the jet, the pumps align and orient the CO molecules, the

probe Coulomb explodes the molecules and the momentum distribution of the fragments are

recorded shot by shot by a microchannel plate, a fast phosphor screen and a 1 kHz CMOS

camera at every pump-probe delay. In this section, we will investigate orientation from just

the two-color beam, the single-color beam—referred to as the infrared (IR) beam—will be

blocked.

In order to synchronize blue (second harmonic) and red (IR), the asymmetry of the

electron spectrum of CO is measured [158]. When blue and red are overlapped, the total

electric field becomes asymmetric. Depending on the relative phase between the two, the

electric field will be stronger in the positive Z direction (ϕ = 0) or the negative Z direction
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(ϕ = π), therefore, the electron spectrum will be up-down asymmetric when the two-

color pulse is polarized parallel to the detector plane. The asymmetry parameter γ can

be calculated using (Nup −Ndown)/(Nup +Ndown), where Nup and Ndown are the number of

electrons above and below the center of the electron distribution. The overlap of the blue

and red is found by rotating the calcite in the rotational mount. By changing the angle of

the calcite, the optical path length will change therefore, blue and red will have different

phase shifts. By recording γ for each angle position, the maximum and minimum γ can be

found which correspond to ϕ = 0 and ϕ = π.

For both phases we record momentum distribution images from the C2+ fragment at

each pump-probe delay. 〈cos θ2D〉 and 〈cos2 θ2D〉 traces are then measured by gating on the

channel with the highest kinetic energy, as marked by the region in between the two circles

in the inset of Fig. 6.1. Again, θ2D is the angle between the probe polarization direction

and the vector of individual ion hit on the 2D image with respect to the image center. The

traces are shown in scatter plots in Fig. 6.2.

An orientation level of 〈cos θ2D〉 ≈ 0.08 is achieved at about 3.8 ps near half of the

rotational period. There are two important features that need to be clarified in this data

set. First, the peak of the orientation near the full revival (∼8.2 ps) is a little bit before the

peak of the anti-alignment (∼8.4 ps). This indicates that the orientation is coming from

the hyper-polarizability interaction rather than ionization depletion [153]. In the case of

ionization depletion, the peak of orientation should match with the peak of the alignment.

Second, we see both alignment at quarter revivals and orientation at half revivals. Both

levels are actually comparable to the ones at the full revival, which is not the case in S. De’s

report [26], where no alignment is seen at quarter revivals and no orientation at half revivals.

The explanation is that in their case, the rotational temperature of CO is estimated to be

about 60 K and at this temperature the populations in the even and odd J states are equal.

〈cos2 θ〉 and 〈cos θ〉 values from even and odd initial J states have a π phase difference at

quarter and half revivals correspondingly, resulting in a cancelation of the alignment and
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Figure 6.2: Experimental measurements and calculations of 〈cos θ2D〉 and 〈cos2 θ2D〉 with
just the two-color pulse. The experimental momentum distribution images at each delay have
been background subtracted and gaussian smoothed. For the calculations, 2D projection of
the calculated 3D angular distribution are convolved with the measured probe selectivity. The
pump pulses duration are about 70 fs for both IR and blue, the total intensity is estimated
to be around 52 TW/cm2 with a blue to IR intensity ratio of 2.

orientation. However, if the temperature is very low, the initial population of J states is

significantly smaller, and populations in even and odd J states will not match, resulting in

the occurrence of alignment at quarter revivals and orientation at half revivals (see Fig. 6.5).

Furthermore, calculations show that only when the rotational temperature is below 5 K, half

revivals give comparable orientation to full revivals. In our case, we estimate a rotational

temperature of 3 K to get the best agreement between calculation and experiment.

In order to compare experiment with calculation, two factors are taken into account.

First, in the experiment, we measure 〈cos θ2D〉 while theoretically we calculate 〈cos θ〉 from a

3D distribution. To calculate the 2D value, we solve the TDSE to get the angular probability

distribution ρ as a function of Euler angles θ and φ at each time delay. Note that there is no φ

dependence because the interaction with the driving field is cylindrically symmetric. The 2D

projections of these 3D distributions — ρ2D — are then calculated to give the corresponding
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〈cos θ2D〉 values. The axial recoil approximation is assumed in order to compare with the

measurement. Second, pump and probe are both polarized parallel to the detector plane.

