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Selective bond breaking mediated by few-cycle IR + UV laser pulses. The IR pulse
creates a wave packet whose motion corresponds to the extension and compression of
the bonds. When the bond of interest has been maximally extended, the wave packet is
located at the turning point of the oscillation. At this time, an ultrashort UV pulse is
applied that excites the wave packet vertically to a bond-selective region of the upper
state. The pre-excited bond proceeds to break, resulting in the formation of one set of
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Vector representation of the total angular momentum J , whose magnitude is given by

[J(J + 1)]1/2 h, and whose projection onto a space-fixed Z axis is given by Mh.

Vector representation of the total angular momentum vector J , and its projections Mh

and Kh onto the space-fixed Z and body-fixed z axes, respectively. . . . . . . . . ..

Vector representation of the coupled state |JM), where J is given as the vector sum
of J; and Jy. The vectors J; and Jo precess in phase about J (lower dashed circle),
while the vector J precesses about the space-fixed Z axis (upper dashed circle). The
projection (up to a factor i) M is at any instant given as M = My + Ms, although an

indeterminancy in the individual components M7 and M exists (adapted from [142]).

Vector representation of the uncoupled state |JM), where J; and Jy precess indepen-
dently about the space-fixed Z axis, making projections M; and M, (up to a factor
h). At any instant, the uncoupled state |J; M7, Jo Ms) couples to form the state |J M),
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Sketch of spherical coordinates. The angle ¢ is the azimuthal angle in the z,y-plane

from the x axis, with 0<¢ <2, € is the polar angle from the z axis, with 0<6 <, and

r is the distance from the point (z,y, z) to the origin. . . . . . . . . . . .. . ...

A rigid rotor model for a linear triatomic molecule consisting of masses ma, mg, and mg,
and bond lengths Rap and Rpc. The rotation is about the axis that passes through the

center of mass of the molecule, which for an asymmetric molecule, is not the geometric
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Vector representation of the components of rigid rotor angular momentum. J is the
total angular momentum, composed of orbital angular momentum due to the orbiting
rigid body R, electronic angular momentum L, and spin angular momentum S. The
projection of J onto the space-fixed Z axis is M (up to a factor of %), and the projection

of J onto the body-fixed z axis is Q (up to a factor of f), where A and ¥ are the

projections of L and S, respectively (adapted from [142]). . . . . . . . . . . . . ..

Rotation through the Euler angles (¢, 0, x) transforms the space-fixed frame (X,Y, Z)
into the molecule-fixed frame (z,y, z) (adapted from [142]). The transformation is ac-

complished with a rotation ¢ about the space-fixed Z axis, a rotation 6 about the line

of nodes N, and finally a rotation x about the z axis. . . . . . . . . . . . ... ..

An experimentally reproducible HCP (solid line) and a sine-square function (dashed
line) that is a good approximation of the HCP, adapted from Refs. [59] and [60]. The
tail area of the experimental pulse, integrated up to t=4 ps, represents 15% of the main

peak area. The inset (adapted from Ref. [60]) shows the Fourier transform of the HCP

in the frequency (cm™!) domain. . . . . . . ... ..o

2D potential energy surfaces for FHF~ (left) and FHF (right). A local minimum in the
anionic PES and a transition state in the neutral PES (both marked with e) are located

at Ri=Ry=1.141 A. Equidistant contours (AE=1.0 eV) of the energies are relative to

the global FHF~ minimum energy. . . . . . . . . . . . . . . . . ..o

Schematic FHF~ and FHF potential energy (eV) profile along the reaction coordinate
F +HF < FH + F. The minimum energy of FHF~ and the transition state of FHF are

located at Ri =Ry =1.141 A

2D permanent dipole moment surface for FHF~. Solid vs. dashed lines correspond to

values of opposite sign. Equidistant contours (Aug=1.0 Debye) of the dipole values are

relative to the value pug=0 Debye at the line Riy=Ro. . . . . . . . . . . . ... ..
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2D anharmonic vibrational eigenfunctions for FHF ™, labelled vs,s. The symmetric
functions (vsg) contain nodes perpendicular to the line of symmetry, Ry =Rq, whereas
the asymmetric (vg,s) functions contain nodal planes parallel to the line Ry = Ra.

