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Abstract

I have constructed a He(l) ultraviolet photoelectron spectrometer using a supersonic
molecular beam and a two-dimensional position-sensitive detector of photoelectrons. The
photoelectron imaging (PEI) spectrometer enabled measurements of photoelectron spectra and
photoelectron angular distributions with an efficiency considerably higher than a conventional
spectrometer using a hemispherical energy analyzer. The most crucial factor for this
achievement was to overcome high susceptibility of PEI to background electrons generated by
scattered He(l) radiation. | examined various designs of electrodes experimentally and
computationally and identified the main source of the background photoemission as the
repeller plate used for acceleration. of electrons. | designed a new electrostatic lens that
intercepts background photoelectrons from the repeller plate traveling toward the imaging
detector. High energy resolution (AE/E) of 0.735 % was achieved at E = 5.461 eV with He(l)
radiation that has rather poor beam characteristics. The photoelectron angular anisotropies as
a function of photoelectron kinetic energies are presented for jet-cooled benzene and pyridine.

The PEI spectrometer was also employed in photoionization experiments using a
vacuum ultraviolet free electron laser (VUV-FEL) at SPring-8 in Japan as a light source. A
time-resolved photoelectron imaging using a femtosecond ultraviolet (UV) laser as a pump
pulse and the VUV-FEL as a probe pulse is presented. Ultrafast internal conversion and
intersystem crossing in pyrazine in a supersonic molecular beam were clearly observed. The
VUV radiation allowed us to observe the entire Franck-Condon envelope in photoionization
from a transient electronic state, which was not possible in UV-DUV experiment in the

laboratory.
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Chapter 1

Introduction

1.1 Ultraviolet Photoelectron Spectroscopy (UPS)

Photoelectron spectroscopy is based on Einstein's photoelectric effect. When the energy
of a photon (hv) exceeds the binding energy of an electron in a molecule (M), the electron
will be ejected.

M+hv - M* (Ejp) +e” (1-1)
in which M*(E;) is the molecular ion with internal energy Ei, which includes the electronic,
vibrational and rotational energy. Since the mass of an electron is less than one thousandth
that of the molecule, the electron carries essentially all the recoil kinetic energy between the
ion and the electron. Therefore the kinetic energy of the photoelectron (PKE) is given by

PKE = hv — eBEa — Ej;;; (1-2)
where eBEa is the adiabatic electron binding energy. According to Koopmans’ theorem?, the
electron binding energy is equal to the orbital energy. Thus, the photoelectron spectrum of a
molecule is directly related to the molecular orbital energies within the approximation of the
Koopmans’ theorem.

The experimentally observed PKE distribution is called a photoelectron spectrum. For a
given photon energy, various PKE are possible, since E;y generally has a distribution. The
shape of each band, so-called the Franck-Condon envelope, provides valuable information to
assign each band to a molecular orbital from which ionization occurs.® Let us take N,
molecule as an example. The photoelectron spectrum of N, using He(l) radiation (21.22 eV)

exhibits the features of ionization to three electronic states, X’Z4", A’T1, and B°Z,*, which
1



correspond to the ionization occurs from o4, m, and o, molecular orbitals, respectively, as
shown in Fig. 1.1. These three progressions exhibit vibrational structures with different
frequencies. The vibrational frequency represents the strengths of the N—N bond in each
electronic state of N,". If a bonding electron is removed, the force constant of the ion becomes
smaller, so that the vibrational frequency decreases. Therefore, the first band in the
photoelectron spectrum of N, corresponds to a removal of nonbonding (weakly bonding)
electron, because the vibrational frequency decreases slightly from 2345 cm™ in the ground
state of N, to 2150 cm™. Similarly, the second band corresponds to a removal of bonding
electron, because the vibrational frequency decreases drastically from 2345 to 1810 cm™, and
the third band corresponds to a removal of nonbonding electron (weakly anti-bonding)
because the vibrational frequency due to'this band increases slightly from 2345 to 2390 cm™.
This criterion of the change in vibrational frequency can be applied to assign the ionized
orbitals to nonbonding, bonding, and anti-bonding character, respectively. The
Franck-Condon factor is given by,

Qv = [ Yuapyrdrl?® (1-3)
which is the square of the overlap integral 'of vibrational wavefunctions between the neutral
ground-state and the ion. In the photoelectron spectrum of nitrogen, the A’[1, state shows a
long vibrational progression while the X229+ state and B, state shows-intense origin bands.
It implies that the n, " state has a different equilibrium N-N bond length, while those of the
cg'l and o, states are similar to that in the neutral ground state.

The lowest atomic and molecular orbital that can be probed with PES depends on the
photon energy, as shown in Fig. 1.2. In general, ultraviolet radiation sources (with photon
energy of 10-45 eV) are used to ionize electrons from the valence molecular orbitals that
mainly constitute the chemical bonds, while X-ray sources (with photon energy of 200-2000
eV) are used for probing core electrons that are characteristic of the element, and chemical

environment. In this thesis, I discuss ultraviolet photoelectron spectroscopy (UPS).
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1.2 The Angular Distribution of Photoelectrons

Upon photoionization, the photoelectrons are not emitted equally in all directions, and
their angular distributions vary when different ionic states are produced. For one photon
ionization with polarized light, the photoelectron angular distribution (PAD) expected for

randomly oriented atoms or molecules can be expressed by
B 2
10) = Z [1+ £ (3 cos?0 - 1) (1-4)

where o is the total cross-section, and @ is the angle between the direction of the ejected
electron and the polarization of the incident light. g is the asymmetry parameter, of which

value in photoionization of an atom is given by the Cooper-Zare formula,*

l(l—l)rlz_l+(l+1)(l+2)r12+1—6l(l+1)rl+1rl_1 cos(8141—61-1)
3I+D)[irf  +(+DrE 4]

B = (1-5)
where | is the orbital angular momentum of the electron before ionization, r.; are the
transition dipole matrix elements for the I+l components of outgoing photoelectron
wavefunctions, and 8.1 denote the phases of these waves. Here 8 ranges from +2 (cos’d
distribution) to -1 (sin’@ distribution). For the ionization of an s-type electron from an atom,
as in H', the outgoing electron wave must be a p wave (recall the Al = +1 selection rule for an
electronic transition in a hydrogen atom). Since | = 0 for an s electron, equation (1-5) yields j
= 2. On the other hand, ionization from a p orbital creates both s and d outgoing waves that
interfere with each other; therefore, the magnitude of s becomes small.

For unpolarized light, the general expression of PAD can be derived from equation (1-4).

Samson and Starace® showed the expression of PAD for partially polarized light,
1(6) = Ix = [1 +B(3cos 0, — 1)] +x [1 +ﬁ(3c0529 — 1)] (1-6)
0
where (l4/lp) and (l,/lo) describe the fraction of light intensity polarized along the x and y axis

(Ix +ly = lp). The definitions of x, y and z axis are shown in Fig. 1.3. We define the

polarization of the incident light beam as



Iy~
p == (1-7)

Iy+1y,
By using the geometric relation
cos?8, + cos?8y, + cos?0, = 1 (1-8)

the equation (1-6) can be rewritten as

100) = i{l — é [(3cos?6, — 1) — 3p(cos?6,, — coszex)]} (1-9)
For unpolarized light, p = 0, then

106,) = Z[1+5(2sin%0, - 1) (1-10)

Therefore, for unpolarized light, the angle &, is measured from the propagation direction,

rather than the polarization direction.

1.3 Conventional Ultraviolet Photoelectron Spectroscopy

Since the pioneering works by Vilesov et al.° and Tuner et al.” nearly 50 years ago,
ultraviolet photoelectron spectroscopy (UPS) has been playing a central role in experimental
studies of the electronic structures of molecules.

The most widely used light source in UPS is a discharge lamp using pure helium, which
gives the He(l) resonance line at 58.4 nm (21.22 eV) or the He(ll) resonance line at 30.38 nm
(40.81 eV). This light source provided an intense and nearly monoenergetic line with high
photon energy, allowing ionization from most or all valence orbitals. The gas discharge lamps
may be operated with gases other than helium to produce lower photon energies. Some
resonance lines are given in Table 1.1. Another useful continuum VUV source for PES is
synchrotron radiation that produces a continuum radiation from VUV to X-ray with almost
100 % polarization. The intensity of synchrotron radiation can easily reach 10 photons per

second per Angstrom. However, it is a large-scale facility and is not readily accessible,



therefore it cannot be used as conveniently as the discharge lamp in the laboratory.

When a pulsed laser is used in PES, the time-of-flight (TOF) method is advantageous for
the analysis of electron kinetic energy owing to its inherent multiplex detection capability of
the electrons. Furthermore, magnetic bottle TOF spectrometer developed by Kruit and Read®
improved significantly the collection efficiency in a standard TOF method. They utilized a
diverging magnetic field to collect photoelectrons produced in a small photoionization volume
and guide the electrons into a flight tube for TOF analysis. With this method a 50 % collection
efficiency (acceptance angle 2n sr) of the photoelectrons was achieved. However, the
drawback is that this method provides no angular resolution and it cannot be coupled with a
continuous light source. In PES with a continuous light source, a hemispherical energy
analyzer has been widely used to measure electron energies. This spectrometer consists of two
concentric hemispheres of radius R; (inner hemisphere) and R, (outer hemisphere), as shown
in Fig. 1.4. Potentials -V, and -\, are applied to the inner and outer hemispheres, respectively,
with V, greater than V. The potential difference between the hemispheres defines the median
equipotential surface (V,). The electrons entering through the entrance slit with the Kinetic
energy E = eV, will follow the trajectory along this median equipotential surface and will be
focused at the exit slit. When the electrons travel too fast, they will impinge on the outer
hemisphere. In contrast, if their kinetic energy is too low, they will be attracted to the inner
hemisphere. Thus only electrons of a very narrow energy region will pass through the
analyzer to the detector. UPS with a high-performance hemispherical electron energy analyzer
and an intense He(l) lamp using the electron cyclotron resonance has achieved a high spectral
resolution of 5 meV that is limited mainly by the linewidth of the He(l) radiation.’ For the
analysis of photoelectron angular distribution (PAD), the electron signals are measured at
different angles by moving either the analyzer or the light beam. The main limitation with a
hemispherical analyzer is its poor collection efficiency (< 1 %) of electrons due to its small

acceptance solid angle. Therefore, most ultraviolet photoelectron spectra so far have been
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measured at room temperature.

1.4 Analysis of Unresolved Band

Photoelectron spectrum of polyatomic molecules typically exhibit overlapping bands of
which spectral assignments are difficult. One reason for the band overlap is that most
polyatomic molecules possess several electronic orbitals that are nearly degenerate in energy.
Another reason is that, at room temperature, occurrence of hot bands of low-frequency
vibrations made the spectra highly congested. Supersonic beam technique is a useful tool to
cool down the gaseous sample and simplify the spectrum. Shirley et al. employed molecular
beam photoelectron spectroscopy'® (MBPES) to resolve the vibrational structure of small
molecules and applied it to molecules such as ethylene (C,H,)," carbon disulfide (CS,),**
methyl chloride (CH,Cl,),** ketene (C,H,0).** Recently, Oku et al.* reported He(l) UPS of
jet-cooled pyrazine (C4H;N2) and demonstrated that the spectrum of jet-cooled samples
exhibit much finer structures than those obtained for the vapor at room temperature. So far
MBPES has been applied to only a limited number of systems. A major difficulty in MBPES
is its low number density (10*2-10* cm™) of molecules in the ionization region as compared
with that in a gas cell (10**-10" cm™). Another experimental problem is that the conventional
hemispherical energy analyzer employed by UPS has a poor electron collection efficiency.
Consequently the signal has to be integrated for hours to achieve satisfactory signal to noise
ratio. The pulsed-field-ionization zero-kinetic-energy photoelectron  spectroscopy
(PFI-ZEKE-PES)™*® provides another experimental method to observe photoelectron spectra
of jet-cooled molecules with high resolution (< 1 cm™).*"*® In PFI-ZEKE-PES, molecules are
not directly ionized, but excited to the high-n (n > 150) Rydberg states just below the

ionization threshold. A time-delayed pulsed field is then applied to field-ionize the molecules



and extract the Rydberg electrons. Figure 1.5 shows the schematic drawings of He(l) UPS and
PFI-ZEKE. Therefore, PFI-ZEKE observes the resonances of the photon energy with the
rovibronic energies of Rydberg states associated with each cation state.™ It utilizes the fact
that a Rydberg state with a high principal quantum number is structurally identical with a
cationic state owing to negligible influence on the molecular geometry of the ion core.
However, PFI-ZEKE cannot substitute conventional UPS because it encounters difficulties
when the Rydberg states rapidly dissociate or autoionize. Oku et al.* found that the D; band
is missing in the VUV-PFI-PE measurement of pyrazine, which they ascribed to fast
electronic autoionization of high-n Rydberg (ZEKE) states from the D; ion core to the Dy
continuum.

Another method for disentangling overlapping photoelectron bands is measurements of
the photoelectron angular distribution (PAD). Carlson and Anderson®® performed He(l) UPS
of benzene and found that each photoelectron band exhibits characteristic angular anisotropies
(6). They used the g values to analyze the overlapping bands in the spectrum. The
measurement of the photon-energy dependence of PAD is even more useful for assignments.

Piancastelli et al.?*

measured the f parameter of a series of nitrogen-containing aromatic
systems as a function of photon energy for using synchrotron radiation (SR) to distinguish the
nonbonding n and 7z orbital; The assignment in the azabenzenes have not been straightforward
with He(l) UPS at a fixed photon energy. Due to a low collection efficiency of hemispherical
energy analyzer, it is time-consuming to observe PAD with conventional photoelectron
spectrometers. For example, measurement of the angular distribution (40° to 120° in 10°
increments) of 1,5-hexadiene in the full spectrum range (9.0 — 20.0 eV) using a hemispherical
energy analyzer required three days.?> Although it is anticipated that PAD can be quantified
more easily using SR facility with photon densities higher than a He(l) light source, SR is not

readily available in the laboratory. In addition, PES using SR is always performed at moderate

resolution in the range of 0.1-0.3 eV, which does not allow for detailed vibrational analysis.
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This is because the slit width of monochromator for SR is typically wide in order to achieve
reasonable signal intensity.

Both MBPES and PAD are clearly useful in analyzing the unresolved bands in
photoelectron spectra. However, conventional MBPES and PAD measurement suffer from a
poor electron collection efficiency associated with hemispherical energy analyzer. This

difficulty may be overcome by applying the photoelectron imaging (PEI) technique.