Even without the pump beam, because the probe beam preferentially dissociates molecules

that are pointing along its polarization direction, we measure a 〈cos2 θ2D〉 value much higher

than the isotropic value, which is 0.5. To take this probe selectivity into account, we measure

a probe only image with high statistics and invert it using an iterative procedure [53]. The

same kinetic energy channel is then gated on the inverted image to calculate the probe

selectivity S as a function of angle θ for that particular channel. This selectivity is then

convolved with the calculated 3D angular distribution and the final 〈cosn θ2D〉 (n=1,2) values

are then calculated on the 2D projections using the following equation,

〈cosn θ2D〉 =

∫ 2π

0

∫ π

0

[
2 cos θ√

cos2 θ + sin2 θ cos2 φ

]n
ρ(θ, φ) · S(θ) sin2 θdθdφ. (6.3)

The calculated traces are plotted using solid lines in Fig. 6.2 for both ϕ = 0 and π.

The structures of both alignment and orientation traces show good agreement between

calculation and measurement, except for a peak around 5.7 ps that shows up in calculation

but not in experiment.

6.3 Enhanced molecular orientation using a combina-

tion of IR and two color-laser field

The next step is to position the IR pump before the two-color pump. The optimum sepa-

ration between the two pumps has been estimated as around 1/4 or 3/4 of the rotational

period [156, 157]. However, this number is very sensitive to rotational temperature and laser

parameters. Especially for a kick at the 1/4 revival, the optimum separation varies from

1/5 of the rotational period at 3 K to 1/4 at 30 K. However, for a kick at the 3/4 revival,

the optimal timing does not change much with temperature and covers a broader range (see

Fig. 6.6). Therefore, experimentally, we choose a separation of about 6.4 ps. Alignment

and orientation traces are recorded and shown in scatter plots of Fig. 6.3 for both ϕ = 0
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and π along with the calculation of both 〈cos2 θ2D〉 and 〈cos θ2D〉 with probe selectivity. A

measured orientation level of 〈cos θ2D〉 ≈ 0.25 is achieved at 11.1 ps with respect to the IR

pump. The overall agreement is good except for features near 9.5 ps, 13.2 ps and 17.1 ps

that show up in the calculated 〈cos θ2D〉 but not in the experiment.

Figure 6.3: 〈cos θ2D〉 and 〈cos2 θ2D〉 with both IR and the two-color pulses. The same image
processing is performed as the two-color only case. Two-color pulse parameters are the same,
the IR pulse is 85 fs and 40 TW/cm2.

The momentum distribution images at the peak orientation with no pumps, the two-color

pump only and both pumps are also acquired with high statistics and inverted; center slices

are shown in Fig. 6.4. A substantial increment of asymmetry can be seen from the images,

indicating an enhancement of the orientation. The measured 〈cos θ〉 values from those

images are 0, 0.064 and 0.194 correspondingly. Compared to the previous experimentally

measured value [26], of about 0.06 obtained from an inverted image, we measure a much

higher orientation level. The calculated angular distributions at these three moments are

also plotted in Fig. 6.4, this increment in orientation as well as in alignment can clearly be

seen.

The 〈cos2 θ〉 and 〈cos θ〉 traces without probe selectivity are plotted in Fig. 6.5 for our
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Figure 6.4: Up panel shows the momentum distribution with (a) no orientation, (b) peak
orientation with the two-color only pump and (c) peak orientation with both pumps respec-
tively. Images (d), (e) and (f) in the lower panel show the calculated angular distribution in
the corresponding cases. All experimental images are inverted from background subtracted
and smoothed raw images. Images are shown in logarithmic scale. All calculated angular
distributions are normalized to their peak values.

experimental conditions. According to the calculation, we have achieved an orientation level

of about 0.055 for the two-color only and enhanced to 0.13 by adding the aligning pulse.

Note that both 2D projection and probe selectivity will cause the measured orientation level

to be much higher than the actual level. For the Abel inverted images, probe selectivity

still plays a role, thus the measured orientation is still higher than the actual one.