Mixed-mode functions (vs4s) contain nodes both parallel and perpendicular to the line

R1=Rj5. Contours correspond to wave packet density. . . . . . . . . . . . . . . ..

2D anharmonic vibrational eigenfunctions for FDF™, labelled vs,s. The symmetric
functions (vsg) contain nodes perpendicular to the line of symmetry, Ry =Ro, whereas
the asymmetric (vg,s) functions contain nodal planes parallel to the line Ry = Ra.

Mixed-mode functions (vs4s) contain nodes both parallel and perpendicular to the line

R;=Rj5. Contours correspond to wave packet density. . . . . . . . . . . . . . . ..

Absorption spectra of FHF~ (solid lines) and FDF~ (dashed lines). Vibrational tran-

sitions are indicated. Separations between peaks corresponding to the two isotopomers

are labelled (1), (2), (3),and (4). . . . . . . . . .. Lo

Potential energy surfaces for OHF~ (left) and OHF (right). A minimum in the anionic
PES (marked with e) is located at Rog=1.07 and Ryr=1.38 A. The neutral PES con-
tains a transition state (marked with e) at Rog=1.10 A and Ryp=1.45 A. Equidistant

energy contours (AE=0.5 eV) are relative to the global OHF~ minimum energy.

Schematic OHF~ and OHF potential energy (eV) profile along reaction coordinate
O +HF < OH + F. The minimum energy of OHF~ is located at Rog =1.07 A and

90

Rur=1.38 A, and the transition state of OHF is located at Rop=1.10 A and Rgp=1.45 A. 91

2D permanent dipole moment surface for OHF~. Equidistant contours (Apug=0.5 De-
bye) of the dipole values are relative to the value pg = 0.01 Debye at the equilibrium

geometry, Rog=1.07 and Rgrp=1.38 Ao

2D anharmonic vibrational eigenfunctions for OHF~, labelled v,,s. The symmetric
functions (vs ) contain nodes perpendicular to the line Ry =Rq, whereas the asymmetric
(vo4s) functions contain nodal planes parallel to the line R; =Rs. Mixed-mode functions

(Usqs) contain nodes both parallel and perpendicular to the line Ry = Ry. Contours

correspond to wave packet density. . . . . . . . . L. L. L0

2D anharmonic vibrational eigenfunctions for ODF~ labelled vg,s. The symmetric
functions (vs() contain nodes perpendicular to the line Ry =Ras, whereas the asymmetric
(vo4s) functions contain nodal planes parallel to the line R; =Rs. Mixed-mode functions

(Usqs) contain nodes both parallel and perpendicular to the line Ry = Ry. Contours

correspond to wave packet density. . . . . . . ... Lo L0000 Lo
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3.12 Absorption spectra of OHF~ (solid lines) and ODF~ (dashed lines). Vibrational tran-

sitions are indicated. . . . . . . . . . L. L L L Lo e e e

4.1 An optimized IR + IR + UV laser pulse sequence achieves bond-selective dissociation.
A half-cycle IR pulse orients the molecule in the space-fixed (laboratory) frame. A
second, few-cycle IR pulse drives the asymmetric stretching vibration of the triatomic
molecule, equivalent to pushing the center hydrogen away from its equilibrium position.
When displacement of the hydrogen is at a maximum, an ultrashort (¢, ~5 fs) UV
pulse is applied, whose frequency is sufficient to detach an electron from the anion.
The neutral species is now located primarily in a dissociation channel that corresponds
to the breaking of the already extended bond. Due to the orientation of the anionic
species—and therefore of its neutral counterpart—the dissociation products will have a

well-defined spatial separation. . . . . . . . . . . . ..o

4.2 A Gaussian-shaped HCP, given in Eq. (4.4), with pulse parameters w=23.4 cm~!, =0,

to=4.6ps,and o = 2ps (FWHM). . . . . . . . . . . ... .