1.5 Motivation

The photoion imaging developed by Chandler and Houston,*

and improved by Eppink
and Parker®® has been extended to photoelectron imaging (PEI). PEI spectrometer provides
the ultimate collection efficiency of photoelectrons of 4n steradians and simultaneous
measurement of photoelectron kinetic energy distribution (PKED) and photoelectron angular
distribution (PAD).% It allows use of He(l) UPS to measure PAD routinely for analyzing the
spectra of jet-cooled molecules,” making PEI-He(l) UPS a more powerful spectroscopic
method. Compare with a hemispherical energy analyzer, 2D detector using in PEI is expected
to provide lower energy resolution. Nevertheless, with ongoing advances in MCP and CCD
camera technology, the resolution of PEI has been improved dramatically. Ogi et al.?®
reported a super-resolution imaging system that provides 64 megapixel resolution (8192 x
8192 pixels) and a photoelectron kinetic energy resolution of 0.2 % at 1.696 eV (FWHM: 3.1
meV). One disadvantage of PEI compared with a hemispherical energy analyzer, is its
relatively high susceptibility to background photoemission induced by scattered He(l)
radiation. Base on a poor characteristic of incoherent He(l) radiation, the PEI apparatus

developed for He(l) radiation is certainly applicable to photoelectron spectroscopy with

coherent VUV light sources such as a free electron laser and high harmonics produced by



ultrashort pulsed lasers.

We also aim at PEI experiments using a vacuum ultraviolet free electron laser (VUV
FEL). VUV FEL is an intense ultrashort laser with photon energy of 20.69-24.83 eV (60-50
nm) which is useful for pump—probe photoelectron spectroscopy to observe ultrafast
electronic dynamics and the subsequent photochemical reactions involving ground-state
products.”’” Owing to a lasing wavelength of the FEL at SPring-8 in Japan is 50-60 nm that
coincides with the He(l) line (58.4 nm), He(l) PEI experiment also serves as a test for

photoelectron imaging using VUV FEL.

1.6 Thesis Outline

As far as | know, PEI experiment combined with He(l) radiation presented in this thesis
is the first attempt reported so far. The reminder of this dessertation consists of six chapters.
Chapter 2 describes the principle of photoelectron imaging and the data analysis. Chapter 3
discusses the design concept and construction of our He(l)-PEI apparatus. Owing to a poor
characteristic of He(l) radiation, various modifications were made to velocity mapping
spectrometer. Chapter 4 presents the He(l) photoelectron image of benzene and pyridine in
supersonic molecular beams to demonstrate the performance of our He(l)-PEI. Chapter 5
describes photoelectron imaging experiments using FEL including one- and two-photon
ionization experiments. The time-resolved PEI of using a femtosecond UV laser and a VUV
free-electron-laser with our VMI spectrometer is reported. Ultrafast internal conversion and
intersystem crossing in pyrazine in a supersonic molecular beam are discussed. Chapter 6

presents a summary of this dissertation and future directions based on my study.
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Figure 1.1 The schematic drawing of orbital, photoelectron spectrum and potential energy
curve of nitrogen.
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Figure 1.2 Schematic drawing of UPS and XPS.

11



Figure 1.3 Orientation of the photoelectron with respect to the x, y and z axis. The photon hv
is incident along the z axis.
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Figure 1.4 Schematic drawing of hemispherical energy analyzer.
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PFI-ZEKE photoelectron spectroscopy, photoelectrons are detected by a pulsed electric field.
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Table 1.1 Lines from discharges in gases other than helium

VUV source Energy Rel. Intensity Wavelength Satellite shift
[eV] [%] [nm] [eV]
H Lyman o 10.20 100 121.57 0
H Lyman 12.09 10 102.57 2.67
He (1) o 21.22 100 58.43 0
He (1) B 23.09 12...138 53.70 1.87
He (1) y 23.74 0.5 52.22 2.52
He (11) 40.81 100 30.38 0
He (1) B 48.37 <10 25.63 7.56
He (11) y 51.02 n.a. 24.30 10.2
Ne (1) o 16.67 15 74.37 0
16.85 100 73.62 0.18
Ne (1) B 19.69 <1 62.97 3.02
19.78 <1 62.68 3.11
Ne (II) a 26.81 100 46.24 0
26.91 100 46.07 0.1
Ne (1) B 27.69 20 44.79 0.88
27.76 20 44.66 0.95
27.78 20 44.63 0.97
27.86 20 4451 1.05
Ne (1) y 30.45 20 40.71 3.64
30.55 20 40.58 3.74
Ar (1) 11.62 100 106.70 0
11.83 50 104.80 0.21
Ar (11) 13.30 30 93.22 0
13.48 15 91.84 0.18
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Chapter 2

Experimental Methods

2.1 History of photoion imaging

Photoelectron imaging (PEI) is a variant of photoion imaging that has been developed
earlier. In this section, | briefly describe the historical background of photofragment imaging.
The photoelectron and photoion imaging are sometimes more generally called charged
particle imaging.

The first photofragment ion imaging was performed by Chandler and Houston in 1987
on photodissociation of methyl iodide (CHsl).! The ion imaging apparatus is essentially the
same as the Wiley-McLaren time-of-flight (TOF) mass spectrometer,” except that a 2D
position-sensitive detector is used instead of ‘an ion detector. The Wiley-McLaren
spectrometer employs one flat electrode and two flat grids to create accerelation electric fields
along the TOF axis, as shown in Fig. 2.1(a). The flat equipotential surface of the electric fields
do not affect the tangential velocities of the charged particles. Therefore the arrival position of
an ion with a particular mass on the detector will be proportional to the tangential velocity.
However, since the arrival position varies linearly with the initial position in the ionization
volume, the observed ion image is always blurred by the finite area of this volume, which
limited velocity resolution. The velocity resolution was greatly improved by Eppink and
Parker using the velocity map imaging (VMI) technique in 1997.> VMI uses open annular
electrodes instead of grids to create curved equipotential surfaces that acts as an electrostatic
lens. Thus, as shown in Fig 2.1(b), the lens focusses the ion trajectories with the same initial

velocity to the same arrival position on the detector plane regardless of their initial position in
18



the ionization volume. The speed resolution was enhanced at least by a factor of 10, and
diffraction of ions at the grids was eliminated. Wrede et al.* have modified the electrodes
further to minimize chromatic and spherical aberrations in ion trajectories, improving the
imaging resolution. In photoion/photoelectron imaging, a camera-based system and a delay
line detector are commonly used as 2D position-sensitive detectors. A camera-based system
consists of MCP, phosphor screen and CCD (or CMOS) camera, and only the particle arrival
positions are recorded. In a delay line detector, finely spaced wires are placed behind the MCP
to register both the arrival position and time. The drawback of the delayline detector is that it
can handle only up to 4 to 5 hits in a response time of approximately 10 ns. Furthermore, the
position (imaging) resolution is inferior to a camera-based system at this point. Considering

the count rate and resolution, we use a camera-based system as a detector in the present study.

2.2 Image reconstruction

The recorded images mentioned above are the two-dimensional (2-D) projections of the
three-dimensional (3-D) velocity distribution of photoelectron. Figure 2.2 shows the
schematic diagram of image analysis. At the detector, the 3-D photoelectron cloud is flattened,
resulting in a 2-D projection image. If the initial 3-D distribution has cylindrical symmetry, it
can be reconstructed from a 2-D projection image by mathematical methods, such as inverse
Abel transformation,® onion-peeling,® BASEX' and p-BASEX?® etc., and the reconstructed
3-D distributions are generally displayed (as in this thesis) by showing the intensity cross
section through the center of the initial 3-D electron cloud. In this thesis, only inverse Abel
transformation and p-BASEX method are used for data analysis and will be described in the

following section.
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2.2.1 Inversion Abel Transformation

The 3-D velocity distribution of photoelectrons can be expressed in Cartesian coordinate
centered on the point of photoionization as i(x, y, z). Take z to be the symmetry axis (i.e. the
laser polarization vector), y to be the direction of light propagation, and x to be the direction
of an extraction field that accelerates the photoelectrons. Then the measured distribution on

the detector as shown in Fig. 2.2(b) can be expressed as

p(y,z) = [ _i(x,y,z)dx (2-1)
At z = z;, a row of the image, f(y, zo), taken along the y axis can be expressed as

p(v,20) = f) = [ s(xy)dx =2 [~ s(xy)dx (2-2)
where s(x, y) is a slice through the 3-D distribution perpendicular to the symmetry axis (z)

taken at zo. Figure 2.3 shows an example of the function f(y) for a slice taken at z = z,. Since

s(x, y) is cylindrically symmetric, equation (2-2) can be expressed in polar coordinates using

r=,/(x?+y?)

fO) =2 [ o @)

This is the Abel transformation, and s(r) will be obtained from the measurement of f(y) by the

inverse Abel transform

sy == [7 jfﬂ (2-4)

Utilizing this derivation equation, we can recover the original distribution s(r) from the
experimentally measured projection f(y). However, solving equation (2-4) is difficult in
practice. In order to remove this difficulty, the most commonly used method for calculating
the inverse Abel transform is the Fourier—Hankel method,® the original distribution s(r) can

then be transformed to

s(r) =2m [ qlourq)[[ ., f(x) exp(=2mxq) dy]dq (2-5)

where the zero-order Bessel function, Jo, is given by
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1 21 .
Jo(2) = — fo exp(—izcos9) d9 (2-6)
The drawback of using Fourier-Hankel algorithm to solve the inverse Abel integral is that the

noise of the image is magnified and accumulates toward the center line, as shown in Fig.

2.4(b).

2.2.2 BASEX and p-BASEX method

Compare to inverse Abel transformation, BASEX (Basis Set Expansion) method
involves simulation and fitting of a set of “basis images” to the experimental images in order
to extract the parameters of interest. The experimental projection data are expanded over a set
of basis functions that are analytical projections of known well-behaved functions,
Gaussian-like function. The original 3-D image is then reconstructed as a linear combination
of these well-behaved functions.

As mentioned in the previous section, the projection-image onto the (y, z) detector plane

can be described by the Abel integral (see Eg. 2-3)

o I(r,z)r

P(y,z) =2 flyl\/i

(2-7)

In the imaging experiment, this projection function is binned on the CCD, which has a size of

Ny x N, pixels, leading to the digitized projection function P

o ri(r,z)

P =2 [/ly— y,z— z)dydz f|y|\/7d (2-8)

where h(y, z) defines an instrumental function. Now, consider a set of 2D function in the
image space {fi(r, 2)} (k = 0,...,K-1) and their corresponding projection basis set {Gy}. They

are related via equation (2-7)

Gkij = Zfﬁ(y— Vi, Z— z;)dydz fljlymd (2-9)

If both sets (f«(r, z) and Gi) are well-behaved under the Abel trasform, the 3-D velocity

distribution I(r, z) and its projection P;j; can be described as expansions in the basis set using
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the same expansion coefficients (Cy)

I(r,z) = ¥iZo Cifi(r,2) (2-10)

P;; = YiZo CkGyij (2-11)
In the matrix form

P =CG (2-12)

C=G'P (2-13)
with the coefficients vector C = (C,,...,Ck.1) and the basis transformation matrix G = (Gy,...,
Gk - 1)". Noted that the basis set matrix G is inverted by the Tikhonov regularization
method.'® Because the basis set matrix does not depend on the data matrix, they could be
computed once and used afterward for the retrieval of the expansion coefficients C by
relatively fast matrix multiplication.

Compare to the original BASEX method which uses Cartesian basis set function, the
polar modified BASEX (p-BASEX) transform the image from the Cartesian coordinates of
the detector to polar coordinates prior to the inversion. This transformed image is then fitted
with {r, g} basis functions where the angular terms are restricted to just those Legendre
polynomial functions. The advantage of operating on the image in {r, &} space is that it
minimizes the CPU time compare to in Cartesian space, and the noise is accumulated toward

a central spot which is usually never used for the data analysis, as shown in Fig. 2.4(c).

2.3 Experimental setup

2.3.1 He(l) discharge lamp
He(l) radiation (21.22 eV) was generated using a commercial discharge lamp™
(Omicron, HIS13), it can couple to a linear polarizer to generate a polarized photon source or

a capillary to derive the unpolarized VUV light into the ionization chamber.
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(A) He(l) with polarizer

Figure 2.5(a) shows the He(l) lamp with a continuously rotatable three-mirror linear
polarizer. The polarizer consists of three gold coated mirrors with the special feature of
additional focusing via a toroidal mirror,** the beam diameter is around 1.5 mm at the sample
position, the polarization direction can be rotated 360 degree on VUV light path axis by
adjusting the rotary drive (see Fig. 2.5), the maximum polarization efficiency is 88 % at the
He(l) wavelength of 58.4 nm (21.22 eV). Due to the transmission of the polarizer is 4 %,
photon flux was reduced from 1.0 x 10 photons/sec to 4.0 x 10 photons/sec if the
reflectivity of the polarized is perfect. A 6 mm ¢ aperture was installed at output of the
polarizer to block the external light spot, which is caused by the misalignment inside He(l)
lamp.
(B) He(l) without polarizer

Figure 2.5(b) shows the He(l) lamp after removed the polarizer. In this case, 0.8-mm-inner
diameter capillary was used to derive the VUV light beam into the ionization chamber and the
photon source is unpolarized light. Accordingly to the manual, the beam divergence is
estimated to be + 0.8°, and the beam diameter at the sample position can be estimated by the
following equation

Beam dia. =0.0272 x L + (capillary inner dia.) (2-14)
where L is the capillary—sample distance. Without the loss of photon flux caused by a
reflective polarizer and an aperture in the photon beam, the photon flux is estimated to be 1.3

x 10" photons/sec.

2.3.2 Vacuum chamber
The research works reported in this thesis were performed in two different vacuum
chambers. In the beginning, the He(l)-PEI was tested with a vacuum chamber that was

originally designed for laser spectroscopy of liquid droplets in our laboratory. However, after
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some experiments, we confirmed that the electrostatic lens should be redesigned but that the
size of this vacuum chamber geometrically restricts the modification. Therefore, we decided
to use another vacuum chamber, with a larger inner space, designed for photoelectron imaging
using a vacuum ultraviolet (VUV) free electron laser. In fact, the present work aimed at
development of a PEI spectrometer that can be used with a VUV free electron laser, and this
chamber was available for research and development of He(l) PEI for a plenty of time, since
the beam time of the VUV laser was highly limited owing to time-sharing by the users. The

use of this chamber turned out to be highly successful.