In order to understand the mechanism of this technique, we also plot the calculated

orientation traces for even and odd J states separately for both two-color only and with the

extra aligning pulse. As shown in panel (b) of Fig. 6.5, with only the two-color beam, even

and odd J states alone give strong orientation at the half revival (≈ 4 ps) but they are out
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of phase, resulting in weak orientation or even no orientation when the temperature is about

2 K higher. At the full revival, even though even and odd J states are in phase, they both

give very weak orientation, therefore, the sum of the two is still weak. However, if one can

manipulate even and odd J states so that the stronger orientation peaks match up in phase

or even eliminate the orientation from one parity of states, it will result in much stronger

orientation. This was proved to be feasible by Kevin F. Lee et al. [159], who showed that the

rotational wave packets in gas-phase molecules can be controlled by modifying the phase of

the wave packet components using a laser pulse that kicks at a fractional revival. Therefore,

the extra IR pulse is introduced in our setup, which initiates a rotational wave packet.

The following two-color pulse modulates the rotational wave packet from even and odd J

states differently, allowing control of the time when orientation appears and its strength.

At the optimum separation, as shown in panel (d) of Fig. 6.5, the orientation from even

J states gets enhanced, while the overall modulation in the orientation from odd J states

becomes much smaller, therefore, the resulting orientation trace follows the even J states

and produces much stronger orientation at the half revival after a single two-color pulse.

We also calculated the population of rotational J states for each thermally populated

initial state for a single IR pump, a two-color pump and both pumps for our experimental

conditions as shown in Fig. 6.5. In the IR only plot, since there are only cos2 θ terms in the

interaction potential, the population of higher J states from each initial state follows the

selection rule of ∆J = 0,±2, resulting in alignment. When the two-color only pulse interacts

with the molecule, cos θ and cos3 θ terms allow extra transitions for ∆J = ±1,±3, which

result in orientation. We can see that with just the two-color pulse, a few odd states are

populated for the initial J = 0 state. An even smaller number of even states are populated

for initial J = 1 state, which indicates that initial even states will give a better degree of

orientation than the initial odd states which agrees with the 〈cos θ〉 traces in panel (b) of

Fig. 6.5. When we use both pumps, odd states populated from the initial J = 0 state are

greatly enhanced while even states populated from the initial J = 1 state are suppressed
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Figure 6.5: Upper graph: Calculation of alignment and orientation traces for only the two
color pump (Panel (a) and (b)) and both pumps (panel (c) and (d)). The time evolution of
orientation from even and odd J states are also plotted separately. Lower graph: calculated
population of rotational J states for each thermally populated initial state for the case of
using just the IR pump (panel (e)), two-color only pump (panel (f)) and both pumps (panel
(g)). The populations are in logarithmic scales.

indicating that orientation from even initial states is enhanced while orientation from odd

initial states is suppressed as seen in panel (d) of Fig. 6.5.

We further investigate the possibility of increasing the degree of orientation that we

have achieved. The effect of blue to IR ratio, total two-color intensity, molecular rotational

temperature and pumps separation are all explored and plotted in Fig. 6.6. The upper panel

shows the calculated maximum 〈cos θ〉 values with different combinations of blue-IR ratio
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and pumps separation. All the other parameters are the same as in the experiment. As

we can see, we are clearly using too much blue in the experiment, reducing the ratio from

2 to 0.5 while keeping intensity constant will increase the orientation degree from 0.13 to

about 0.16. The middle panel fixes all the other experimental conditions except for the total

two-color intensity and the pumps separation. A blue-IR ratio of 0.5 is used. We can see

that, as we increase the total two-color intensity, the orientation increases up to above 0.25

at the highest intensity of 70 TW/cm2. Furthermore, if we can stretch the pulse duration

and increase the energy in the two-color beam while still maintaining negligible levels of

ionization, the orientation level can be made even higher [156]. However, practically, it is

not trivial to stretch the pulse durations while still maintaining a reasonable blue to IR ratio

in the two-color beam. The good orientation degree we get is also a result of the extremely

low rotational temperature of our jet. In most cases, this is very hard to achieve. For

example, for experiments like high harmonic generation from oriented molecules [28], which

require a much higher gas density, measurements are normally performed right in front of

the jet, where the molecules are not fully cooled down. The rotational temperature in this

case is closer to 30 K as shown in the DFWM experiment [42]. To test the effectiveness of

this technique at this temperature, a similar calculation is also shown in the bottom panel

of Fig. 6.6, which shows that a reasonable degree of orientation is also achievable at slightly

higher temperatures.

