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Understanding the nature of chemical bonding in molecules has long been of fundamen-
tal interest, and manipulating specific chemical bonds has found practical potential in many
areas, such as polymer chemistry, biophysics, and genetics. Photoelectron spectroscopy (using
photons to eject electrons from a molecule to determine electron energies and bonding proper-
ties) has been a proven technique for gaining insight into the electronic structure of the simplest
atoms to large molecules. Here, I describe experiments designed to investigate bonding in a
simple molecule (Brz) by measuring electronically excited molecular states and dissociative
transient electronic states via time-resolved photoelectron spectroscopy with soft x-ray light.
High-harmonic generation produces a novel, femtosecond source of soft x-rays by focusing an
ultrafast 800 nm Ti:Sapphire laser into a rare gas jet. I outline the details of the experimental
apparatus, including the optical layout, two-grating separation and compression of the high-
harmonic pulses, and the magnetic bottle photoelectron spectrometer. The feasibility of using
the generated soft x-ray pulses for photoelectron spectroscopy is established, and the spectral
and temporal nature of the pulses are determined. The photoelectron spectrum of the bound
excited B state of neutral Bro is measured and the issues involved in ionization from excited
electronic states is discussed. The time-resolved dissociation of the excited C state of Bry is ob-
served using a visible pump (400 nm) and a soft x-ray probe. Key results point to challenging
new problems involving the cross-sections and shapes of photoelectron features arising from
dissociating states, as well as understanding the role of cross-correlation processes versus dis-
sociative wavepacket signals. UV-pump/soft x-ray probe photoelectron spectroscopy promises
to offer a unique and powerful way to probe excited electronic states and dissociation dynamics

of neutral molecules in the gas phase on ultrafast time scales.
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polarization, sending the pulse into the double-pass or Linear Amplifier (3).

Finally, the pulse is directed into the compressor (4) and out onto the laser table.
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narrowband Nd: YAG laser, E},,=10.496 eV. Here the inherent resolution of the
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Ti:Sapphire laser is focused with a 40 cm lens into a pulsed jet of neon gas
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A spectrum of the harmonics of 800 nm created in a gas jet of neon (top) and
argon (bottom). Detection of the harmonics was accomplished by irradiating
a piece of Pt metal with the harmonic beam and detecting the ejected pho-
toelectrons with an electron multiplier as the grating was rotated at a steady
rate. Small shoulders on the low order peaks in the top panel are the 2nd order
diffraction of the high harmonics reflected from the grating. Harmonics 13-65
are detected in neon, and 11-27 are detected in argon. Detector settings were
3.3 kV across the electron multiplier for the neon spectrum and 2.7 kV for the
argon SPECIIUML. . . . . . v v v v vt e e e e e e e
The intensity of the 9th harmonic generated in Ar as a function of the driving
laser intensity in W/cm?. Two trends are observed, attributed to the increase
of harmonic generation in a perturbative regime (dotted line) and then change
in slope due to the laser intensity causing saturation (or ionization) of the non-
linear medium at ~7.1 x10"W/em? (dashed line). . . . . . ... ... ....
The intensity of the 9th harmonic generated in Ar as a function of the position
of the driving laser focus in the gas jet. ”Zero” on the x scale designates the
center of the gas jet. The lens used to focus the 9 mm diameter beam has a 40
cmfocallength. . . . . . .. ... L
(a) Photoelectron spectrum due to all harmonics simultaneously incident on a
sample of He gas. The first harmonic energetic enough to ionize He is the 17th
(ERy=26.4 V). Each subsequent harmonic is seen as another main ionization
peak at increasingly higher energies. (b) A single harmonic (61st, Ep,,=95 eV),
selected by the grazing incidence grating, incident on a sample of He gas. Not

only is the main ionization peak seen, but also the 1st and 2nd satellite peaks.
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(a) The valence level photoelectron spectrum of Xe taken with the 11th har-
monic (17.5 eV). (b) The photoelectron spectrum including 4d core levels of
Xe taken with the 47th harmonic (73 eV). Resolution of the system is best at
low photoelectron energies. . . . . . . . . . ... ...
Photoelectron spectra in Xe with the 43rd harmonic, demonstrating the ability
to tune the harmonic to an atomic Rydberg resonance. The bottom spectrum
is the 43rd harmonic of 800 nm, while the top spectrum is the 43rd harmonic
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(a) The valence level photoelectron spectrum of Bry taken with the 17th har-
monic (26 eV), showing the X, A and B final states of Brj. (b) A section of the
photoelectron spectrum of Brs taken with the 49th harmonic (76.5 eV), showing
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(a) The valence level photoelectron spectrum of AlyBrg taken with the 19th
harmonic. (b) The core level photoelectron spectrum of AlyBrg with the 55th
harmonic showing the bromine core levels. Al core levels were not observed.
The photoelectron spectrum of I, taken with the 17th harmonic of 800 nm. The
I5 spectrum has a similar structure to Bra, except that the spin orbit splittings in
the ion are more pronounced. The 2Hg state at 9.3 and 10 eV binding energies,
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observed [5] . . . . . . e
The photoelectron spectrum of CHsly with the 17th harmonic of 800 nm.