4.3 A half-cycle sin-pulse, given in Eq. (4.7), with pulse parameters Eg=3.0 GV /m, tq=0 fs,
and t,=101fs. . . . . . . . ..o

4.4 An 1R laser pulse consisting of three 10 fs half-cycles. The laser field is given in Eq. (4.7).
The laser parameters for each HCP are:
Ey1=43.0 GV/m, t91=0 fs, and t,1 =10 fs;
Eoa=—3.0 GV/m, to2=10 fs, and t,p=10 fs;
FEo3=43.0 GV/m, tp3=20fs, and t,3=101fs. . . . . . . . . . . .. ... ... ..

4.5 A smooth sin®-shaped IR laser pulse, as given in Eq. (4.8), consists of approximately five
10 fs half-cycles. Pulse parameters are Eg=—4 GV/m, w=1516 cm~!, =0, tc=0 fs,
and t,=551fs. . . . . . . .o

4.6 (a) QCISD/d-aug-cc-pVTZ potential energy (eV) curve for FHF~ (V,) and FHF (V,,).
(b) QCISD/ d-aug-cc-pVTZ permanent dipole (Debye) curve for FHF~. The coordinate
Gas is defined qas=2(R1 —Ra). . . . . . . . ..



LIST OF FIGURES

173

4.7
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(a) Electric field vs. time. Left panel: A single HCP, electric field given in Eq. (4.7)
with pulse parameters Ey = 3.0 GV/m, to =0 fs, and ¢, = 10 fs. Right panel: Three
HCPs, electric field for each HCP given in Eq. (4.7) with following pulse parameters:
Ep1=3.0 GV/m, to1=0 fs, and t,; =10 fs;

Ep2=-3.0 GV/m, t92=10 fs, and ty2=9 fs;

Ep3=3.0 GV/m, to3=19 fs, and t,3=9 fs.

(b) Population of the vibrational ground state of the anion, given by the modulus of
the autocorrelation function, P,(vg) = [{(vo|¥a(t > 0))|2. (c) Time evolution of the
expectation value of the mean position of the H atom driven by the laser field shown
in (a). (d) Branching ratio of species for which g,s >0 vs. time. (e) Wave functions at
time ¢ = 0 fs (solid) and time corresponding to maximum displacement of the H atom

(dotted), superimposed on the FHF~ potential curve. . . . . . . . . . . . . .. ..

Excitation of the vibrational ground state of the 2D model FHF~. (a) Electric field
vs. time. Left panel: Three HCPs, electric field for each HCP given in Eq. (4.7) with
following pulse parameters:

Ep1=3.0 GV/m, to1=0 fs, and t,; =12 fs;

Ep2=-3.0 GV/m, to2=12 fs, and ¢y =11 fs;

Ep3=3.0 GV/m, t93=23 fs, and ¢p3 =11 fs.

Right panel: Electric field given in Eq. (4.8) with pulse parameters Ey=—4.0 GV /m,
wir=1516 cm™!, =0, t,=0 fs, and ¢, =55 fs. (b) Population of the vibrational ground
state of the anion, given by the modulus of the autocorrelation function, P,(vgg) =
|(voo| W, (t > 0))|?. (c) Time evolution of the expectation value of the mean position of
the H atom driven by the laser field shown in (a). (d) Branching ratio of species for
which Ry >Ry vs. time. (e) Wave functions evolving on V, at time t=0 fs and times

corresponding to the turning points of the oscillation. . . . . . . . . . . . . . . ..