In conclusion, we successfully demonstrate the alignment-assisted field free orientation

technique in experiment for the first time. By using rotationally cold CO molecules, an

increment of orientation by more than a factor of two compared to a single two-color pulse

is achieved. The effectiveness of this technique depends strongly on the molecular rotational

temperature, pump laser parameters and pumps separation. Without knowing all these pa-

rameters, especially the temperature, experimentally a searching and optimizing algorithm

is well suited for finding the optimum combination to give the best orientation. To perform

such an experiment, the pump separation can be set near the 1/4 or 3/4 revivals, and the
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Figure 6.6: Top panel: Calculated maximum 〈cos θ〉 for pump separations from 0.5 ps to
8.6 ps and blue-IR ratio from 0.2 to 3 with a step size of 0.2 at 3 K and a fixed intensity.
Middle panel: Calculated maximum 〈cos θ〉 with a blue-IR ratio of 0.5 at 3 K. The two-color
intensity is varied from 30 TW/cm2 to 70 TW/cm2 with a step size of 4 TW/cm2 and the
pump seperation is vaired as in the top panel. Bottom panel: the same calculation as the
middle panel except for a rotational temperature of 30 K.
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two-color pulse can be shaped. Due to the fact that SHG outputs blue pulses polarized

perpendicular to the input, both S and P polarization shaping will be required. For exam-

ple, one can generate two independently controlled orthogonally polarized pulses from the

shaper and use them for SHG. After carefully filtering out one polarization after SHG, time

overlapped IR and blue pulses with the same polarization can be obtained with the phase

and intensity ratio of the two can be controlled to great precision by the shaper. However,

the amount of laser power that can be obtained after the shaper without damaging the

spatial light modulator can limit the orientation degree that can be achieved.
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Chapter 7

Summary

In this thesis, I described some of our successful and complete experiments and computa-

tions, those are listed as following:

First, a single metric for characterizing 3DA is proposed by Makhija et al. [Phys. Rev.

A 85,033425 (2012)]. This is important for identifying when 3DA is induced in molecules,

especially in the theory. This is also useful for future exploration of 3DA optimization. Based

on this quantity, our scheme for improving FF3DA is stimulated, explored and demonstrated

experimentally. A VMI, implemented single shot at 1 kHz, is used for measuring the best

FF3DA achieved so far using our multi-pulse scheme. This is a big step forward because

with enough pulse energy, FF3DA degree close to that of adiabatic 3DA degree can be

achieved for future experiments.

Second, a pure optical method to measure alignment is developed independent of the

axial recoil approximation as is required for VMI measurements. The third order non-

linear effect provides a strong background free signal, makes it useful to measure alignment

from low density complex asymmetric tops without damaging the molecules. The theory

is developed to reproduce the measured alignment trace. This method is also fast, making

it suitable for feedback optimization experiments. It is sensitive to rotations about all

molecular axis, indicating its potential for measuring 3DA. 1DA from iodobenzene molecules

is successfully measured and shows K-type revivals that have not been previously measured

from an aligned rotational wavepacket.

107



Third, high order harmonic generation experiments have been performed on nitrogen

molecules with the highest degree of alignment so far. Many features are observed directly

for the first time from nitrogen molecules, including high order fractional revivals, drastic

changes in revival structures as a function of harmonic order, a shape resonance and cooper

minimum in the PICS of the nitrogen HOMO. By deconvolving the alignment distribution,

angle dependent PICS from the HOMO orbital can be extracted.

Fourth, the scheme for increasing field-free molecular orientation is demonstrated exper-

imentally for the first time. By using an aligning pulse before the orienting two-color pulse,

almost a factor of three higher orientation is achieved for rotationally cold CO molecules.

Good agreement between measurement and theory is achieved by calculating 2D alignment

distribution and convolving it with the measured probe selectivity.

In the thesis, there are also works that raise questions or require further investigations,

those are listed in the following paragraphs:

First, the proposed single measure for 3DA cos2 δ is mostly useful for theoretical investi-

gation. Can it be linked with experimental observables, or in another words, can we measure

cos2 δ in experiment directly? If we can find single or even multiple quantities proportional

to cos2 δ, experimental optimization of 3DA will be more feasible.

Second, the laser pulse separations and the ellipticities of the pulse sequence used for

our FF3DA experiment are mostly obtained by trial and error. Is there an optimal pulse

sequence that will give the best FF3DA and can we actually solve the problem to get the

optimal pulse sequence? These merit further theoretical investigation.