(A) The old vacuum chamber for laser spectroscopy of liquid droplet

As shown in Fig. 2.6, the apparatus consists of four vacuum chambers: a molecular beam
source, a buffer, an ionization and a quadrupole chamber. A continuous supersonic jet was
generated by expanding a sample gas through a 25-um-diameter orifice at 294 K in the source
chamber that was evacuated by two turbo molecular pumps (2 x 2200 L/sec, BOC Edwards,
F2203C). The supersonic jet was skimmed by a conical Al skimmer (2 mm ¢) in the source
chamber, and collimated by the second conical Al skimmer (5 mm ¢) in the buffer chamber
evacuated by a turbo molecular pump (350 L/sec, Leybold, TurboVAC361). The molecular
beam thus generated was introduced into an ionization chamber evacuated by a 2650 L/sec
turbo molecular pump (BOC Edwards, XA2703C), it travels parallel to the face of the
imaging detector and intersected perpendicularly with He(l) radiation at 380 mm downstream
from the nozzle. The differential pumping vacuum system provides the inside pressures of 3.1
x 10”° Torr, 3.9 x 10°® Torr and 3.5 x 10°® Torr in the source, buffer and ionization chambers,
respectively, during stagnation pressure of 0.9 MPa of Ar is operated.

Figure 2.7(a) shows a cross section of the ionization chamber. The He(l) discharge lamp
with a polarizer was used. (see Sec. 2.3.1 A) The electrons generated by the photoionization

of atoms or molecules in a beam were accelerated in static electric fields and projected onto a
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2D position sensitive detector. The acceleration field was created using stacked circular ring
electrodes and the field gradient was carefully adjusted to achieve a velocity mapping
condition.? This electrodes stack consist of eight stainless steel rings, which are spaced by 3
mm ¢ ruby balls, and connected to each other by 1MQ resistors, as shown in Fig. 2.7(b). The
whole regions of photoionization, acceleration, and flight for photoelectrons were shielded
against an external magnetic field with a permalloy tube. After photoionization, the
photoelectrons are accelerated perpendicular to both the propagation directions of a molecular
beam and the VUV light, and detected by the position sensitive detector, consists of a dual
microchannel plate (Hamamatsu F1942-04, 25 um ¢ pore size, 25 um pitch length, and 77
mm ¢ effective area), a phosphor screen (Hamamatsu P43), and a CCD camera (Hamamatsu
I-CCD, 25 Hz, 768 x 572 pixels). Room light is blocked from the collection zone between

phosphor screen and CCD camera.

(B) A new vacuum chamber

Figure 2.8 shows the schematic of the new vacuum chamber. The apparatus consists of
two vacuum chambers, a molecular beam source and an ionization chamber. We used a
continuous or pulsed molecular beam depending on the experiment. In the former case, a
continuous supersonic jet was generated by expanding a sample gas from a 25-um-diameter
orifice at 294 K. The jet was skimmed with a 2.0-mm-diameter skimmer and introduced into
an ionization chamber, and a molecular beam is travelling parallel to the flight tube axis. The
source and ionization chambers were pumped by turbomolecular pumps with pumping rates
of 2000 L/s (N2) and 820 L/s (N,), respectively. When Ar was continuously expanded at a
stagnation pressure of 1 atm, the ionization chamber pressure was ca. 7.3 x 10 Torr. The
polarizer of He(l) was removed (see Sec. 2.3.1 B), the end of the capillary was located ~125
mm from the ionization point. Consequently, the diameter of the He(l) radiation is estimated

to be 4.2 mm at the ionization point by utilizing equation (2-14) and the photon flux is 9.4 x
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10'° photons/s/mm? at 21.22 eV (58.4 nm). Electrons generated by photoionization of a
sample were accelerated along the molecular beam propagation axis and projected onto a 2D
position-sensitive detector. The details of the electrodes are described later (see. chapter 3).
The entire regions of photoionization, acceleration, and flight of the electrons were shielded
against external magnetic fields by a permalloy tube. The position-sensitive detector consists
of a chevron-type (dual) microchannel plate assembly (Hamamatsu, F1942-04; pore diameter:
25 um; diameter: 77 mm) backed by a phosphor screen (P43) and a CCD camera (Andor,
iXon"™ DCL897; 512 x 512 pixels).

In the time-gated experiments, 10-20% sample gases seeded in He were expanded from
a pulsed valve (General Valve; orifice diameter: 100 um) with a stagnation pressure of about
0.2-0.55 atm. The front surface of the MCP assembly was maintained at the ground potential
and the voltage applied to the rear side was switched between 900 and 1400 V using a high
voltage pulser (DEI, GRX-3.0K-H; voltage amplitude: +3.0 kV) to time gate the MCP
synchronously with a pulsed gas nozzle. The timing of the trigger pulses for the gas nozzle,
MCP, and CCD camera were controlled with a digital delay generator (Stanford Research

Systems, DG535)

2.4 Data analysis

2.4.1 Image center calibration

In general, the center of the recorded image is offset in the frame of the camera.
Therefore, before the reconstruction of the full 3D distribution, the center of the recorded
image must be found. This is first checked by eye or by overlaying a circle on the raw image
to determine the center pixel. After an initial center is found, the pixels surrounding this center
are also utilized as a center to reconstruct the full 3D distribution. Consequently, the

corresponding radial distributions could be obtained from the angle integration of their 2D
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slice images. Because a few pixels deviation from the real center is enough to degrade the
reconstructions severely, the accurate center pixel is found until the narrowest radial

distribution is achieved.

2.4.2 Calibration of photoelectron kinetic energy (PKE) distribution

After a reconstruction of the full 3D distribution, a slice image through the center of the
3D distribution is obtained, and the radial distribution of 2D slice image is the angle
integrated intensity as a function of pixel. As mentioned before, in velocity mapping condition,
the radius of the image R is directly proportional to the expansion speed v, which is in the
direction perpendicular to the flight tube axis, and can be simply described by

R = Nuvu,t

= ZNtVeKE (2-15)
where t, eKE and N are the time-of-flight, photoelectron kinetic energy and the magnification
factor, respectively. Judging from equation (2-15), the radial distribution of 2D slice image
represents the velocity distribution, and-the proportionality constant between the velocity and
eKE can be found by plotting the eKE vs. R? for a known atomic transition measured in the
photoelectron spectrometer, therefore the plot can be converted from a pixel scale to an eKE
scale. Consequently, the electron binding energy (eBE) scale is converted by subtraction of
the electron kinetic energy from the photon energy [eg. 21.22 eV for He(l)]
eBE = /tv — eKE (2-16)

In the time of flight direction, the electrostatic field (QVr) accelerates the photoelectrons
to achieve the velocity v, along to the flight tube axis, and vy is inversely proportional to the
time-of-flight (t)

1

t o — (2-17)

L]

1
Smyy® = qVg (2-18)
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Therefore

t o« /m/(qVg) (2-19)

Compare to equation (2-15)

R «x /eKE/(qVR) (2-20)

where m, g and Vg are the mass of the electron, the charge of the electron and the repeller
voltage, respectively. As shown in equation (2-20), the repeller voltage determines the image
size on the detector. Therefore a new calibration is needed while the pixel energy scale is

different at different repeller voltage.

2.4.3 Photoelectron angular distribution (PAD)

Figure 2.9 shows an example of photoelectron image of Kr obtained for free electron
laser (Fig. 2.9 case A) and He(l) (Fig. 2.9 case B). As mentioned in chapter 1, for one-photon
ionization with polarized light, a PAD is expressed by equation (1-4) and cylindrically
symmetric about the polarization axis of light, as shown in Fig. 2.9 (A). The angle (6) is
measured between the polarization axis of light and the outgoing photoelectron velocity.
Therefore, positive and negative S corresponds to the preferential ejection of electrons parallel
and perpendicular to the ionization laser polarization. With unpolarized light, a PAD is
expressed by equation (1-10) and cylindrically symmetric about the light propagation
direction, as shown in Fig. 2.9 (B). In this case, the angle (&) is measured between the light
propagation direction and the outgoing photoelectron velocity. Positive and negative f
corresponds to the preferential ejection of electrons perpendicular and parallel to the light
propagation direction. As shown in fig. 2.9, after the inverse Abel transform, the slice image
can be transform to polar plot. Then, the photoelectron angular distribution (PAD) for a
specific velocity can be obtained by integration over the selected radial region (for example,

the yellow dotted rectangle in Fig. 2.9) and the anisotropy parameter is analyzed using
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equation (1-4) or equation (1-10) for polarized or unpolarized light, respectively.
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Figure 2.1 (a) W-M type electrode consists of one flat plate and two flat grids. (b) Velocity
mapping type electrodes are the W-M type electrodes with annular holes instead of grids.
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Figure 2.2 The schematic diagram of image analysis.
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“Raw” 2-D projection image

£

(c)

2-D slice image after the 2-D slice image after the
inverse Abel transform pPBASEX reconstruction

Figure 2.4 (a) The raw projection image of N,. (b) The 3D slice image after inverse Abel
transformation. (c) The 3D slice image after p-BASEX reconstruction.
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Figure 2.5 The schematic drawing of He(l) discharge lamp: (a) with a linear polarizer; (b) the
linear polarizer was replaced by 0.8mm-diameter capillary.
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Figure 2.6 The schematic drawing of the entire vacuum chamber which is originally designed

for droplet experiment.
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Figure 2.7 (a) The cross-sectional view of the ionization chamber and the imaging system. (b)
The cross-sectional view and field lines for the electrostatic lens system. The electrode gap
between repeller and extractor electrode is denoted as d. In the original design, d = 6 mm.
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Figure 2.8 The schematic view of the new vacuum chamber.
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(A) Photoionization by polarized light
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Figure 2.9 (a) and (c) are the PEI of Kr obtained for free electron laser and He(l), respectively:
the left half is the raw image and the right half is the slice image obtained by taking the
inverse Abel transform. (b) and (d) are the polar plots of slice images obtained from (a) and
(c), respectively.
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Chapter 3
Designing a Photoelectron Imaging Spectrometer for He(l)

Light Source

Photoelectron imaging (PEI) has been performed on a number of molecular systems using
nanosecond and femtosecond lasers. However, since He(l) radiation generated by a discharge
lamp has much poorer beam characteristics than these coherent laser radiation, successful PEI
experiments with He(l) radiation requires redesigning of the apparatus. The major problem of
He(l) radiation is that it has a large divergence angle and cannot be focused as tightly as laser
beams. This causes two practical problems. One is background photoemission from the
apparatus caused by scattered light. The other is a large ionization volume that limits the
electron energy resolution of PEI.

In this chapter, | describe the procedures taken to identify the source of background
photoemission and to improve the performance of the apparatus. A new design of electron
acceleration electrodes successfully reduces background photoemission and achieve

sufficiently high electron energy resolution for He(l) PEI.

3.1He(l) PEI experiment using an old vacuum chamber

In the initial stage of this work, | have used the apparatus originally designed for laser
spectroscopy of liquid droplets. The schematic view of the experimental setup is shown in Fig.

2.6 and 2.7. A light source was the He(l) discharge lamp equipped with a rotatable
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three-mirror polarizer (see Fig. 2.5a).

3.1.1 Reduction of background noise

Figure 3.1(a) shows the first photoelectron image of Ar measured with He(l) radiation.
The outer rings seen in the raw image are photoionization signal of Ar, while the inner part of
the image exhibits a background photoemission signal that was observed even without a
molecular beam. The background has never occurred in photoelectron imaging (PEI) with a
well-collimated laser beam. The background signal disappeared when the acceleration electric
field was turned off, which indicated that background signal is not carried by photons but the
photoelectrons from the apparatus. In order to reduce the scattered light inside the chamber,
graphite powder (Areodag) was painted on the entire inner surface of the ionization chamber
and the PEI electrodes. A He(l) beam dumper was also attached to the ionization chamber to
minimize the back reflection of He(l) radiation from its exit port (see Fig. 2.6). However, the
background was not eliminated by those modifications.

On the other hand, | found that the background signal decreased by reducing the diameter
of the He(l) radiation (see Fig. 2.5a). Figure 3.1 shows the photoelectron images of Ar for
different aperture diameters (a) 6 mm and (b) 2 mm of the He(l) lamp. The result clearly
indicates that He(l) radiation illuminates some vacuum components adjacent to its light path,
causing background photoemission. Thus, we suspected that the acceleration electrodes of
electrons are the source of the background.

To reduce the background, | have enlarged the gap between the electrodes to allow the
He(l) radiation passes through without scattering. Figures 3.2(a)—(c) show the photoelectron
images of Kr measured with the electrode gaps (denoted as d in Fig. 2.7b) of 6, 9 and 12 mm,
respectively. In Figs. 3.2 (b) and (c), the aperture diameter of He(l) was also reduced from 2
to 1.3 mm. In order to estimate the diameter of the He(l) radiation in the ionization chamber, |

introduced the emission from a high intensity halogen lamp along the same path with the He(l)
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radiation. The diameter (FWHM) of the photon beam was 3.0 and 2.5 mm at the exit side of
the electron acceleration lens for the aperture sizes 2 and 1.3 mm for the photon beam,
respectively. Therefore, Fig. 3.2 (c) indicates that the electrode gap should be 5 times larger
than the estimated VUV beam diameter to suppress the background photoemission. This
means that a considerable intensity of a halo exists around the VUV beam. The results clearly
show that the broad background feature in the center gradually diminishes when increasing

the electrode gap.

3.1.2 He(l) photoelectron images of supersonic beams of Ar, Kr and N,
(A) Determination of polarization degree of He(l) radiation

The polarization degree of He(l) radiation has to be determined for the analysis of
photoelectron angular distribution. Since the gold-coated mirror surfaces in the polarizer may
be contaminated and/or degraded, it is possible that the polarization degree may vary with
time. We measured photoelectron -images of rare gases and analyzed the images and
determined the polarization degree as to reproduce the anisotropy parameter £ reported in the
literature. Figure 3.3 shows the difference between the literature value (1.24)" for Kr (*P35)
and the value extracted from p-BASEX analysis of our image by assuming different
polarization degrees of light. The best agreement was obtained at the polarization degree of

74%.

(B) Examination of cluster formation in supersonic beams

The images of Kr and Ar presented above were obtained at a stagnation pressure of 2.2
MPa for supersonic jet expansion. The high stagnation pressure was used to compensate
considerable dilution of the gas density at the ionization point that is far (380 mm) from the
nozzle. Since these rare gas atoms may form clusters and exhibit different anisotropy

parameters from that of free atoms, the pressure dependence of photoelectron images was
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investigated. Clusters can be identified from smaller ionization energies than that of free
atoms, because the ionized atom is stabilized by solvation in the clusters.? However, as
shown in Fig. 3.4, the PKEDs in the He(l) photoionization of Ar are almost unchanged for
different stagnation pressures of 0.4, 1.1, and 2.2 MPa, and the angular anisotropy parameters
determined for the main peak in PKED were 0.93, 0.92 and 0.94, respectively. Thus, the
cluster formation in our supersonic beam had negligible influence on the determination of the

polarization degree of the He(l) radiation.