The photoelectron spectrum of GeBry with the 17th harmonic of 800 nm.
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3.13 Photoelectron spectra of chromium metal on a Si(100) surface. The 3p core
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level is observed at 41 eV binding energy for three different harmonics (47, 55

and 59 fromtoptobottom). . . . . . . ... ...

Photoelectron spectrum of NO gas taken with the 9th harmonic of a long pulse,
narrowband Nd:YAG laser, E},=10.496 eV (dashed line). Here the inherent
resolution of the magnetic bottle spectrometer is seen in the peak widths. The
vibrational progression of the NO* ground state gives rise to the three peaks
separated by ~0.28 eV. The solid line shows the same vibrational progres-
sion, but acquired with the 7th harmonic (centered at E},=10.91 eV) of the fs
Ti:Sapphire laser. The broadening of the peaks is due to the energy bandwidth
of the 7th harmonic. The height discrepancy in the highest binding energy peak
between the Nd: YAG laser and the 7th harmonic of the Ti:Sapphire laser is due
to the efficiency of the photoelectron spectrometer at different photoelectron en-
ergies. Though these peaks have the same binding energy, the dashed line peak
at 9.8 eV corresponds to very low photoelectron energy, where the collection
efficiency isquite low. . . . . . . . . ... ... .
The relative energy width of photoelectron peaks from several different gases
vs. their respective photoelectron energies. The higher energy photoelectron
peaks converge to a relative width of 4-5%. For photoelectron peaks below ~4
eV a new trend can be seen, where the AFE of the peaks is due to the energy

bandwidth of the harmonics. Target gas is He (), Ne (x), Xe (O), Ny (A), and
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(a) The absolute energy width of the harmonics derived from low energy pho-
toelectron peaks (below 3 eV) are plotted as a function of the photon energy,
or the harmonic used to ionize the electron from which the peak arises. The
retarding grids in the electron flight tube were not used for this data set. (b) A
more complete data set using the retarding grids to measure the bandwidths of
all the harmonics from the 9th to the 55th. Comparison of (a) and (b) shows that
no artificial broadening exists when utilizing the retarding grids. Target gases
are He ({»), Ne (x), Xe (O), Ny (A), and NO (), and the solid line is the
average for each harmonic. . . . . . . . .. ... ... L.
The photoelectron spectrum of NO gas with the 7th harmonic (left) and 9th
harmonic (right), showing the vibrational progression of the NO™ ground state.
The black spectrum represents the 70 fs unchirped pulse, while the light gray
spectrum is taken with a positively chirped driving pulse and the dark gray

spectrum is taken with a negatively chirped pulse. . . . . . . .. ... ... ..

A schematic of resonantly-enhanced excited state photoelectron spectroscopy
of a generic molecule. Process (1): A single frequency photon used to res-
onantly excite an intermediate state and ionize it with a multi-photon probe.
Process (2): A two-color REMPI process where one photon resonantly excites
the molecule and a photon of a different wavelength is used to multi-photon ion-
ize the molecule. Process (3): A two-color excitation-ionization scheme where
one visible photon is used to resonantly excite an intermediate state and a VUV
photon is used for single photon ionization. The dotted arrows represent the

photoelectrons ejected from the three different processes. . . . . . . . ... ..
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Potential energy curves for Bry and Bry . Only the X and B states of the neu-

tral and the X and A states of the ion are shown for simplicity. The 527 nm

excitation laser pumps the netural into the I+, excited B state, and the 17th

harmonic photoionizes the excited molecules. The v’ = 26 vibrational level

reached by the 527 nm photon is shown, creating a large region of Franck-

Condon overlap in the Brgr ion electronic states. The shading represents the

accessible region of the X* and A" ion states with the probe photon. The

intensities and energies of the photoelectrons will then be determined by the

Frank-Condon overlap. . . . . . ... ... ... ... ... ..........
A molecular orbital diagram of the ground and excited states of Bry and Bry.