Third, for the optical experiment, what will the measured trace look like if a 3DA sample

is introduced? Can it actually measure all A, K, J and C-type revivals? Can it be linked

to cos2 δ in some way? The optimization experiment with toluene successfully enhanced the

C-type and suppressed the J-type revival, which means alignment is better, but how good

is the alignment? Is the output pulse optimum? If an optimization is performed in theory,

does it give the same kind of output pulse? These are not easy questions to answer, but
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will be quite valuable if solved.

Fourth, in the harmonic generation experiment, we assumed that the harmonic phase to

be flat for fitting both delay and angle scans. This assumption is reasonable for angle scans,

but not very suitable for fitting delay scans. We know from theory that recombination phase

from HOMO PICS are very structured, for example, it has phase jump at both the shape

resonance and Cooper minimum. However a flat phase still gives about the correct amplitude

after fitting. Does that mean in the process the phase accumulated in the propagation step

dominates over the recombination phase? What will propagation in the gas medium do

to the final harmonic phase? Can we actually retrieve the recombination phase from the

measured harmonic intensities? A direct measurement of the phase might be able to answer

those questions. This can be achieved using interference from two different gas targets[160]

and interference from the same gas target but two different harmonic sources, one aligned

and one not [32].

Fifth, in the tunneling ionization experiment, why is the probe effect so large in our case?

Is there actually a HOMO–1 contribution? How will it differ if we measure electrons directly?

Many questions can be asked in this experiment and agreement between experiment and

theory is still very poor.

Based on those contributions to the strong field physics, exciting future projects can be

conceptualized:

First, harmonic generation from asymmetric top molecules with good FF3DA. By com-

bining our multi-pulse FF3DA technique with harmonic generation we can measure and

track structure or dynamics in more complex molecules. The low ionization potential of

most asymmetric tops will preclude the generation of a large spectrum of high order har-

monics using a 800 nm laser pulse, thus requiring longer wavelength laser pulses.

Second, the imaging of a single molecule using the electron diffraction technique on a

field-free 3D aligned sample. An experiment has already been demonstrated of imaging a

single CF3I molecule with 1DA [29]. The bond lengths and bond angles can be retrieved,
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however, the position of three F atoms cannot be determined due to their spinning around

the C-I axis. In the case of an asymmetric top molecule, using our technique, this kind of

spinning can be ceased to allow full reconstruction of the molecular structure.

Third, harmonic generation from strongly oriented molecules. By using the alignment

assisted orientation technique, with enough laser pulse energy, even at high temperature,

good orientation can be achieved. Harmonic generation from such molecules will provide

even order harmonics, give more energy resolutions, and more features in the molecular

PICS may be obtained.
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[35] Domagoj Pavičić, Kevin F. Lee, D. M. Rayner, P. B. Corkum, and D. M. Villeneuve.

Direct measurement of the angular dependence of ionization for n2, o2, and co2 in

intense laser fields. Physical Review Letters, 98:243001, 2007.

[36] Cosmin I Blaga, Junliang Xu, Anthony D DiChiara, Emily Sistrunk, Kaikai Zhang,

Pierre Agostini, Terry A Miller, Louis F DiMauro, and CD Lin. Imaging ultrafast

molecular dynamics with laser-induced electron diffraction. Nature, 483(7388):194–

197, 2012.

[37] S. Baker, J. S. Robinson, C. A. Haworth, H. Teng, R. A. Smith, C. C. Chirila, M. Lein,

J. W. G. Tisch, and J. P. Marangos. Probing Proton Dynamics in Molecules on an

Attosecond Time Scale. Science, 312(5772):424–427, 2006.

[38] Richard N. Zare. Angular Momentum: Understanding Spatial Aspects in Chemistry

and Physics. Wiley-Interscience, 1988.

[39] John Charles Butcher. The numerical analysis of ordinary differential equations:

Runge-Kutta and general linear methods. Wiley-Interscience, 1987.

[40] Robynne M. Lock. High Harmonic Generation from Rotationally Excited Molecules.

PhD thesis, University of Colorado, 2005.

[41] R. M. Lock, S. Ramakrishna, X. Zhou, H. C. Kapteyn, M. M. Murnane, and T. Sei-

115



deman. Extracting continuum electron dynamics from high harmonic emission from

molecules. Physical Review Letters, 108:133901, 2012.