(C) Results

The images presented in the previous section were recorded by integrating the signal
intensity from the CCD chip without any image processing. In this simple integration mode,
an image of the light spot due to electron appears much larger than one pixel size of a CCD
and degredes the energy resolution of PEI. The center-of-gravity (COG) calculation of each
light enhances the resolution. Figure 3.5 shows photoelectron images observed by He(l)
photoionization of supersonic beams of Ar, Kr and N, with COG calculations. In COG
calculations, if the light spots overlap each other in an image frame, COG of light spots and
their number of hits are miscalculated; therefore, COG calculation must be performed at
sufficiently low signal count levels. In this particular experiment to obtain Fig. 3.5, the
background photoelectron signal was strong, and we lowered the gain of MCP to achieve the
optimum condition for COG calculations. Consequently, each of the integration time of the
signal and the background images were 4.5 hours, 5.5 hours and 17.7 hours for Ar, Kr and No,
respectively.

Figure 3.6 shows the PKEDs of Ar and Kr extracted from these images. The spin-orbit
splitting of Kr (0.665 eV) is clearly resolved: the best-fit Gaussian function had the FWHM of
0.248 eV at 7.22 eV, which corresponds to an energy resolution (AE/E) of 3.4 %. This

resolution is insufficient to resolve the fine structure splitting of Ar (0.178 eV). Figure 3.7(a)
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shows the PKEDs of Ny, in which three bands, corresponding to the X, A, and B states of the
cation, are identified. The expanded view of the A band is shown in Fig. 3.7(b). The spectral
feature agrees well with the literature.®> The anisotropy parameters of Ar, Kr are analyzed
using equation (1-4) and compared with the literature values in Table 3.1 and 3.2, respectively.

The anisotropy parameters are in agreement with the literatures.

3.2 He(l) PEI experiment using a new vacuum chamber

The schematic view of the new experimental setup is shown in Fig. 2.8. The linear
polarizer of He(l) discharged lamp was replaced with a 0.8-mm-diameter capillary to increase

the photon flux (see Fig. 2.5b).

3.2.1 Testing three electrode design by Eppink and Parker

As described in the earlier sections of this chapter, the electrode gap should be as large as
possible to allow the VUV radiation to pass through without scattering. Furthermore, the
previous electrostatic lens design following Wrede et al. seemed rather complicated.
Therefore, we tested the conventional three-electrode design by Epping and Parker,* which is
widely used in charged particle imaging. The advantage of the Wrede design over the
Eppink/Parker design was reduced chromatic and spherical aberrations. The Eppink/Paker
design consisted of a repeller, extractor and ground electrode. The repeller voltage Vie,
primarily determines the image size on the detector and is usually set to maximize the radius
of the image. The extractor voltage Ve is carefully adjusted to focus electrons with the same
initial velocity vector onto the same point on the imaging detector, as shown in Fig. 3.8 (a). If
all photoelectrons are created at a point, high-imaging resolution is easily achieved. However,
in reality, they are produced within a finite volume defined by the overlap of the molecular

and photon beams. The shape of the electron source is approximately cylindrical, as depicted
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in Fig 3.8 (b). In the case of He(l) experiment, the molecular beam (x-axis) and VUV light
beam (y-axis) were respectively 8.5 and 4.2 mm in diameter at the interaction region. Since
the diameter of VUV beam and molecular beam are different, the shape of the ionization
region is asymmetric. This asymmetry results in slightly different focusing for the parallel
(y-axis) and perpendicular (z-axis) direction with respect to the VUV beam axis in the
imaging plane; the vy resolution is altered by the width of the molecular beam. Notice that the
velocity resolution is defined as AR/R, where R is the radius of the image and AR is the width
of the distribution. In order to achieve the highest resolution possible, while minimizing the
difference between the v, and v, resolution, we ran electron trajectory calculations on a
personal computer with the SIMION 3D software package (Scientific Instrument Services).
We assumed the outer diameter of electrodes to the maximum possible value (170 mm).
Figure 3.9 shows the velocity resolution (Av/v) in two directions (vy, v;) and their difference
as a function of the electrode gap. We found a larger gap provides a higher resolution in both
directions, and the resolution difference was minimized with the spacing of 39 mm and the
outer diameter of 170 mm. The inner diameter of the electrode was optimized to be 60 mm for
the fixed electrode spacing of 39 mm, as shown in Fig. 3.10.

The dimensions of the optimized electrostatic lens are shown in Fig. 3.11. The electrodes
are 0.5-mm-thick stainless steel plates of 170 mm in diameter mounted with 39-mm-length
insulator spacer (polyimide-CEPLA). The inner holes in the extractor and the ground
electrode are 60 mm, and the repeller electrode contains a small hole (5 mm dia.) for
propagation of the molecular beam. Figure 3.12 shows the velocity resolution as a function of
Vexi/Viep Calculated for He(l) and FEL experiment. The molecular beam diameter was
estimated to be 5.8 mm, and the diameter of He(l) and FEL were respectively 4.2 and 0.1 mm
in diameter. At the optimal ratios of Vex/Vrep, the best velocity resolutions of vy and v, are 2.7
% and 2.2 % for He(l) case; 0.06 % and 0.01 % for FEL case. The broad focusing curve and

poor resolution in He(l) PEI is attributed to its large ionization volume.
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Figure 3.13 (a)-(c) shows the photoelectron images of Ar measured with the
three-electrode design. A repeller electrode had punching holes, and the overall open area was
20 %. The background signal was quite high, and the background component could not be
eliminated by subtraction of the background image from the signal image (see Fig. 3.13(c)).
The shape of the background signal is symmetric and did not change with the repeller voltage,
which implied that those photoelectrons do not have the velocity components in the imaging
plane. Therefore, the background photoemission must be arising from the repeller plate. We
replaced the repeller with a mesh (open area = 88 %) and succeeded in reducing the
background signal level. The mesh reduced the cross-section of the electrode by one order of
magnitude compared with a solid plate, which suppresses background photoemission from
this electrode; however, the background feature could never be eliminated by subtraction of

the background image from the signal image, as shown in Fig. 3.13 (d)-(f).

3.2.2 A new electrostatic lens
Based on the experimental results presented above, | designed new electrodes. The basic
features of this new design are summarized as follows.

1. The repller is made with mesh and placed away from the ionization region.

2. A small retardation field is added to prevent photoelectrons from the mesh transmitted to

the acceleration region.

3. Electrons are gradually accelerated in a long distance to achieve high energy resolution.

The dimensions of the electrostatic lens system (outer diameter, inner diameter, and
spacing of the electrodes) were optimized by running electron trajectory calculations with the
SIMION 3D software. Figure 3.14 shows the final design of the new lens system. A stack of 8

circular electrodes is rigidly held by insulating supports, and the position of each electrode
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plate was fixed by four sets of insulator screws and nuts. The electrode No. 1 is made with a
high-transmission (90 %) mesh (70 wires/inch) with a 6-mm-diameter hole in the center for
the molecular beam to pass through. The negative voltage of this electrode is set slightly
smaller in magnitude than that of the electrodes No. 2 and 3 (see Fig. 3.14). This retardation
field prevents photoelectrons produced by stray light of VUV radiation from being transmitted
towards the detector. Figure 3.15 shows simulated electron trajectories emitted from the mesh
electrode started from six different starting positions spaced 10 mm apart with 5 different
ejection angles spaced by 45° (red, blue and orange curve). In order to enhance the visibility
of the trajectories, the kinetic energy of each electron was set to 200 eV. In Fig. 3.14, the role
of the electrode No. 1 is to shield the system from the ground potential of the bulkhead of the
molecular beam source. The electrode No. 2 is held at the same voltage as the electrode No. 3
to avoid the field distortion caused by the large central hole in the electrode No. 3. We refer
the electrodes Nos. 3 and 4 as a repeller and an extractor, respectively. Voltages were
independently applied to electrodes Nos. 1 to 4 using a computer-controlled multi-port power
supply (MBS, A-1 Electronics; +12 kV max), whereas the other electrode voltages were
passively regulated by a register (22 MQ) chain placed outside the vacuum chamber. The
gradual change in the voltages applied to electrodes 4-8 achieved energy resolution (AE/E)
higher than 1% even for a large ionization volume (several millimeters in length of each side

of cylinder). The entire assembly can withstand voltages up to 12 kV.

3.2.3 Molecular beam diameter and velocity resolution

The difference in diameter between molecular beam and VUV beam leads to different
resolution in vy and v,. As the diameter of VUV beam (4.3 mm) could not be altered easily,
the molecular beam diameter was reduced. Figure 3.16 shows the simulated vy and v, velocity
resolutions as a function of the ratio between the molecular beam and the VUV beam

diameters. When the molecular beam diameter is larger than VUV beam diameter (skimmer
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diameter > 1 mm), the cylindrical symmetry axis is along the VUV beam propagation axis
(y-axis), as indicated in Fig. 3.16. On the other hand, when the molecular beam diameter is
smaller than the VUV beam diameter (skimmer diameter < 1 mm), the cylindrical symmetry
axis is along the molecular beam propagation axis (x-axis) that is perpendicular to the MCP
surface. As anticipated, when the molecular beams is smaller than the VUV beam in diameter,
the vy and v, resolution are essentially the same. In the actual experiment, | used the 0.8-mm
diameter skimmer and created the molecular beam diameter of 3.4 mm at the ionization
region. Figure 3.17 shows the velocity resolution simulated as a function of Ve,/Vie, for both
He(l) and FEL. In He(l) case, at the optimal ratios of Vex/Viep, the velocity resolutions of 0.25
% in y-axis and 0.24 % in z-axis are achieved. In FEL case, the diameter of a focused laser
beam of ~ 0.1 mm provides the best speed resolution of 0.04 % in y-axis and 0.019 % in

Z-axis.

3.2.4 Distortion of the photoelectron image

The photoelectron image of Ar measured with this new set of electrodes is shown in Fig.
3.18. Comparing with Fig. 3.13, the background signal was suppressed considerably, and it
could be removed completely by subtracting a background photoelectron image. However, the
image in Fig. 3.18 is slightly distorted. First | have suspected imperfect alignment of electrode
stack; for example, electrode plates are not parallel to each other. I have realigned the
electrode stack several times, and | replaced the components with those of higher precision;
however, the image was still distorted, as shown in Fig. 3.19(d). During this process, | found
that the way of the distortion changed every time | opened the chamber, which strongly
suggested that distortion was caused by charging of the insulators.

In order to examine the effect of insulator charging on PEI, 3-D trajectory calculation of
electrons was performed. Figure 3.20 (a) shows the 3-D configuration of the lens with a

charged insulator placed between the repeller and the extractor electrode plate. In the
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simulation, | considered only the electrons with the initial velocities parallel to the detector
plane. Figure 3.20 (b) shows the simulated images on the MCP detector (X-Y plane) expected
for the following three conditions: (i) no charged insulator; (ii) an insulator at a negative
potential of -3424 V (same as Vex); (iii) an insulator at a negative voltage of -2000 V. The
result shows that a charged object can cause distortion in a similar way with the observed one.
With a larger voltage difference between the insulator and extractor electrode, larger
distortion occurred. Similar distortion was observed when the charged insulator was placed
between the electrode Nos. 6 and 7, as shown in Fig. 3.21. The distortion was negligible when
a charged object was placed between the electrodes Nos. 1 and 3. Thus, | concluded that the

observed distortion was caused by charging of the insulators.

3.2.5 The final design of electrostatic lens

The final design and dimensions of the electrodes are shown in Figure 3.22. The stack
consists of 12 circular electrodes. All elements except the first two electrodes are thick rings
spaced with 3-mm-diameter ruby balls, and they hide the insulating supports from stray light
and electrons. Electrodes 3 to 5 were referred as the repeller, light port, and extractor,
respectively. Two 40 x 35 mm square holes in the light port allow incoherent He(l) radiation
to propagate with minimal scattering. The negative voltage of electrode No. 1 is set slightly
lower in magnitude than that of the electrodes No. 2 and 3, and the electrode No. 2 is held at
the same voltage as No. 3. Voltages were independently applied to electrodes 1 to 5 and other
voltages were regulated by a register chain. As shown in Figure 3.23, the best speed resolution
was 0.36 % in both directions in the imaging plane. Using trajectory calculations, | examined
the effect of the number of electrodes in the acceleration region on the resolution. The
geometry of the lenses was slightly simplified by removing the port electrode, as shown in Fig.
3.24 (a). Without the port electrode, the velocity resolution was slightly improved from 0.36

% to 0.25 %. As shown in Fig. 3.24 (b), the velocity resolution was generally higher at a
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larger number of electrodes; however, it was practically saturated at 7 electrodes. Here we
count the number of electrodes behind the extractor (lens No. 5): for instance, the electrodes
shown in Fig. 3.22 are 12 in total but the number of electrodes behind the extractor is 7 (No.
6-12). Figure 3.25 shows the photoelectron image of Ar with a new lens set, which exhibits

no distortion.

3.2.6 Chromatic aberration

In the above discussion, we optimized the electrode voltages (Vport/Viep aNd Vexi/Viep) 10
achieve the best energy resolution for a certain electron kinetic energy. However, the electron
lens generally has some finite chromatic aberration in that the electrons with different initial
kinetic energies receive different focusing by the lens. Then, the energy resolution is
determined not only by the spatial resolution of the imaging system but also the chromatic
aberration of the lens. Notice that chromatic aberration of an electrostatic lens can only be
minimized and not eliminated.® | found that the soft focusing in the acceleration region can
alleviate chromatic aberration. 1-have checked chromatic aberration of our newly designed
electrode (see Fig. 3.22) with various number of lens electrode behind the extractor. Similar to
the previous section, the port electrode was removed to simplify the voltage optimization
procedure (see Fig. 3.24 a). Figure 3.26 compares the calculated energy resolution (AE) as a
function of the electron Kkinetic energy (eKE) for our newly designed electrode with different
number of lens electrodes. In all cases, the focusing conditions were optimized for a repeller
voltage of -4000 V and eKE of 5.461 eV. Electrons were ejected from the region of ionization
volume (3.4 0.d. x 4.2 mm) with the angles of 90° with respect to the flight axis. The figure
shows that chromatic aberration reduces as more lens electrodes are employed. Similar
calculation with the conventional three-electrode design (see Fig. 3.11) is also shown in Fig.
3.26 (open green triangle), the result of conventional three-electrode approaches to the result

of newly designed electrode with two lens electrode which is difficult to focus electrons with
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high eKE. It clearly demonstrates the advantage of our design over the three electrodes.