Excitation of the vibrational ground state of the 2D model FHF~, using a few-cycle
sin?-shaped IR pulse (solid), followed by an ultrashort sin®-shaped UV pulse (dotted).
(a) Electric field vs. time. IR and UV electric fields given by Eq. (4.8). IR pulse
parameters: Epr=—4.0 GV/m, wig =1516 em™!, pr =0, tor=0fs, and ¢, ;g =55 fs.
UV pulse parameters: Epuyy =5.0 GV/m, wyy =43 548 cm™ !, puv =0, to,uv =38 fs,
and t, yv =5 fs. (b) Population of the vibrational ground state of the anion, given by
the modulus of the autocorrelation function, P,(vgo) = |(voo|¥a(t > 0))[* (solid), and
population of the neutral state, P, (dotted). (c) Time evolution of the expectation value
of the mean position of the H atom in the anion (solid) and neutral (dotted) driven by
the laser field shown in (a). (d) Branching ratio of species for which Ry > Rp vs. time.

(e) Wave functions evolving on V,, at time t=42 fs and for later times ¢>42 fs.
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4.13

Generation of a vibrational wave packet from a few-cycle IR pulse, given in Eq. (4.8).
The pulse parameters are Ep g =—4.0 GV/m, wig =1516 cm™!, R =0, to,;r =0 fs, and
tp,1r =55 fs. Dominant contributions are from vibrational eigenstates vgg, vo1 (asymmet-
ric stretch), vy; (symmetric + asymmetric), and vgo (first excited asymmetric stretch).
Depletion of population (norm) in the anion (FHF ™) ground state begins at ¢t =38 fs,
when the UV pulse is fired. Pulse parameters are Ey yy =5.0 GV /m, wyy =43 548 cm™1,
wir =0, to,uv =38 fs, and ¢, yv =5 fs (see Figure 4.9(a)). After vertical excitation of

population to the neutral FHF state, anion population (norm) drops to ~0.92.

Excitation of the vibrational ground state of the 2D model FDF~, using a few-cycle
sin?-shaped IR pulse (solid), followed by an ultrashort sin®-shaped UV pulse (dotted).
(a) Electric field vs. time; IR and UV electric fields given by Eq. (4.8). The parameters
of the IR laser pulse are re-tuned from those of FHF~ (¢f. Figure 4.9) according to the
scaling factor, b=1.45 and are Ey g =—4.0 GV/m, wigr =992 cm™ !, R =0, tor=0 fs,
and t, 1r =84 fs. UV pulse parameters: Ey yy =5.0 GV/m, wyy =43 548 em™!, puy =0,
to,uv =46 fs, and t, yv =5 fs. (b) Population of the vibrational ground state of the
anion, given by the modulus of the autocorrelation function, P, (vog) = |{voo| ¥4 (t > 0))|?
(solid), and population of the neutral state, P, (dotted). (c) Time evolution of the
expectation value of the mean position of the H atom in the anion (solid) and neutral

(dotted) driven by the laser field shown in (a). (d) Branching ratio of species for which

Ri>Rowvs. time. . . . . . . . .o e

Schematic representation of oriented FHF~ with F 4 in direction +Z7, and the angle

between the molecular axis and space-fixed Z axisiszero. . . . . . . . . . . . . ..