[42] Xiaoming Ren, Varun Makhija, and Vinod Kumarappan. Measurement of field-free

alignment of jet-cooled molecules by nonresonant femtosecond degenerate four-wave

mixing. Physical Review A, 85:033405, 2012.

[43] Peter M. Felker. Rotational coherence spectroscopy: studies of the geometries of

large gas-phase species by picosecond time-domain methods. The Journal of Physical

Chemistry, 96(20):7844–7857, 1992.

[44] U. Even, J. Jortner, D. Noy, N. Lavie, and C. Cossart-Magos. Cooling of large

molecules below 1 K and He clusters formation. Journal of Chemical Physics, 112

(18):8068–8071, 2000.

[45] Lotte Holmegaard, Jens H. Nielsen, Iftach Nevo, Henrik Stapelfeldt, Frank Filsinger,

Jochen Kupper, and Gerard Meijer. Laser-Induced Alignment and Orientation of

Quantum-State-Selected Large Molecules. Physical Review Letters, 102(2):023001–4,

2009.

[46] M. Leibscher, I. Sh. Averbukh, and H. Rabitz. Molecular alignment by trains of short

laser pulses. Physical Review Letters, 90:213001, 2003.

[47] Christer Z. Bisgaard, Mikael D. Poulsen, Emmanuel Péronne, Simon S. Viftrup, and
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Appendix A

List of rotational constants,
polarizabilities, spin statistics and
hyperpolarizabilities for different
molecules.

For 〈cos2 θ〉, 〈cos θ〉 and
〈
Dj

00

〉
calculations, rotational constants, polarizabilities and spin

statistics for different molecules used in this thesis are listed in Tab. A.1 [111, 161] and

Tab. A.2 [76, 162, 163]:

Molecule B α‖ α⊥ Spineven Spinodd

N2 1.99824 15 9.8 2/3 1/3

O2 1.43768 14.41 7.32 0 1

CO2 0.39021 27.25 13.1 1 0

N2O 0.41901 23.693 11.921 1/2 1/2

CO 1.93128 15.53 11.82 1/2 1/2

Table A.1: List of rotational constants, polarizabilities and spin statistics for different lin-
ear molecules. Rotational constants are in units of cm−1, polarizabilities are in atomic units.
In addition, the perpendicular and parallel components of the first order hyper-polarizability
of CO are β‖=29.9 and β⊥=7.9 in atomic units.

For χijkl calculations, second order hyper-polarizabilities for different molecules used in

this thesis are listed in Tab. A.3 [76, 77, 162]:
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Molecule A B C αxx αyy αzz Spineven Spinodd

C6H6 0.1896 0.1896 0.0948 12.45 12.46 6.55 1/2 1/2

C6H5I 0.189 0.025 0.022 15.3 10.2 21.5 5/8 3/8

Table A.2: List of rotational constants, polarizabilities and spin statistics for symmetric
top and asymmetric top molecules. Rotational constants are in units of cm−1, polarizabilities
are in atomic units. A, B and C correspond to the fastest axis, intermediate axis and the
slowest axis, x, y and z are the corresponding polarizabilities.

Molecule γxxxx γyyyy γzzzz γxxzz γxxyy γyyzz
N2 544 544 1180 300 544 300

C6H6 1.71 1.71 0.39 0.4 0.51 0.4

C6H5I 9.775 17.303 33.076 5.011 3.981 3.599

Table A.3: List of hyper-polarizabilities for different molecules, values for N2 are in atomic
units and the other two are in units of 10−36 esu.
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Appendix B

Derivation of the expression of the
third order susceptibility tensor
element χZZZZ for nitrogen and
benzene.

In DFWM process, the electric field of the three input probe beams can be expressed as:

Ei(r, t) = Ai(r) exp[i(ki · r−ωt)], where i=1,2,3, and r = X, Y, Z. Ai(r) is the amplitude of

the field, ki is the wave vector and ω is the frequency of the pulse, in a fully degenerated case,

all the probes have the same frequency, so we can get the nonlinear third order polarization

as following:

P
(3)
i = 6χ

(3)
ijkl(−ω;ω, ω,−ω)EjEkE

∗
l . (B.1)

The wave equation for the signal beam is (Eq. (2.1.23) from Boyd Nonlinear Optics

[164]):