3.2.7 He(l) PEI of rare gases with a new lens set
(A) Velocity resolution

The performance of our electrostatic lens was examined by He(l) PEI of Kr using a CCD
camera (512 x 512 pixels) without COG calculations. PKED observed at the optimal ratios of
Vport/ Viep aNd Vexi/Viep is shown in Fig. 3.27. The spin-orbit splitting of Kr (0.665 eV) is clearly
resolved. As shown in the inset, the least-squares fit using a Gaussian function indicated the
full width at half maximum (FWHM) of 210 meV at 7.22 eV, corresponding to the energy
resolution AE/E (= 2Av/v) of 2.9 %. Figure 3.28 shows the energy resolution determined by
PEI of Kr as a function of Vex/Vyep With Viep = 5000 and Vpore = -4319 V; the optimum voltage
of Vot Was determined experimentally. 1t is seen that the resolution varies only gradually with
Vexi/Viep Within the range of ca. 30 V about the best point. This contradicts with a much
sharper dependence on the voltage predicted theoretically, and it is attributed to insufficient
imaging resolution. In order to evaluate the energy resolution more precisely, we used a
super-resolution imaging system using a 4M-pixel CCD camera (2048 x 2048 pixels)®. The
subpixel centroiding calculations down to a quarter pixel size achieved an effective imaging
resolution of 4096 x 4096 pixels. The inset of Fig. 3.28 shows the energy resolution evaluated
by PEI of Ar at fixed Ve 0f -4000 V and Vo Of -3464.8 V, respectively: the optimum Vport
was determined experimentally. The energy resolution varied much more sensitively with Ve
in this case, and the resolution clearly degraded on both sides of the best point. The best
voltage ratios were Vpor/Viep = 0.8662 and Vex/Viep, = 0.8557, with which we obtained the
energy resolution (AE/E) of 0.735 % at 5.461 eV (FWHM: 40 meV) in excellent agreement
with the trajectory calculations. The fine structure splitting of Ar was resolved, as shown in
Fig. 3.29. The signal count level of He(l) PEI was very high, and I intentionally reduced the

gain of MCP to perform COG calculations.
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(B) Photoelectron angular distribution

The photoelectron angular anisotropy was evaluated independently for the four quadrants
of one image, as shown in Fig. 3.30. For each quadrant, the anisotropy parameters (/) were
determined for the ®Ps, and “Py;, final states as shown in Fig. 3.30. The average of S
determined from the four quadrants are 1.26 + 0.04 and 1.22 + 0.08 for ?Ps, and 2Py,
respectively, in which the errors are the standard deviations. We also determined g from a
symmetrized image and obtained 1.24 + 0.01 and 1.21 + 0.01 for %P, and 2Py, respectively.
The larger errors in the former approach result from non-uniform sensitivity of the imaging
detector. The £ determined by both methods are in good agreement with the literature value
(1.24 and 1.21 for ?P3;, and ®Pyy,),1 which indicates that symmetrization of the raw image prior

to analysis does not affect the anisotropy.

3.3 Conclusion

From experimental and computational examination of various designs of the acceleration
electrodes, the following conclusions were drawn.

1. The major source of background electrons is the photoemission from the repeller plate.
Therefore, the repeller plate should be placed away from the ionization region and a small
retardation field may be applied to prevent photoelectrons emitted from the repeller to be
transmitted to the acceleration region.

2. All insulators should be shielded to avoid charging.

3. Energy resolution (AE/E) of higher than 1 % is obtainable even for a large ionization
volume (i.e. of the order of millimeters). The acceleration electric field strength should be

weak.
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4. The resolution of an imaging system should be sufficiently high. In our case, a
super-resolution (4096 x4096 pixels) imaging system was needed to fully exploit the
performance of our charged particle optics. The best energy resolution was 0.735 % at

5.461 eV (FWHM: 40 meV).
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Figure 3.1 Photoelectron images observed by He(l) photoionization of a supersonic beam of
Ar: (a) ¢ 6 mm aperture of He(l) light source was used. (b) ¢ 2 mm aperture of He(l) light
source was used.

54



d = 9 mmyapt s L3)mMm

d=12 mm;apt = $1.3’mm

Low BN M High

Figure 3.2 (a)-(c) Intensity-integrated raw photoelectron images of Kr at a stagnation pressure
of 2.2 MPa at different electrode gap distance of 6 mm, 9 mm and 12 mm. (d denotes the
electrode gap distance, apt denotes the aperture diameter of He(l) light source). € denotes the
directions of the polarization vectors of the VUV beam.
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Figure 3.3 Difference between the anisotropy parameter S calculated for Kr (®Psp) by
assuming different polarization degrees of light and the literature value 1.24.[ref. 1] The
polarization degree of 74 % provides the best agreement.
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Figure 3.4 Photoelectron kinetic energy distributions in He(l) photoionization of supersonic
beams of Ar generated at different stagnation pressures of 0.4 (solid), 1.1 (dash dot), and 2.2
(dash) MPa.
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Figure 3.5 (a)—(c) Intensity-integrated raw photoelectron images observed by He(l)
photoionization of a supersonic beam of pure Ar, Kr and N, respectively. (d)—(f)
Photoelectron images of Ar, Kr and N after background subtraction. (g)—(i) 2D slice images
of Ar, Kr and N2 obtained with the modified p-BASEX reconstruction. ¢ denotes the
directions of the polarization vectors of the VUV beam.
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Figure 3.6 (a) Photoelectron Kkinetic energy distribution in He(l) photoionization of
supersonic beams of Ar. (b) Photoelectron Kinetic energy distribution in He(l) photoionization
of supersonic beams of Kr. The inset shows an expanded view in the PKE region between 6.0
and 8.0 eV. The solid red line indicates the best-fit Gaussian to the observed data; it has a
FWHM of 246 meV at 7.22 eV.
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Figure 3.7 (a) Photoelectron Kkinetic energy distribution in He(l) photoionization of
supersonic beams of N,. The spectral feature agrees reasonable well with the literature [Ref.
3]. (b) Expanded view of He(l) photoelectron spectrum of N, in the A band region. The solid
red and dotted green lines show the overall distribution and individual Gaussian components
obtained by least-squares fitting.
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Figure 3.8 (a) 2D representation of the cylindrically symmetric potential @ in the VMI
spectrometer. (b) Experimental geometry for photoelectron imaging experiment. The
molecular beam and time-of-flight axis are located along the x axes; VUV light beam is
located along y axis.
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Figure 3.11 Cross-sectional view of the electrostatic lens system using three-electrode
configuration (all units in millimeters). A molecular beam is introduced from the bottom and
is irradiated by He(l) radiation at the position indicated by the cross (x).
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Figure 3.12 \elocity resolution simulated by performing trajectory calculation with 3D
Simion software as a function of Ve/Viep: (a) He(l) experiment condition: light beam diameter
= 4.2 mm. (b) FEL experiment condition: light beam diameter = 0.1 mm.
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Figure 3.13 (a)-(c) Photoelectron images of Ar using the three-electrode configuration with
solid repeller electrode. (d)-(f) Photoelectron images of Ar after replaced the solid repeller
electrode to mesh repeller electrode.
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Figure3.14 Cross-sectional view of the electrostatic lens system (all units in millimeters). A
molecular beam is introduced from the bottom and is irradiated by He(l) radiation at the
position indicated by the cross (x). An example of the voltage setting in the measurement of
photoelectron image of Kr is also shown in the figure.
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Figure 3.15 (a) Simulated trajectory (red, blue and orange) of electrons emitted from the
mesh electrode and photoelectrons from the photoionization point (black). The equipotential
lines are also shown (light brown). (b) 2D representation of the cylindrically symmetric
potential ®(x,y) of (a).
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Figure 3.16 Velocity resolution simulated by performing trajectory calculation with 3D
Simion software as a function of (molecular beam dia./\VVUV beam dia.) ratio and VUV beam
diameter is fixed at 4.3 mm. Noted that solid symbol indicated the ionization volume aligned
along the VUV beam axis (Y axis), open symbol indicated the ionization volume aligned
along the molecular beam axis (X axis), as indicated at the top of the figure.
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Figure 3.18 Photoelectron images of Ar using a new design electrode. (a) before background
subtraction. (b) background image observed without the sample gas. (c) after background
subtraction. The distortion of the image was observed.
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Figure 3.19 (b) and (d) are photoelectron images of Ar measuring with electrode (a) and (c),
respectively.
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Figure 3.20 (a) The configuration of the spectrometer including a charged insulator in 3D
drawing. (b) The images simulated in three conditions: (i) no charged insulator (black), (ii)
charged insulator with -800V (red) and (iii) charged insulator with -50 V (blue).

73



(a) - " he o

(-856V) (-1712V)

Charged
insulator

(b) 70 80 90 100 110 120 130 140 150 160 170
| I T W NN W NN SRR AN I POR TR I T N T
50 ® no charge || 50
1 e -300V I
40 - s - 40
: A 50V i

Y Position

— T T T T T T 1T 1T "1

T |
70 80 90 100 110 120 130 140 150 160 170

X Position

Figure 3.21 (a) The configuration of the spectrometer including a charged insulator in 3D
drawing. (b) The images simulated in three conditions: (i) no charged insulator (black), (ii)
charged insulator with -800V (red) and (iii) charged insulator with -50 V (blue).
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Figure 3.22 Cross-sectional view of the final design of the electrostatic lens system (all units
in millimeters). A molecular beam is introduced from the bottom and is irradiated by He(l)
radiation at the position indicated by the cross (x).An example of the voltage setting in the
measurement of photoelectron image of Kr is also shown in the figure.
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Figure 3.23 \elocity resolution simulated by performing trajectory calculation with 3D
Simion software as a function of Vyon/Viep and Vext/Viep.

76



Simplified electrode sets

_| || mammmun

| ililili

123 4567
Rep Ext
(b) 40
' ° lonization
3.5 volume
R 30 (_OF34mm
‘-E - l—'—'
S 2.5 v 4.2 mm
= 204
@ l °
= 1.54
= .
S 1.0-
o) ] °
> 0.5 o
. ° °
0.0 r r~ 1+ 1 T+ Tt r T r 1T T T 7
0 1 2 3 4 5 6 7 8 9

Number of electrode lens
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Figure 3.25 Photoelectron images of Ar using a new design electrode with shielding all
insulators. (a) before background subtraction. (b) background image observed without the
sample gas. (c) after background subtraction. No distortion of the image was observed.
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Figure 3.26 Simulated energy resolution (AE) as a function of photoelectron kinetic energy
using our newly designed electrode with different number of lens electrodes. The result of
conventional three-electrode design is also shown (open green triangle) in the figure.
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Figure 3.27 PKE distributions determined by He(l) PEI of supersonic beams of Kr using a
(512 x 512 pixels) CCD camera. The inset shows an expanded view in the PKE region
between 6.0 and 8.0 eV. The solid red line indicates the best-fit Gaussian to the observed data;
it has a FWHM of 210 meV at 7.22 eV.
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Figure 3.28 Velocity resolution evaluated using photoelectron imaging of Kr as a function of
Vexi/Viep. A low-resolution (512 x 512 pixels) CCD camera was used without image
processing. Due to insufficient resolution of the camera, the focusing curve is dull. The inset
shows velocity resolution evaluated using photoelectron imaging of Ar with super-resolution
(4096 x 4096 pixels) imaging system. The focusing curve becomes much sharper and the
resolution varies as a V-shape for the Vex/Vyep ratio. The error bar corresponds to the fitting
error (fwhm).
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Figure 3.29 PKE distributions determined by He(l) PEI of supersonic beams of Ar using a
super-resolution (4096 x 4096 pixels) imaging system. The inset shows an expanded view in
the PKE region between 5.1 and 5.6 eV. The solid red line indicates the best-fit Gaussian to
the obeerved data; it has a FWHM of 40 meV at 5.461 eV.
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Figure 3.30 The definition of the individual four quadrants of the image is shown in the inset.
The observed PAD of (a) *Pi, and (b) 2Ps; of Kr, obtained from each quadrant and the
corresponding least-squares fits are shown with open circles and solid lines. The determined
anisotropy parameters, the average and the standard deviation ¢ obtained in each quadrant are

also shown.
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Table 3.1 Anisotropy parameter £ for krypton as obtained in this work in comparison with the
literature values.

B
lonic state eBE(eV) This work Previous reports
Py 14.00 1.23 1.24(2), 1 1.30(4),” 1.30(5),% 1.29(5),°
1.37(2),° 1.20(5)"
P 14.65 1.09 1.21(2),1 1.23(4),7 1.23(5),8 1.25(5),9

1.37(3),10 1.20(5)11

Errors (z, in the last digit unless indicated otherwise) given in parentheses.

Table 3.2 Anisotropy parameter £ for argon as obtained in this work in comparison with the
literature values.

B
lonic state eBE(eV) This work Previous reports
Py, 15.76 0.93(2),7 0.97," 0.88(2)," 0.95(2),"
7 0.89(4),9 0.95(2),10 0.85(5)11
P 15.94 ' 0.92(2),70.97,12 0.86(2)," 0.95(2)"*

0.89(4),9 0.95(2),10 0.85(5)11

Errors (z, in the last digit unless indicated otherwise) given in parentheses.
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Chapter 4

He(l) Photoelectron Imaging of Benzene and Pyridine

The preceding chapters have focused on the designing of a photoelectron imaging
spectrometer. In this chapter, He(l) ultraviolet photoelectron imaging of benzene and pyridine

in supersonic molecular beams are discussed.

4.1 He(l) Ultraviolet Photoelectron Imaging of Benzene

4.1.1 Introduction

Benzene (CgHg) is ‘one of the most fundamental polyatomic molecules, and its
photoelectron spectroscopy has been performed using UV*** and X-ray light sources.*>*°
The configuration of valence electrons in benzene is

[2e2¢(0)] [3a14(0)] [2b1u(0)] [1b2u(0)] [3e1.(0)] [1azu(7)] [Be29(0)] [1e10(7)]

in the ascending order of the orbital energy. Theoretical studies predict that eight ionic states
can be observed by photoionization of benzene with He(l) radiation (21.22eV). There were
some controversies in the assignment of observed He(l) photoelectron spectrum of
benzene1®®. One controversy was the assignments of the D; and D states between 11 and 13
eV. Lindholm et al.6 suggested the electron removals from the 3e,4(o) and 1ay.(7z) orbitals as
Dz[AzEzg] and D1[B?A] states of CgHg', respectively. Although this assignment has been
supported by a number of researchers,4'7*?*2% Turner et al.1 and Price et al.5% preferred
the reversed assignment. Carlson et al.4 measured the angle-resolved He(l) photoelectron

spectrum and found that the anisotropy parameter gradually increases between 11 and 13 eV.

They suggested Dl[AZEzg] and D,[B?A,]. This assignment has been further supported by
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Mattsson et al.“* and Sell et al.”> Carlson et al.” and Baltzer et al.”" measured the energy
dependence of the anisotropy parameters using synchrotron radiation and compared with
calculations based on the multiple scattering X o method. These studies established D1[A’Ex]
and D,[B?Ay,]. Another controversy concerned the assignments of the band at 15.5 eV.