Effects of linearly-(Z)-polarized IR (solid line) and UV (dotted line) laser pulses on the
collinear reactant FHF~ with orientation #=10° (left panels) and § =80° (right panels).
(a) Few-cycle IR + UV laser fields E(t) cos 0 as seen by reactants at angles 0; E(t) for
IR and UV electric fields given by Eq. (4.8). IR pulse parameters: Ey g =—4.0 GV/m,
wir = 1516 cm™, o = 0, tor = 0 fs, and ¢, r = 55 fs. UV pulse parameters:
Eouv = 5.0 GV/m, wyy = 43548 em™!, puy =0, touv = 38 fs, and ¢, uy =5 fs.
(b) Population of the anion in the ground vibrational state, P,(vog)=|(voo|¥s(t > 0))|?
(solid), and neutral, P, (dotted), systems. (c¢) Mean value of the asymmetric stretching
coordinate g, for the anion (solid lines) and neutral system (dotted lines). (d) Branching
ratio of the anion (solid line) and the neutral system (dotted line) in the domain in which
R1 >Rj5. The corresponding molecular fragments are scattered in the direction © of the
initial orientation . (e) Snapshots of resulting wave packet evolution on neutral surface
V,,. Contours are shown with lines of equidensity, but are renormalized for each case;
the integrated densities yield probabilities P, = 0.079 and P,, =0.001 for the different

orientations, §=10° and 80°, respectively. . . . . . . . . . . ..o
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Spatial localization of dissociation products after few-cycle IR, 4+ UV laser pulses, given
by E(t) cos 0, where 6 is the angle between the reactant FHF~ and the linearly polarized
laser fields. E(t) for IR and UV electric fields given by Eq. (4.8). IR pulse parameters:
Eoir = —4.0 GV/m, wig = 1516 cm™!, g =0, tor =0 fs, and ¢, g =55 fs. UV
pulse parameters: Eyyy =5.0 GV/m, wyy =43548 em™ !, puv =0, to,uv =38 fs, and
tpuv=> fs.

(a) Probability P, of observing the neutral system. (b) Probability P(0,FH) of ob-
serving the molecular product HF dissociate in the direction ©. (¢) The product yield
Y(FH)=P, - P(0,FH) versus the orientation angle 6 between the reactant FHF~ and
the linearly (Z) polarized IR + UV laser pulses. An alternate representation of the yield

is given in Figure 4.15 as a polar diagram. . . . . . . . . . . . . . ...

Polar diagram of the yield Y (FH) = P, - P(©,FH) of molecular products F4H, scat-
tered preferentially to © =8 (big solid lobe in direction +7), and atomic products Fp,
scattered preferentially toward © =6 + 180° (small dashed lobe in direction —Z2).

Relative orientation of the body-fixed z axis of OHF~ with respect to the space-fixed

coordinate system XY Z . . . . . . . . Lo e e e e e e e e

|CJ:19M|2

Change in population of rotational levels at T'=0 K, starting from =1, in

OHF~, with a HCP superimposed (dotted line) on rotational levels. Pulse parameters

are =4 x 10 W/ecm?, w=36 cm™!, p=0, tp=1.0 ps, and =279 fs. . . . . . . . ..

Orientation parameter (cos 0)7(t) at T=0 K after a HCP (I =4 x 108 W /cm?), starting

from J=1, in OHF~. Pulse parameters are the same as those described in Figure 4.17.

CJ:l QM |2

Depletion of the J = 1 rotational state, | and population of higher-lying J

states, for three different intensities, I =2, 4, and 8 x 108 W/cm?, at T=0 K. The pulse

applied is the same as that described in Figure 4.17. . . . . . . . . . . . . . . . ..

Orientation of OHF~ at T=0 K, given by the orientation parameter (cos 0)r(t), after
application of a HCP with intensity /=2, 4, and 8 x 10 W/cm?. The pulse applied is

the same as that described in Figure 4.17. . . . . . . . . . . . . . . ...

Orientation of OHF~ for I = 4 x 108 W/cm?, given by the orientation parameter
(cos ) (t), after application of a HCP with temperatures, T =0, 5, 10, and 20 K.