52 E4(r) +
ω2ε(1)(ω)

c2
E4(r) = − ω2

ε0c2
P

(3)
4 (r), (B.2)

where ε(1)(ω) is the dielectric tensor and c is the speed of light. For the ZZZZ component,

where all probes are polarized in Z axis, from Eq. B.1 and B.2, we can get,
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[
d2A4

dz2
+ 2ik4

dA4

dz
− k2

4A4 +
ω2ε(1)(ω)

c2
E4] exp(ik4z)

= −6ω2

ε0c2
χ

(3)
ZZZZA1A2A

∗
3 exp[i(k1 + k2 − k3)z]. (B.3)

Notice that k2
4 = ω2ε(1)(ω)

c2
, and k1 + k2 − k3 − k4 = 0 (phase matching condition), use

slowly varying amplitude approximation, we have:

dA4

dz
=
i3χ

(3)
ZZZZω

2

k4ε0c2
A1A2A

∗
3. (B.4)

Assuming no depletion of the three probes and use boundary condition A4(0) = 0, do

the integration, we get,

A4 =
i3Lχ

(3)
ZZZZω

2

k4ε0c2
A1A2A

∗
3, (B.5)

where L is the length of target gas along the laser propagation direction assuming a uniform

gas density distribution. In the case of a gas jet, where the gas density produced by the

jet is not uniform along the laser propagation direction, A4 will be integrated along the z

axis. In experiment, we are measuring A2
4, therefore we get the signal is proportional to the

square of the polarization of the signal beam: P
(3)
i .

In order to derive the expression of χZZZZ , we start with Eq. 4.2, rotational matrix R

can be found by multiplying the rotational matrix about all three azimuth angles θ, φ and

χ. Those are Eq. 3.33-3.35 from Zare [38]:

R(θ) =

 cos θ 0 − sin θ
0 1 0

sin θ 0 cos θ

 (B.6)

R(φ) =

 cosφ sinφ 0
− sinφ cosφ 0

0 0 1

 (B.7)

R(χ) =

 cosχ sinχ 0
− sinχ cosχ 0

0 0 1

 (B.8)
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Then R = R(θ).R(φ).R(χ), use Eq. 4.2 and the hyper-polarizability values listed in

Appendix A, χijkl can be expressed in terms of cos θ for linear and symmetric top molecules.

Since in pump-DFWM experiment, we are measuring χ2
ZZZZ/χ

2
ZZZZ−iso, we can calculate

χ2
ZZZZ−iso by integrating over all angles, χ2

ZZZZ is integrated over φ and χ to give the θ

dependence, for nitrogen:

χ2
ZZZZ

χ2
ZZZZ−iso

(θ) = 0.47411 + 1.24106 cos2 θ + 0.67969 cos4 θ − 0.17338 cos6 θ + 0.00925 cos8 θ

(B.9)

For benzene:

χ2
ZZZZ

χ2
ZZZZ−iso

(θ) = 1.55064− 1.73388 cos2 θ − 0.15537 cos4 θ + 0.35654 cos6 θ + 0.06712 cos8 θ

(B.10)

Figure B.1: The trace of χ2
ZZZZ/χ

2
ZZZZ−iso as a function of θ for both nitrogen (black) and

benzene (red).

Fig. B.1 shows χ2
ZZZZ/χ

2
ZZZZ−iso as a function of angle θ, we can see that for N2, as the

molecules get aligned, or as θ go towards 0, it has a maximum value, therefore, we expect
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the measured signal to go up at alignment moment. In the case of benzene, we expect the

measured signal to go up at anti-alignment moment (explained in Chap. 4).

When averaging over alignment distribution, 〈cos2n θ〉 (n = 1, 2, 3, 4) can be calculated

by solving TDSE, from which
〈
χ2
ZZZZ/χ

2
ZZZZ−iso(θ)

〉
is obtained and compared to the mea-

surement.
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Appendix C

Coefficients obtained from fitting
harmonic delay and angle scans.