Jonsson et al.?®

assigned this band as the electron removals from the 2by,(o) orbital, whereas
Price et al.5 assigned it to 3aj4(c). This problem was settled by Gelius et al."**** who

supported Jonsson based on the intensity analysis of the X-ray photoelectron spectrum.

4.1.2 Interference from the residual water vapor in the chamber

We performed PEI experiments using continuous supersonic beams of polyatomic
molecules. However, the signal level was not much higher than the background
photoionization signal of the residual water vapor in the chamber. The partial pressure of
water in the ionization camber was measured to be ~ 2 x 10® Torr using a residual gas
analyzer (Stanford Research Systems, RGA200). Figure 4.1 (a) shows a photoelectron image
obtained with a continuous beam of benzene 8 % in He expanded with a stagnation pressure
of 1.2 atm; the signal and background ‘images were integrated for 100 min, and the
background image obtained without the molecular beam has already been subtracted. This
image exhibits a vertical band along the VUV light path, which is due to photoionization of
water vapor. The photoelectrons signal of water remains in Fig. 4.1 (a) even after the
background subtraction, indicating water vapor pressure changed with and without the
molecular beam. Figures 4.1 (b) and (c) show ion images observed with and without the
molecular beam, respectively; ions were not mass-selected. These images spatial distribution
of ions along the light path of He(l) radiation. Bright elliptical spot in the center is due to
benzene ions produced in the molecular beam, whereas the vertical band arises from water

ions.
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4.1.3 Results

To enhance the signal/background contrast ratio, we replaced a continuous beam with a
pulsed beam and we added a turbo molecular pump (650 L/s) to the ionization chamber. This
allowed us to increase the ratio of the partial pressure of benzene against water vapor during
the gas pulse. We time-gated both CCD and MCP so as to detect photoelectrons only when a
pulsed beam was introduced into the ionization region. In order to synchronize the readout of
the CCD camera with a gas pulse, we used a low-resolution CCD camera (512 x 512 pixels)
that accepts an external trigger. Figure 4.2 (a) shows a photoelectron image measured with a
pulsed supersonic beam of benzene 18 % seeded in He expanded at a stagnation pressure of
0.55 atm; the signal and background images were integrated for 90 min at a data acquisition
rate of 20 Hz, and the latter was subtracted from the former to obtain Fig. 4.2(a). It is seen that
the background photoelectron signal is considerably smaller than the case using a continuous
molecular beam. As the vacuum system can allow 100 Hz of gas pulses at a stagnation
pressure of 0.55 atm, the duty cycle of our PEI system can be easily increased by a factor of
five by not synchronizing the CCD camera.

Figure 4.2 (b) shows the slice image obtained by taking the inverse Abel transform of Fig.
4.2 (a). As mentioned in chapter 1, photoionization with unpolarized light generates a PAD
that is cylindrically symmetric about the light propagation direction (indicated by the arrow in
the figure). Figure 4.2 (c) shows the energy-dependent anisotropy parameter determined from
the image. Although the concentration of benzene (18 %) in the pulsed beam was high, no
signature from benzene dimers has been identified at ionization energy (IE) of 8.65 eV*® in
our photoelectron spectrum. No vibrational structure was resolved with our energy resolution
of 0.2-0.3 eV. The vibrationally-resolved He(l) photoelectron spectrum of the first band has
been reported by Baltzer et al.?’; however, B has not been determined at a vibrational
resolution. The energy-dependent anisotropy parameter determined in the present study is in

excellent agreement with the literature as presented in Fig. 4.2(c) and Table 4.1.""'*! |n the
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lowest photoelectron band, S decreases with the electron binding energy. Carlson and
Anderson* have observed the same feature and suggested that it may be due to the Jahn—Teller
effect in Do. However, the influence of Jahn—Teller splitting on S has not been elucidated
experimentally or theoretically for any molecular system.*® Another possible origin for the
variation of g is a Coulomb phase. Since g for photoionization from the leiy(z) orbital

E, 19,20,31

increases with increasing PK s expected to diminish at higher binding energies (i.e.,

lower PKESs) within the first band.

4.2 He(l) Ultraviolet Photoelectron Imaging of Pyridine

4.2.1 Introduction

Pyridine (CsHsN) is an important model system in relation to biologically active
nicotinic acid and the nucleotides of cytosine, uracil, and thymine. It is also an example of
heterocyclic aromatic molecules. The replacement of a carbon atom with a nitrogen atom in a

benzene ring creates a lone-pair orbital. The lowest photoelectron band of pyridine has

overlapping bands from ionization of a nonbonding (n) and a r electron. El-Sayed et al.*

studied Rydberg series of pyridine by absorption spectroscopy and postulated that the 7 ™

state exist at 9.266 and 11.56 eV and the n* state is at about 10.3 eV. Jonsson et al.®

suggested the Do, D1, and D, to be 7%, 7%, and n* based on the electron-scattering spectrum

34
l.

and theoretical calculations. Berg et al.” measured multiphoton spectrum of pyridine and

suggested that n* is the lowest cation state.

These early photoelectron experiments suggested all three possible assignments of

36 37-40
T

77n1% 7n-7,°° and n-z . The resolution of this confusion required additional
information. Utsunomiya et al.** performed the first angle-resolved PES of pyridine in 1978
and found that near the ionization threshold £ increases from 0.2 to ~ 0.6 in the middle of the

first band. They referred that ionization to the n™* state of 2,6-lutidine (dimethyl-pyridine)
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exhibits low £ and assigned Dy of pyridine to the n™ state and D; to the =" state. Piancastelli
et al.** found that S in the higher binding energy region of the first band increases more
rapidly with the photon energy than the lower binding energy region, from which they also
assigned Dy to the n™ state and D, to the 7 ™ state. In theoretical studies, Green function

4345 and valence bond method* predict a zn-z ordering, while more recent

calculations
calculations of SAC-CI,** DFT-TP,** CASPT2,*® and MRDCI*' suggest an n-z-7 ordering
in agreement with experimental studies. MRDCI predict that the first two ionic states have an
energy difference of 0.7 eV, whereas the other methods predict differences less than 0.2 eV.

So far, angle-resolved PES of pyridine has been limited to the first three ionic states. In

this study, the energy-dependent anisotropy parameter is determined for the entire energy

region accessible with He(l) radiation.

4.2.2 Results

Figure 4.3 (a) shows a photoelectron image measured with a pulsed supersonic beam of
10 % pyridine seeded in He. The background image has been subtracted. The left half is the
raw image and the right half is the slice image obtained by inverse Abel transform. Figure 4.3
(b) shows the photoelectron energy spectrum and S extracted from the slice image. The

142 in Table 4.2. A microdischarge

numerical values of S are also compared with the literature
of MCP occurred when a high density molecular beam impinged on the detector, we needed
to restrict the stagnation pressure for supersonic expansion to be 0.2 atm. (The observed
microdischarge was a specific problem of this detector.) Because of the low stagnation
pressure of 0.2 atm, a long (3 hours) integration time was needed to measure the image. In the
future, microdischarge should be avoided by redesigning the PEI spectrometer so that a
molecular beam travells parallel to the face of the imaging detector.

As seen in Fig. 4.3 (b), S of the first band between 9.2 and 10.2 eV increases with the

binding energy in agreement with Utsunomiya e al.*' and Piancastelli et al.,**. This band has
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contribution of Dy and D, associated with electron removal from 11a;(n) and 1ay(7) orbitals,
respectively. In He(I) UPS of pyridine, the first band corresponds to PKE between 12.02 and
11.02 eV. In this PKE region, £ increases only gradually with PKE if it is due to the
energy-dependent Coulomb phases.”’ The observed S increases rather rapidly with the
electron binding energy (i.e. decreasing PKE), which indicates that the variation of £ in the
first band is not due to Coulomb phases and rather due to D; overlap with Dy. The origin of
D, has not been determined yet.

The fourth and fifth bands between 12.5 and 13.5 eV have been assigned to ionization
from byo and b7z, respectively.41 As far as we know, £ has not been determined at the
electron binding energies over 14 eV. The variation of £ in this region is similar to that of
benzene; £ has a deep minimum at about 15.8 eV for pyridine and 14.9 eV for benzene. All
these cation states are due to the removal of an electron from the o orbitals (see Fig. 4.3).
There are two different theoretical assignments for the overlapping bands within 0.3 eV
around 15.8 eV. These bands are associated with the 9a;(0) C—H and 5b,(0) C—C bonding
orbitals. All calculations that suggest Do(n"')—-D1(7')—Dy(7') assignment of the first three
states suggest [5ba(0)]”" < [9a1(0)]" whereas the others that predict 7—n—7 ordering for the
first three states suggest the opposite [Sba(o)]" > [9ai(o)]". The assignments in Fig. 4.3

follow the former assignment.

4.3 Conclusion

A high signal/background contrast ratio was achieved in PEI using a seeded molecular
beam by introduction of a pulsed beam. The major source of the background photoelectrons
are from residual water vapor in the photoioniztion chamber. The photoelectron anisotropy

parameters determined for benzene and pyridine were in good agreement with the literatures.
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The anisotropy parameters were determined for the first time for pyridine at the electron
binding energies over 14 eV. Higher energy resolution is obtainable in principle by
centroiding calculations of the light spots on the phosphor screen of the detector. However,
our super-resolution imaging system is currently able to handle up to 256 light spots in a
single frame (30 frames/s), which is too low for He(l) PEI. This problem will be solved in the
future when a higher frame rate of a camera and a faster digital image processing circuit

become available.

92



(a) Photoelectron image

He(I)

(b) lon image with beam

(c) lon image w/o beam

Figure 4.1 (a) Photoelectron image of a continuous supersonic beam of 8% benzene seeded in
He (the background image has been subtracted). (b) lon image with the supersonic molecular
beam. (c) lon image without the molecular beam. The arrow indicates the propagation

direction of the He(l) radiation.
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Figure 4.2 (a) Symmetrized photoelectron image of a pulsed supersonic beam of benzene. (b)
the slice image obtained from (a). (c) The energy-dependent anisotropy parameters S (upper
panel, solid circle) and photoelectron spectra (lower panel) obtained from (b). Data from [ref.
12], [ref. 19] and [ref. 11] are given as open squares (0), open triangles (A) and open inverted
triangles (V), respectively. The assignments of the ionized orbitals are indicated at the vertical
ionization point [ref. 19]. The error bars are the fitting errors.
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Figure 4.3 (a) Symmetrized photoelectron image of a pulsed supersonic beam of 10%
pyridine seeded in He (left half) and the slice image taking the inverse Abel transform (right
half). (b) The energy-dependent anisotropy parameter £ (upper panel, solid circles) and
photoelectron spectra (lower panel) obtained from (a). Data from [ref. 42] and [ref.41] are
given as open squares (0) and open triangles (A), respectively. The assignments of the ionized
orbitals are indicated at the vertical ionization point [ref. 44]. The error bars are the fitting
errors.
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Table 4.1 Electron binding energy (in eV) and anisotropy parameters (/) for benzene

This study Sell et al. Carlson ez al.® Mattsson et al.”
Orbital®  eBE B eBE yis eBE B eBE yis
lejy(m) 9.11 1.11
9.21 1.21(3) 9.19 1.15 9.24 1.11(4)
9.29 1.08(6)° 9.33 1.04(4) 9.30 1.10 9.34 0.97(5)
9.38 1.06
9.44 1.14(5) 9.42 1.13(3) 9.48 1.05 9.44 0.90(4)
9.51 1.02(9) 9.53 1.01 9.53 0.84(9)
9.58 0.79(7) 9.60 0.85(7) 9.63 1.00 9.61 0.87(5)
9.71 0.83(7) 9.72 0.96
9.80  0.86(12) 9.84 0.97
3e54(0) 1148 ——0.23(2) 11.46 -0.13 11.49 —-0.04(4)
11.53  —-0.20(5) 11.59 -0.16 11.57 -0.01(2)
11.62  -0.18(3) 11.62° —0.04(7) 11.64 -0.07
11.75  -0.09(2) 11570 . —0.11(6) 11.73 -0.03 11.67 -0.02(3)
11.80  —0.04(5) 11.82 —-0.04
11.88  -0.15(3) 11.90  -0.07(3) 11.90 0.02 11.84 0.06(2)
12.01  -0.17(3) 11.98  —0.05(5) 12.00 0.03 11.95 0.08(2)
12.08  —0.09(5) 12.05 0.09
lay,(m) 12.07 0.20(3)
1213  -0.16(3) 12.16  0.09(2) 12.16 0.18 12.19 0.23(2)
1226 -0.07(2) 12.24  0.25(5) 12.25 0.18
1233 0.23(3) 12.32 0.13 12.31 0.18(4)
12.39 0.00(3) 1242 0.15(9) 12.38 0.11 12.44 0.19(4)
1251 -0.04(4) 12.52 0.01(5) 12.49 0.15
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Table 4.1 (Continued)

This study Sell et al. Carlson et al. Mattsson et al.
Orbital eBE Yij eBE Yij eBE B eBE S
12.63  —0.14(5) 12.60 0.14(5) 12.59 0.15 12.56 0.13(4)
12.69 0.08(5) 12.65 0.16 12.68 0.19(4)
12.77 0.00(7) 12.74 0.15
12.83 0.29
12.91 0.24
13.00 0.24
e (o) 13.82  0.11(4) 13.85 0.14(5) 13.89 0.20 13.85 0.34(5)
13.93  0.17(3) 13.94 0.21(4) 14.00 0.25 14.00 0.32(6)
14.04  0.20(2) 14.02 0.21(4) 14.06 0.22
14.15  0.14(2) 14.12 0.21(4) 14.17 0.20 14.14 0.28(5)
1426  0.08(2) 14.20 0.14(7) 14.26 0.19 14.27 0.23(5)
14.30 0.11(2) 14.34 0.16
14.37  0.03(2) 14.38 0.07(5) 14.40 0.11 14.42 0.20(4)
1448  -0.03(2) 1446  —0.05(5) 14.49 0.02
Iby(o) 1459  -0.01(2) 14.55  —0.04(5) 14.58 —-0.07 14.56 0.11(3)
14.65 —-0.20(4) 14.67 —-0.20 14.68 —-0.02(4)
14.70  -0.01(2) 1473 -0.29(4) 14.76 —0.24
14.81 -0.05(2) 14.83  —-0.26(3) 14.84 —-0.20 14.81 -0.11(4)
1491  -0.09(3) 1491  -0.33(4) 14.94 -0.23 14.93 —0.10(4)
15.02 —-0.08(4) 14.99  —0.25(8) 14.98 —-0.13
15.09  —0.19(5) 15.07 —-0.07 15.05 0.00(5)
15.12  0.02(4) 15.19 -0.08(13) 15.15 0.01 15.17 0.10(5)
15.22  0.06(4) 1527  —-0.06(9) 15.25 0.02
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Table 4.1 (Continued)

This study Sell et al. Carlson et al. Mattsson et al.
Orbital eBE yij eBE yij eBE yij eBE yij
2b (o) 1532 0.11(4) 15.35  0.30(10) 15.34 0.07 15.28 0.27(6)
1543  0.16(5) 15.46 0.34(8) 15.41 0.19 15.40 0.45(6)
15.53  0.18(5) 15.53  0.33(14) 15.50 0.33 15.52 0.43(5)
15.63  0.18(5) 15.62 0.32(7) 15.62 0.33 15.63 0.40(6)
15.72  0.15(6) 15.70  0.39(10) 15.74 0.25 15.74 0.42(5)
15.82  0.20(7) 15.81 0.14(7) 15.84 0.34 15.84 0.49(4)
1592 0.23(6) 15.90 0.32(8) 15.91 0.42
16.01  0.24(6) 1598  0.38(12) 16.02 0.52 15.96 0.49(4)
16.06 0.3009) 16.07 0.52 16.07 0.46(5)
16.11  0.19(8) 16.16 0.50(9) 16.19 0.57(7)
16.20  0.09(9) 16.24 0.27(9) 16.30 0.49(8)
3a (o) 16.84  0.38(5) 16.83  0.14(11) 16.84 0.57(6)
16.93  0.37(4) 16.91 0.45(4) 16.93 0.34 16.96 0.45(6)
17.01  0.26(5) 16.99 0.38(7) 17.03 0.40
17.09 0.43(8) 17.07 0.37 17.07 0.39(9)
17.19 0.21(4) 17.17 0.29 17.19 0.31(7)
17.26 0.21(4) 17.25 0.33
17.34  0.30(10) 17.34 0.38 17.31 0.23(11)
17.44  0.13(15) 17.42 0.21
17.52 0.30(8)
2ey(0c)  18.89  —0.15(5)
18.95 —0.11(5)
19.01 -0.13(5)
19.07  -0.07(5)
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Table 4.1 (Continued)

This study Sell et al. Carlson et al. Mattsson et al.