The pulse applied is the same as that described in Figure 4.17. . . . . . . . . . . ..
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4.22 Instantaneous excitation of the ground state vibrational wave function vgo of OHF~ to

the neutral PES V,, results in the wave function ¥,,(¢). Field-free propagation of ¥,, (%)

on the PES of OHF results in a branching ratio of 0.84:0.16 at ¢t =50 fs for O + HF

products (solid) versus OH + F (dotted). . . . . . . . . . . . . ... ... .. .. 136
4.23 Attempt of selective breaking of the weak O-H bond (left panels, (a)-(e)) and strong H-

F bond (right panels, (a’)-(¢’)) of OHF, using few-cycle IR + UV laser pulses. In (a)

and (a’), the vibrational ground state wave function superimposed on V,(=V(OHF 7))

is shown at t=0 fs; (b) and (b’) show the wave function during the few-cycle IR pulse,

just before firing the UV pulse. Snapshots (c)-(e) and (c’)-(e’) show the time evolution

of the wavefunction on V,, after the UV excitation.

Breaking the O—H bond

IR pulse parameters: Eor = 3.2 GV/m, wig = 1565 cm™!, @ir =0, tor = 0 fs, and

tpmr = 50 fs.

UV pulse parameters: Eyyy =5.0 GV/m, wyy =28228 cm ™!, pyuyv =0, to,uv = 19 fs,

and t, yv =5 fs.

Breaking the H-F bond

IR pulse parameters: Epr = 5.0 GV/m, wig = 1565 em™t, pR =0, tomr = 0 fs,

tp1r = 50 fs.

UV pulse parameters: Eyyy =8.0 GV/m, wyy = 52423 em™ Y puy =0, touv = 29 fs

and tpuy =51fs. . . ..o 138
4.24

Breaking the O—H bond:

(a) Few-cycle IR + UV laser pulses achieve maximum O + HF fragmentation.

IR pulse parameters: Eor =3.2 GV/m, wig = 1565 em™! pRr =0, tor =0 fs, and

tpr = 50 fs.

UV pulse parameters: Epyyv =5.0 GV/m, wyy =28228 cm ™!, puy =0, to,uy =19 fs,

and t, yy = 5 fs. (b) Time evolution of the branching ratio of the O + HF products

(solid) versus OH + F (dotted).

Breaking the H-F bond:

(¢) Few-cycle IR 4+ UV laser pulses achieve maximum OH + F fragmentation.

IR pulse parameters: FEor = 5.0 GV/m, wir = 1565 cm™!, pr = 0, tor = 0 fs,

tpr = 50 fs.

UV pulse parameters: Eyyy =8.0 GV/m, wyy =52423 em™ !, puy =0, to,uv =29 fs,

and t, yy = 5 fs. (d) Time evolution of the branching ratio of the O + HF products

(solid) versus OH + F (dotted). . . . . . . . . . . . . . . . . . 139
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4.26

4.27

Al

Generation of a vibrational wave packet from the few-cycle IR pulse shown in Fig-
ure 4.24(a). IR pulse parameters are: Egr =3.2 GV/m, wir = 1565 cm™!, g =0,
tor = 0 fs, and ¢,k = 50 fs. Dominant contributions are from vibrational eigen-
states vgo, vo1 (asymmetric stretch), voe (first excited asymmetric stretch), and vqq
(symmetric + asymmetric). Depletion of population in the anion (OHF ™) ground state
begins shortly after t=19 fs, when the UV pulse is fired. The UV pulse parameters are
Eouv=>5.0 GV/m, wyy =28228 em™!, puv =0, to,uv =19 fs, and t, yv = 5 fs. After

vertical excitation of population to V,,, anion population (norm) drops to ~0.98.
Schematic representation of the bending vibration of a triatomic molecule. . . . . . .

The electric field profile of the laser pulses consisting of very few optical cycles depends on
the phase ¢ of the carrier frequency with respect to the pulse’s envelope; the maximum

of the electric field points in opposite directions at t=10 fs for ¢ =0 and p=m.

A linear triatomic molecule ABC with bond lengths Ry and Rpc and masses ma, mg,
and mc, rotates around an axis Z.,.,, which passes through the center of mass of the

molecule. . . . . L L L e e e e
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