The four molecular orbital levels shown result from combinations of Br atomic

p orbitals (outer valence shell). The B and A states of the neutral have a similar

configuration but differ in orbital angular momentum. . . . . . . . ... .. ..
The photoelectron spectrum of gaseous Bry at 5 x 10~° Torr taken with the 17th

harmonic of 800 nm showing the final X, A and B states of the Bry ion. Solid

black lines denoted 3P271,0 are the known binding energies of the bare Br atom.
The photoelectron spectrum with the 17th harmonic only is shown in gray, while

the photoelectron spectrum with the 527 nm + 17th harmonic is shown in black.

Regions of small two-photon and atom signals are expanded for clarity.

An expanded photoelectron spectrum of Bry with (black) and without (gray) the

527 nmexcitation laser. . . . . .. ... oL
A further expanded photoelectron spectrum of the B=-X" transition in Bry

(gray line=17th harmonic only). The dotted gray lines mark the photoelectron

energies of the peak heights. . . . . . . . ... ... .. oL 0L
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A cross-correlation trace of the 800 nm fundamental pulse with the 400 nm
pump pulse obtained by a 4 (400 nm photon) + 1’ (800 nm photon) multiphoton
jonization in Xe. . . . . . ... e
A cross-correlation trace of the 800 nm fundamental pulse with the 266 nm
pump pulse obtained by a 3 (266 nm photon) + 2’ or 3’ (800 nm photon) multi-
photon ionizationin Kr. . . . . . . ... ... ... ... ..
Solid line: photoelectron spectrum of Kr gas with the 17th harmonic, showing
the spin-orbit split doublet of the Kr* ion state. Dashed line: photoelectron
spectrum of Kr gas when the 17th harmonic and an 800 nm dressing beam
are overlapped spatially and temporally. The 800 nm dressing beam adds to
or subracts from the 17th harmonic ionization in an above threshold ionization
PIOCESS. o v v v v i e e e e e e e e e e e e e e
(a) A valence level photoelectron spectrum of Xe with the 17th harmonic show-
ing the sidebands created by introduction of the 400 nm dressing pulse with
spatial and temporal overlap. The sideband photoelectron peaks are exactly
one 400 nm photon higher in energy than the main ionization peaks. (b) The
time-correlation of the sideband photoelectron peaks. . . . . . . ... ... ..
Cross-correlation traces of the 17th harmonic + 400 nm in Xe. (a) Toroidal grat-
ing rotated to Ist order diffraction, concave grating at Oth order reflection, iris
open (8mm), FWHM = 882 + 105 fs; (b) as (a) except iris at 1| mm, FWHM =
449 £ 64 fs; (c) Both toroidal and concave gratings rotated to 1st order diffrac-
tion, iris open (8mm), FWHM =440 =+ 25 fs; (d) as (¢) with iris at I mm, FWHM
=288 £ 12fs. . . o
Cross-correlation trace of the 19th harmonic + 400 nm in Xe. The shortest
soft x-ray pulse measured to date with the instrument described here. Some
irregularity in the temporal profile may indicate an irregular spectral profile of

the harmonic pulse. . . . . . . . . ...
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6.7

7.1

7.2

7.3

The pulse widths of the 13th through the 21st harmonics measured by cross-
correlation with a 400 nm pulse. Error bars designate the error in the pulse

width given by the Gaussian fitting program. . . . . . . . .. .. .. ... ...

A simplified potential curve diagram illustrating the pump-probe sequence and
resulting photoelectrons. Process 1: Ground state absorption of the 17th har-
monic resulting in photoelectrons leaving Brj in both the X and A state (B ion
state not shown). Process 2: Two photon ionization with the 400 nm + the
17th harmonic centered at t=0. Process 3: Ionization with the 17th harmonic
from the excited C state of Br; at a positive time delay (but before dissociation
is complete). Process 4: After the dissociation is complete, the Br atoms are
ionized by the 17th harmonic. The total energy of the probe laser is decreased
for simplicity and size of the diagram. . . . . . . . ... ... ... .. ....
Three pump-probe spectra of Bry: At=-500 fs (background), -100 fs (cross-
correlation signal), and +500 fs (Br atom signal). The spectra are displaced
vertically for clarity. . . . . . . . .. . ...
An expanded region of the photoelectron spectrum of Bry at At ~30 fs (gray
line) and background at At ~-300 fs (black line) showing the cross-correlation
features. The feature at 7.4 eV binding energy is the above threshold ionization
resulting from the overlap of the 17th and 400 nm pulses where the Br%’ is left in
the ground X state. The shoulder roughly centered at 9.4 eV is a similar signal,
only the Brj is left in the excited A state. The signal at ~8.5 eV is attributed to

the ionized excited state wavepacket as it is sliding down the dissociative curve.
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7.4