Orbital eBE g eBE yij eBE yij eBE yij

19.13  —0.09(5)

19.19  —0.16(5) 1920 —0.06(12)¢
19.25  —0.15(5)
1931 —0.09(6)
1937 -0.03(6)

“The orbital assignments for benzene are those in ref. [19]. "Errors (%, in last digit unless
indicated otherwise) given in parentheses. “The energy-dependent anisotropy parameters are
reproduced from ref. [25]. “The energy-dependent anisotropy parameters are reproduced from

ref. [19]. °f was determined by integrating over the area of the 2e;4(0) band. 'Reference [24].
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Table 4.2 Electron binding energy (in eV) and anisotropy parameters (£) for pyridine.

this study Utsunomiya et al.® Piancastelli et al.*
orbital® eBE Yij eBE Yij eBE Yij
11a;(n), lax(m) 9.26 0.19(6) 9.20 —0.08(5)
9.36 0.30(3) 9.30 0.17(5)
9.46 0.45(4) 9.40 0.07(5)
9.58  —0.06(10)° 9.56 0.52(3) 9.50 0.27(5)
9.66 0.56(1) 9.60 0.43(5)
9.72 0.48(3) 9.73 0.61(1) 9.70 0.42(5)
9.86 0.53(3) 9.80 0.65(2) 9.80 0.51(5)
9.90 0.58(2) 9.90 0.42(5)
10.00 0.40(5) 10.00 0.59(3) 10.00 0.47(5)
10.10 0.58(6) 10.10 0.42(5)
2by(m) 10.42 0.49(6)
10.56 0.79(4) 10.54 0.91(3)
10.69 0.73(7) 10.64 0.77(2)
10.74 0.81(4)
7by(o) 12.39 —0.42(4) 12.37 —0.16(3)
12.51 -0.29(3) 12.48 —-0.31(1)
12.63 —-0.17(3) 12.65 —0.35(1)
12.75 —-0.13(3) 12.75 —0.14(7)
12.88 —-0.05(3)
1b(m) 13.00 0.07(3) 13.07 0.12(4)
13.12 0.15(3) 13.17 0.26(3)
13.23 0.17(3) 13.27 0.27(6)
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Table 4.2 (Continued)

this study Utsunomiya et al. Piancastelli et al.
orbital ¢BE B eBE B eBE B
13.35 0.06(3) 13.37 0.27(2)
13.47 0.00(3) 13.47 0.37(3)

13.59 0.00(3)

10ai(c)  13.70  0.01(3)
13.82 0.07(2)
13.93 0.06(2)
14.04  0.0903)
14.15 0.11(3)

6bs() 1426  0.19Q3)
1437 0.29(2)
1448  0.31(2)
1459  0.32(2)
1470 0.26(3)
14.81 0.23(4)
14.91 0.26(4)
1502 0.25(4)
1512 0.23(5)

Sby(c),  15.22 0.05(5)
1532 -0.13(6)
1543 -0.15(5)
1553 -0.11(4)
1563  —0.10(3)
1572 —0.16(2)
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Table 4.2 (Continued)

this study Utsunomiya et al. Piancastelli et al.
orbital ¢BE B eBE B eBE B
15.82 —0.16(3)
15.92 —0.18(3)
16.01 —-0.14(4)
16.11 —-0.07(4)
16.20 —0.04(4)

1630  -0.08(4)
1639  -0.16(5)
1648  -0.18(5)
16,57  -0.15(7)

82,(c) 16.66  0.00(6)
16.75 0.14(6)
16.84  0.25(6)
16.93 0.32(5)
17.01 0.30(4)
17.10 035(4)
17.18  0.43(5)
1727 0.44(6)
17.35 0.38(6)
17.43 0.20(5)

7a1(c) 19.54  0.07(7)
19.59 0.01(8)
19.64  0.00(8)
19.69 0.11(7)
19.75 0.15(8)
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*The orbital assignments for benzene are those made in ref. [44]. "Errors (, in last digit
unless indicated otherwise) given in parentheses. ‘Reference [41]. “The energy-dependent
anisotropy parameters are reproduced from ref. [42].
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Chapter 5
Time-resolved PEI of Pyrazine using a fs-UV Laser and a

VUV FEL

The first time-resolved photoelectron imaging using a vacuum ultraviolet free-electron
laser and a femtosecond ultraviolet laser is presented. The key instrument for this
achievement is the photoelectron imaging spectrometer developed using He(l) light source.
Ultrafast internal conversion (IC) and. intersystem crossing (ISC) in pyrazine in a supersonic
molecular beam are discussed in terms of the observed time profiles of photoelectron intensity

and kinetic energy distribution.

5.1 Introduction

The ultrafast pump-probe spectroscopy (Fig. 5.1) enables us to study real-time dynamics
of chemical reactions. In this method, a pump laser pulse prepares molecules in an excited
electronic state and a probe pulse interrogates their time evolution with various spectroscopic
methods." Transient absorption and fluorescence up-conversion techniques are often used as
the probing method in the condensed-phase, while gas-phase studies of molecules and clusters
usually use laser-induced fluorescence or photoionization (including single photon and
resonant multiphoton ionization) because of their high sensitivity. However, photoionization
has the following advantages over laser induced fluorescence. Firstly, ionization allows
observation of dark states with extremely low fluorescence quantum yields; therefore, it
enables observation of intersystem crossing (ISC) to triplet states and internal conversion (IC)

to the ground electronic state. Secondly, ionization detection is extremely sensitive, since
107



photoionization is an induced process and the photoelectrons can be collected efficiently by
an electromagnetic field. Thus, | use pump-probe time-resolved photoelectron spectroscopy
(TRPES) to study real-time dynamics of molecules.

As | have already described in earlier chapters, photoelectron imaging (PEI) enables
efficient and accurate measurements of the photoelectron Kkinetic energy (PKE) and
photoelectron angular distribution (PAD). The latter is important for elucidation of the
characters of the electronic states involved in the dynamics. The time-resolved photoelectron
imaging (TRPEI) has already been used extensively in studying ultrafast electronic dynamics
in photoexcited molecules.>® However, what is novel in this work is the use of a femtosecond
vacuum ultraviolet laser free electron laser (VUV-FEL) for photoionization.

It is noted that TRPES using UV photons sometimes had difficulty in observation of the
excited-state molecules when .they undergo molecular deformation of a large scale. For
example, recent TRPES of isolated DNA bases have observed femtosecond (fs) or picosecond
(ps) decays of photoionization signals, which were interpreted as ultrafast electronic
deactivations; “*>° however, theoretical calculations have suggested that the decays were
owing to rapid increase of the effective ionization energy caused by molecular deformation
that stabilize and destabilize the neutral and ionic state, respectively. TRPES with a VUV or
extreme UV (EUV) probe lasers would avoid such confusion and allow clear observation of
ultrafast electronic dynamics and photochemical reactions.”

The VUV light source I use in this study is VUV-FEL named SCSS (SPring-8 compact
self-amplification of spontaneous emission source) at RIKEN Harima instate. SCSS is usually
operated at 51-61 nm, and its maximum pulse energy and pulse duration are 30 uJ/pulse and
sub-picosecond, respectively. On the other hand, the drawback of the VUV-FEL is its low
repetition rate, 20 — 30 Hz. The advantage of PEI is that its ultimate detection solid angle of
photoelectrons compensates the low repetition rate and makes possible to perform

pump-probe experiments in acceptable data acquisition time (eg. one photoelectron image /
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hour).

Although pump-probe experiments using a femtosecond laser and an EUV FEL
(Hamburg; FLASH) have been reported,®*? these previous studies were limited to nonlinear
optical processes of atoms induced by a Ti:sapphire laser (800 nm) and an FEL. As far as |
know, the study presented in this chapter is the first UV pump — VUV-FEL probe experiment

on chemical dynamics of polyatomic molecules.

5.2 One-photon ionization by SASE-FEL

5.2.1 SPring-8 Compact SASE Source

SCSS™ (Spring-8 compact self-amplification of spontaneous emission (SASE) source)
was constructed as a prototype of X-ray FEL (XFEL). SCSS emits radiation in the VUV to
EUV regions.** Figure 5.2 shows a schematic configuration of SCSS that comprises of an
ultralow-emittance electron gun, C-band accelerator and two-stage in-vacuum undulator. The
electron beam (500 keV) from the electron gun-is accelerated to 250 MeV in tandem C-band
accelerators, and a beam halo is removed by a chicane. In the first section of the undulator,
spontaneous emission of radiation occurs from the electrons and it serves as seed radiation for
induced emission in the main part of the undulator. Thus, spontaneous emission of radiation is
amplified. Since the spontaneous emission of radiation is stochastic, Self-Amplification of
Spontaneous Emission of radiation (SASE) inherently has fluctuation in wavelength and
energy. SASE is used because there is no good optical mirror to construct a laser cavity in the

EUV to X-ray regions. The characteristics of SCSS** are summarized as follows:
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Pulse energy : >10 mJ @61 nm

Intensity fluctuation: <20 %

Wavelength range: 50-61 nm

Spectral width: <1 % (FWHM)

Pulse width: sub ps

Polarization: linear >99 %

Repetition rate: 20 Hz (max. 60 Hz )
Harmonics: 2ndH.<0.1%,3rdH.<1%

5.2.2 Suppression of background photoemission using newly designed electrode system
Since the coherent VUV-FEL beam can be focused tightly, background photoemission
induced by scattered light are - much less than in the case of He(l) radiation. However, we
found that the conventional three-plate electrostatic lens reported by Eppink and Parker™
generates considerable background electrons even with FEL, as shown in Fig. 5.3 (a) and (b).
On the other hand, the background signal was almost completely eliminated by our new
electrostatic lens, as shown in Fig. 5.3 (c): notice that it is a raw image without background
subtraction. The background signal that still remains in Fig. 5.3 (c) is due to photoelectron
from residual water vapor in the vacuum chamber and not background photoemission from
the apparatus. Water vapor pressure can be reduced considerably by baking the entire vacuum
chamber for a week; therefore, it is possible to eliminate photoelectron signals from water
vapor. However, in practice, a severely limited beam time of SCSS did not allow us to bake

the chamber prior to the experiment unfortunately.
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5.2.3 Comparison of PEI with He(l) and SASE-FEL

As discussed in detail in Chapter 3, the resolution of He(l) PEI is limited by a large
ionization volume. On the other hand, the VUV-FEL beam can be focused to a diameter of ~
0.1 mm. Our trajectory calculations indicate that the electron lens system is capable of
providing the energy resolution AE/E of 0.04 % at 5.461 eV, if an ionization volume is 0.1
mm¢ x 3.4 mm. The resolution of 0.04 % reaches the ultimate resolution, 0.06 %, obtainable
with the best commercial MCP (70 mm in diameter and 10 um in pore size). The proof of the
ultimately high resolution of our PEI apparatus awaits an experiment with nanosecond UV
lasers.

However, as shown in Figure 5.4, photoelectron kinetic energy distributions of Kr
measured with FEL radiation (wavelength 58.4 nm) is broader than that with measured He(l)
radiation under the same experimental condition; the FWHM of the peak at 7.22 eV (indicated
by * in Fig. 5.4) is 246 meV with He(l) and 298 meV with FEL. In both cases, a
high-resolution CCD camera (2048 x 2048) was used without centroiding calculation. The
inferior resolution with FEL, in spite of its smaller ionization volume, is ascribed to a large
effective bandwidth (0.1 eV) of SASE."

Figure 5.5 shows a photoelectron image of pyridine with FEL at 58.4 nm and the
photoelectron spectra extracted from the image. Since FEL radiation is polarized, the
photoelectron distribution is cylindrically symmetric about its polarization direction
(indicated by the arrow in the Fig.5.5). Similarly with Kr, the image shown in Fig. 5.5 exhibit
broader structures than Fig. 4.3 measured with He(l).

One of the advantages of VUV-FEL over He(l) is much higher photon density. However,
the pulse energy of the SCSS radiation is too high for single-photon ionization experiments.
We had to reduce pulse energy with metal and gas filters to avoid multiphoton ionization.
Since SCSS is operated at a low repetition rate (20-30 Hz), the reduction of pulse energy

diminishes the advantage of VUV-FEL over He(l) for conventional UPS. In the next section,
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we utilize another important advantage of VUV-FEL, namely the ultrashort pulse duration,

for pump-probe experiments.