In the case of fitting harmonic delay scans, the harmonic intensities S are fitted using,

S(ω, t) =
[∑

j

aj
〈
Dj

00

〉
(t)
]2
. (C.1)

With a molecular rotational temperature of 30 K, pump1 of 80 fs and 48 TW/cm2,

pump2 of 80 fs and 56 TW/cm2 and a separation of 3.94 ps, the extracted coefficients aj

are listed in Tab. C.1 along with an error bar within 80% confident level,

In the case of fitting harmonic angle scans, the harmonic intensities S are fitted using,

S(ω, α) =
[∑

j

bj
〈
Dj

00

〉
(α)
]2
. (C.2)

Using the same molecular rotational temperature and laser conditions as in the case of

the delay scan fittings, the extracted coefficients bj are listed in Tab. C.2 along with an error

bar within 80% confident level,
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Harmonic order a0 a2 a4 a6

H9 0.9845± 0.0045 0.408± 0.0241 0.0495± 0.0527 -0.1508± 0.0762

H11 1.0309± 0.0016 -0.1329± 0.0082 0.13± 0.0186 -0.0131± 0.0279

H13 1.0395± 0.0035 0.9± 0.0195 0.4529± 0.0424 -0.188± 0.0588

H15 1.0477± 0.0055 1.4193± 0.0313 0.3977± 0.0673 -0.1362± 0.0907

H17 1.0848± 0.0061 1.3205± 0.035 0.8204± 0.0755 -0.243± 0.1013

H19 1.036± 0.0069 1.8433± 0.0403 0.8891± 0.0871 -0.3717± 0.114

H21 1.0004± 0.0071 1.747± 0.0412 0.6548± 0.0889 -0.4084± 0.1171

H23 0.9851± 0.0066 1.5393± 0.0374 0.0876± 0.0802 -0.3606± 0.1079

H25 1.0014± 0.0063 1.3708± 0.0351 -0.4737± 0.0745 -0.2618± 0.1027

H27 1.0116± 0.0058 1.3773± 0.0318 -0.7671± 0.0671 -0.1556± 0.0933

H29 1.0126± 0.0065 1.4852± 0.0359 -0.8464± 0.0756 -0.1553± 0.1046

H31 1.0246± 0.0072 1.6905± 0.04 -1.0238± 0.0841 -0.2056± 0.116

H33 0.9962± 0.0074 1.7121± 0.0409 -1.2818± 0.0854 -0.082± 0.1183

H35 0.9798± 0.0085 1.6738± 0.0468 -1.5311± 0.097 0.0303± 0.1356

H37 0.974± 0.0093 1.5712± 0.0506 -1.7932± 0.1041 0.2468± 0.1473

H39 0.9551± 0.0112 1.5546± 0.0611 -1.8459± 0.1254 0.3547± 0.1775

Table C.1: List of coefficients obtained from fitting harmonic delay scans.

Harmonic order b0 b2 b4 b6
H9 1.1309± 0.0017 0.3292± 0.0045 -0.0786± 0.0093 0.0202± 0.0175

H11 1.1345± 0.0017 -0.2362± 0.0047 0.0073± 0.0097 -0.0074± 0.0204

H13 1.1725± 0.0058 0.7968± 0.015 0.4066± 0.0316 -0.0235± 0.0531

H15 1.16± 0.0079 1.5423± 0.0219 0.0037± 0.0401 0.2118± 0.0572

H17 1.1557± 0.0038 1.1935± 0.0099 0.5549± 0.02 0.0787± 0.031

H19 1.1922± 0.0063 1.8026± 0.0171 0.549± 0.0314 0.0572± 0.0434

H21 1.2184± 0.0064 1.7535± 0.0175 0.0555± 0.0315 0.0088± 0.0439

H23 1.1973± 0.0059 1.6643± 0.0165 -0.59± 0.0287 -0.0715± 0.0401

H25 1.1681± 0.0067 1.5426± 0.019 -1.0979± 0.0326 -0.213± 0.0462

H27 1.1676± 0.0074 1.5825± 0.0211 -1.3326± 0.0356 -0.2541± 0.0496

H29 1.1642± 0.0066 1.6925± 0.0189 -1.3861± 0.0314 -0.2203± 0.0422

H31 1.2189± 0.0077 1.8682± 0.0221 -1.6062± 0.036 -0.1726± 0.0468

H33 1.2327± 0.0085 1.8364± 0.0246 -1.8263± 0.0401 -0.1775± 0.0529

H35 1.2813± 0.0091 1.8009± 0.0264 -2.0931± 0.0433 -0.0909± 0.0586

H37 1.2853± 0.0092 1.6872± 0.0268 2.2221± 0.0443 -0.0447± 0.0619

H39 1.3528± 0.0106 1.6358± 0.0308 -2.2735± 0.0518 -0.0116± 0.0752

Table C.2: List of coefficients obtained from fitting harmonic angle scans.
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