7.5

7.6

1.7

Normalized, subtracted pump-probe spectra of Br, in the cross-correlation time
region (left). The spectra are displaced vertically for clarity. The panel on the
right shows the appearance of the Br atom peaks in the photoelectron spectra.
The two peaks in the photoelectron spectrum are due to spin-orbit coupling in
the final Brt state. Numbers on the vertical scale are pump-probe delay in
femtoseconds. . . . . ...
Total counts from the cross-correlation peak and the atomic peaks from Fig. 7.4
and additional time delay data not shown are plotted as a function of pump-
probe delay between the 400 nm pump and the 17th harmonic probe. The cross
correlation signal is fit with Gaussian function of width ~300 fs and the atomic
rise is fit with a step function described in the text. The dotted line fit of the
step function allows both 7 and o 44y, to be variables, while the dashed line
fit fixes o fypm to 300 fs. The solid lines designate the time delay between the
center of the cross-correlation trace and the ’step’ of the error function used to
fit the rise in atomic signal. . . . . . . . ..o Lo
A similar plot as Fig. 7.5 except using the 19th harmonic as a probe. The cross-
correlation signal has a FWHM of 20417 fs and ty of 0£17 fs, and the fit to
the atomic rise gives Typep = 36+21 fs and o fyypm = 367 £ 45 fs (dotted line)

and the dashed line is a fit holding o fypm, at 204 fs, and 74, then becomes 30

(a)The C'II,, dissociate of neutral Bry given by equation 7.3 (b) A curve repre-

senting the integral of (a) in fs per A. The experimental result of 40 fs implies
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a bond distance of ~ 3 A, while a bond distance of 2R, occurs at a time of 105 fs.117



7.8

7.9

7.10

7.11

7.12

Time traces of the cross-correlation features in the Bro data (400 nm pump and
17th harmonic probe). Black line: signal from the ATI process leaving the Brj
ion in the ground X state. Dark gray line: signal from the ATI process leaving
the Brj ion in the excited A state. Medium gray line: transient signal from

ionization of the excited state wavepacket. Light gray line: random background

Time traces of the cross-correlation features in the Bro data (400 nm pump and
19th harmonic probe). Black line: signal from the ATI process leaving the Brj
ion in the ground X state. Dark gray line: signal from the ATI process leaving
the Bry ion in the excited A state. Medium gray line: transient signal from

ionization of the excited state wavepacket. Light gray line: random background

Long scans of the cross-correlation photoelectron energy region with the 19th
harmonic as a probe. The shaded areas of the photoelectron spectra on the left
correspond to the photoelectron energy regions giving rise to the time traces on
the right. The photoelectron spectrum on the very bottom is a background, with
no 400 nm pump beam, and from there the time delays step up from -33 fs to
+165fsinstepsof 33fs. . . . . ... Lo
Photoelectron spectra of Brs at long time delays, after the atomic signal between
1 and 2 eV photoelectron energy has reached a maximum value. The atomic
signal clearly increases as the harmonic number decreases. (The background
signal in the vicinity of the atomic peaks is used for normalization.) . . . . . .
The cross-section enhancement factor plotted vs. the harmonic photon energy,
demonstrating that the 17th harmonic probe was not sitting on a resonance for

atomic Br, but the atom signal is similarly enhanced for several harmonics. . . .
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A.l

B.1

B.2

B.3

B4

B.5

Absorption spectrum of Bry from ref. [6], with lines drawn at 400 nm and 527

An energy level diagram showing the excitation of a Rydberg wavepacket in Kr
by a 3-photon absorption of 266 nm (black arrows). When an 800 nm pulse
(gray arrow) is introduced, the Kr is ionized by a 1, 2, or 3 photon addition of
the 800 nm photon. Note that the ionization of Kr with 4 photons of 266 nm is
identical in energy to the 3+3’ multiphoton ionization att=0. . . ... .. ..
Photoelectron spectrum of Kr with a time delay between the 267 nm pulse and
the 800 nm pulse of 500fs. . . . . . . . ...
Time traces of the photoelectron signal resulting from the ionization of a Ryd-
berg wavepacket in Kr. The black trace represents the total counts in the pho-
toelectron peak at 0.8 eV, and the dark gray from the photoelectron peak at 1.5
eV in Fig B.2. The light gray line is the black trace normalized to the dark gray
trace, showing the fast oscillatory structure. . . . . . .. .. ... ... ....
The same time traces as in Fig. B.3, with the power of the 800 nm beam reduced
t0 200 MW average POWEL. . . . . . . v v v e e e e e e e e e e e
Rydberg energy levels in Kr, showing the ns, nd3/2 and nd5/2 progressions.
The energy of three 266 nm photons is designated by the solid black line. The

dotted lines represent the energy bandwidth (FWHM) of the 266 nm pulse. . . .
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