5.3 (1 +1°) pump-probe experiment of pyrazine

5.3.1 Introduction

Pyrazine (C4H4N,, 1,4-diazabenzene) is a heterocyclic aromatic molecule that belongs to
the Dyn point group. The S,-Sp absorption spectrum of pyrazine in the deep UV region (230—
270 nm) exhibits a broad feature,*® which implies ultrafast decay of the S, state. Low-lying
conical intersection (Cl) between the S, and S; potential energy surfaces was identified by
semiempirical calculations. 1’ Thereafter, extensive ab initio calculations have been
performed to characterize S,/S; CI more precisely,’®*® and it has been established that the
S,/S; Cl is located at the bottom of the S, diabatic PES. Thus, the ultrafast decay from S, has
been established as the internal conversion through CI, as shown in fig. 5.6 (a). For
observation of this ultrafast dynamics in real time, TRPES of pyrazine has been proposed by
theoretical simulations.?®#*?> However, the time constant of the internal conversion is
predicted to be only less than 30 fs.2** Such high time-resolution has been hardly realized in

25
l.

the pump-probe experiments in deep UV region. For instance, Wang et al.”> performed the

first femtosecond [1+2’] TRPEI of pyrazine to study this internal conversion; however, their
time-resolution (450 fs) did not allow observation of ultrafast decay from S, to S;, and they
observed only the decay of S; after internal conversion from S,. The S;-Sp decay time

26
l.

constant was 22 ps. Stert et al.”> performed a similar experiment. Very recently, TRPEI of

pyrazine was performed with sub-20 fs deep UV pulse in our laboratory, and the time

constant of the S,—S; internal conversion was experimentally determined as 22 fs.2"?®
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The S; —» T1 (nz*) ISC in pyrazine is also well known as the intermediate coupling case
in molecular radiationless transition. Frad et al.”® and Lahmani et al.*® observed ISC as a
biexponential fluorescence decay, in which the fast component corresponds to ISC. The
biexponential fluorescence decay was extensively studied in the 1980s and a debate ensued as
to whether the observed fast component was due to the predicted dephasing or Rayleigh—
Raman light scattering.'®***? The presence of a fast component and its finite lifetime have
been unambiguously proved by picosecond laser spectroscopy. Although fluorescence studies
only observed the decay of the singlet state, TR-PEI allowed detection of both S; and T,
states involved in ISC in pyrazine by (1+2’) resonance enhanced multiphoton ionization
(REMPI)*>*%34 and (1+1°) REMPI.* In the latter, pyrazine was excited to 0° level of S; with
a 324 nm femtosecond pump pulse and subsequently ionized with a 197 nm femtosecond
probe pulse. lonization from the S; zero vibrational level occurred to low vibrational states of
cation, due to Franck—Condon principle, creating rapid electrons, whereas ionization from
high vibrational levels of the triplet state created slow electrons, as shown in Fig. 5.6 (b).
TR-PEI clearly demonstrated a rapid decay of the ionization component from S; and a growth
of that from Ty with a clear isosbestic point in the time-dependent photoelectron spectra. The
lifetime of S; was estimated to be 110 ps.

We revisited internal conversion and ISC in pyrazine by TRPEI using VUV-FEL.

5.3.2 Experimental setup

Figure 5.7 shows the experiment setup for pump-probe experiments using a fs UV laser
and a VUV FEL. The vacuum chamber and PEI spectrometer are the same as He(l)
experiment described in chapters 2 and 3. A pulsed supersonic molecular beam of 10 %
pyrazine (C4H4N,) seeded in He was introduced into a photoionization chamber and crossed
with a femtosecond UV laser pulse and a VUV FEL pulse (161 nm). The UV laser at 324 or

260 nm excited pyrazine to the first or second excited singlet state (S; of S,), respectively, and
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the VUV laser ionizes molecules from the excited states. Electrons generated by (1+1°)
REMPI were accelerated along the molecular beam propagation axis and projected onto a
position-sensitive detector comprising 10-um pore MCPs, a phosphor screen (P47), and a
CCD camera (512 x 512 pixels). Light baffles were used at the entrance and exit ports of the
laser beams to reduce scattered light.

The femtosecond laser system comprises an oscillator, a regenerative amplifier, and an
optical parametric amplifier (OPA). The laser system was operated at 1 kHz, and a pulse
picker was used to gate a pulse train from the OPA. Although the gate width of our pulse
picker was long to allow two consecutive pulses separated by 1 ms to pass through each gate,
background subtraction eliminated any interference from this additional pulse. The UV laser
pulse was introduced into the vacuum.chamber through an optical path length of about 10 m.
The laser beam was focused with an axisymmetric lens placed in the air and reflected with an
aluminum mirror inside the vacuum chamber to the molecular beam. The timing of the laser
pulse was synchronized to the 238-MHz master clock of SCSS by feedback locking the cavity
length of the Ti:Sapphire oscillator. The time delay between the laser and SCSS pulses was
varied electronically with an expected accuracy in sub-ps and the temporal overlapping of
them is monitored by the high speed photodiode.

The SCSS is typically operated at 51-61 nm with electron beam energy of 250 MeV;'*
however, 61-nm radiation can directly ionize the molecule without the pump light, which
makes the observation of two-color REMPI signal highly difficult. Therefore, in this study,
we used 161 nm radiation to perform the pump-probe experiment. The VUV radiation
intensity was attenuated to be less than 1 pJ/pulse with a gas filter using air as a medium. The
beam size was controlled by two slits placed before the focusing mirror (see Fig. 5.7), and the
VUV radiation was finally focused onto the molecular beam using a pair of elliptical and
cylindrical mirrors. The repetition rate of the whole system was 20 Hz. The crossing angle

between the femtosecond laser and FEL beams was 1 degree. The polarization direction of
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UV and VUV pulses was parallel to the face of the MCP detector. Owing to the
characteristics of SASE,'* the time-averaged spectrum of 161 nm radiation had an energy

width (FWHM) of ~ 0.1 eV.

5.3.3 Spatial overlapping between UV and VUV FEL

The spatial overlap of the pump and probe laser beams at the interaction region is crucial
in two-color experiments. We have taken the advantage of the imaging apparatus and
overlapped the two laser beams precisely by monitoring the image and TOF of photoions.
Pyrazine in the molecular beam was ionized by one-color 2-photon ionization using either
pump or probe laser. The intensities of both lasers were increased for the alignment. The
photoion signals were observed by changing the polarity of the voltages applied to the
electrodes from that for electron detection. The crossing point of the laser beam with the flight
tube axis was determined from the TOF of photoions. This was because the arrival time of the
ion depends on the distance of the ionization point from the repeller. As the ionization point is
closer to the MCP detector, it is farther away from the repeller and the ion gains less Kinetic
energy in the electric field. This leads to a smaller speed of ion in the field free region and
consequently a longer flight time of the ion. Figure 5.8 (a) and (b) show the mass spectra of
pyrazine observed by 161-nm FEL radiation and 260-nm UV radiation, respectively. The
parent ion signal is used as an indicator of the overlap of the laser beams. Since the VUV-FEL
beam cannot be moved in the laboratory, the position of the UV laser beam was adjusted to
overlap with the VUV beam.

To overlap the two beams in the plane perpendicular to the flight axis, the arrival
positions of ions on the MCP detector were imaged by the CCD camera. Figure 5.9 (a) and (b)
show the ion image of pyrazine observed by 161-nm FEL radiation and 260-nm UV radiation,
respectively. The UV laser beam direction was changed by moving a focusing lens until the

ion image created by a UV laser overlaps with that by a VUV-FEL.
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5.3.4 Results
(A) S1—Sp Internal Conversion (1C)

Figure 5.10 (a) shows a time profile of the pyrazine ion observed by (1+1’) REMPI with
260-nm pump and 161-nm probe pulses. The pump pulse excited pyrazine from Sy to S,. It is
ideal that each pulse does not produce any ionization signal to have high contrast ratio of the
two-color signal against the one-color signals. However, the pump pulse created a small
amount of one-color two-photon ionization signal. 161 nm is also resonant with an electronic
transition.*® Therefore, one-color two-photon ionization signals were observed for both pump
and probe pulses. However, the sum of these one-color signals is still 3—4 times smaller than
the two-color signal, and was already subtracted in Fig. 5.10. Least-squares fitting of the time
profile by assuming a single exponential decay yielded a lifetime of ~ 20 + 3 ps. Previously,
TRPEI by Horio et al.*” using 264-nm pump and 198-nm probe have shown that the S, state
dephases to S; in ~ 23 fs, and TRPEI by Wang et al. reported that these S; state decays in ca.
22 ps.>*° Owing to a limited time resolution (< 5 ps) of this experiment, the ultrafast S,-S;
internal conversion within 30 fs cannot be observed. The time constant of the decay of
ionization signal is in good agreement with the lifetime of hot S; state reported by Wang et al.
The lifetime of these highly vibrationally excited S; molecules are determined by IC to the Sy
state.'®

Figure 5.10 (b) shows a photoelectron image observed at the delay time of about 5 ps. In
a [1+1’] pump and probe ionization experiment with laser polarization vectors parallel to each

other, the photoelectron angular distribution (PAD) is characterized by:
1(0) = % [1+ B,P,(cosB) + B,P,(cosB)]

where P, is the n-th order Legendre polynomial,é is the angle between the photoelectron
velocity and the linear polarization of the laser, £, is anisotropy parameter. The least-squares

fitting of the photoelectron angular distribution extracted from Fig. 5.10 (b) provides £, =
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—0.15 £ 0.05 and S, = —0.03 £ 0.10. The low anisotropy is typical for valence excited states of
molecules.

The photoelectron kinetic energy distribution (PKED) extracted from Fig. 5.10 (b) is
showed in Fig. 5.11 (a). Comparing with the previous study with 264-nm UV pump and
198-nm DUV probe (red curve in Fig. 5.11a), the advantage of 161-nm VUV radiation over
198-nm DUV light is clear. With the latter, the observed distribution is truncated around its
maximum at the electron binding energy (EBE) of 10.96 eV. In contrast, the entire
Franck-Condon envelope is observed with the former. The high-resolution He(l)

photoelectron spectrum of jet-cooled pyrazine adopted from Oku et al.*’

is also shown in Fig.
5.11 (a). Their spectrum indicates that the first ionization energy is 9.29 eV, while our PKED
exhibits a peak at ca. 10.6 eV. The S; — S; IC transforms the difference of the electronic
energies of S; and Sy, 0.86 eV, into the vibrational energy in S;. This energy is approximately
conserved upon ionization, which shifts the peak nearly 1 eV (Fig. 5.11 (b)). The S; state has
an electronic configuration of (n, 7z *), whereas the Dy and D; states are of n* and 7.

Therefore, frozen core approximation predicts that ionization from S; predominantly occurs to

Do. This experiment clearly shows that ionization from S; to D; is actually minor, if present.

(B) S1—T; Intersystem Crossing (ISC)

Figure 5.12 (a) shows the ionization signal upon the 324-nm pump and 161-nm probe
excitation. The signal exhibits an initial decay, due to S;-T; ISC, and reaches a plateau at later
time: the least squares fitting of the decay curve yields the lifetime of S; state as 114 + 17 ps,
which is consistent with the previous reports (110 ps).>'**** Figure 5.12 (b) shows the PKEDs
and the photoelectron (Abel-inverted) images observed at 8, 58 and 408 ps. A 8 ps,
photoelectron signal from the S; state appears clearly as the outer ring, whereas it diminished
at longer time delays (408 ps) due to S;—T; ISC. Previous studies concluded that the S; state

dephases exclusively to T;. Therefore, we anticipated that ionization occurs with similar
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efficiencies from S; and T, at 161 nm, and that the total ionization intensity does not diminish.
The observed decay, which contradicts with our expectation, may suggest that T, state has
some deactivation processes and its population is lost. From the energy resolution of our PEI
spectrometer and the broad bandwidth (0.1 eV) of SCSS, the energy resolution of PKED is

estimated to be 0.2-0.3 eV. Accordingly, no distinct vibrational structure is discernible.

5.4 Conclusion

The new PEI spectrometer described in earlier chapters has been used for PEI with a
VUV-FEL. The background electrons observed with a conventional three-plate electrostatic
lens were almost completely eliminated by our new lens. Owing to the characteristics of
SASE, the resolution was inferior with VUV-FEL to that with He(l). However, we utilized
the short pulse duration of the VUV-FEL for the first time-resolved photoelectron imaging of
polyatomic molecules by synchronization with a fs tunable UV laser. The time evolution of
photoelectron intensity and photoelectron images clearly exhibited the features of ultrafast S;—
T intersystem crossing and S;—S, internal conversion in pyrazine in a supersonic molecular
beam. This study clearly demonstrates the feasibility of picosecond TRPEI of photo-induced

dynamics of large polyatomic molecules with an FEL and a tunable UV laser.
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Figure 5.1 Schematic illustration of the principle of a pump-probe experiment with ionization
for probing. The pump pulse excites an electronic state and after some delay (eg. Aty, Aty) the
probe pulse ionizes the excited neutral molecule.

119



'©T "J3J WOJJ PalorIIXa J0]ela]809e 1881 SSOS 8yl JO uoneinBijuod onewsyas Z's aanbi

JOLD|NPUN WNNJDA-UT _ JO4DJ2|229D pupqg-)H ung _2 °ga)

d - - — —f—,
e 8
134 ANA ASNOST  THAI 1#al [THVALD 1AVALD o4 @ @
] § : i C 9 ) | .-euuﬂq_-“—
.- g—rra
< APINOS
e \
S
aqjoid : @ unp- d _
VAMLS Sdv-S wm@ m—m@ AN00S |

s “@

Ndd ‘e
djodnapen() ”—

B OB W e

nmenq uo-a..._.n_

sua] onaudep “—

120



Figure 5.3 Photoelectron image observed for photoionization of a pulsed supersonic beam of
Kr at a stagnation pressure of 0.1 MPa with FEL (60 nm) using a conventional three-plate
electrostatic lens: (a) before and (b) after background subtraction. (c) Photoelectron image of
Kr measured with newly-design electrostatic lens. No background image was subtracted.
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Figure 5.4 Comparison of PKE distributions of Kr in photoionization by He(l) radiation
(solid) and FEL radiation (wavelength: 58.4 nm) (dashed).
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Figure 5.5 (a) Symmetrized photoelectron image observed for photoionization of a pulsed
supersonic beam of 10 % pyridine seeded in He with FEL (A = 58.4 nm). The left half is the
raw image, whereas the right half is the slice image obtained by taking the inverse Abel
transform. (b) Comparison of the photoelectron spectra extracted from the image obtained
using FEL in Fig. 8(a) (dash) with the photoelectron spectrum obtained using He(l) (solid)
measured with a 512 x 512 pixels CCD camera.
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Figure 5.6 Schematic energy diagram of (a) S,—S; internal conversion (IC) and (b) S;—T;
intersystem crossing (ISC) in pyrazine.
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Figure 5.8 Mass spectrum of pyrazine obtained from: (a) 2-photon ionization by 161-nm FEL,;
(b) 2-photon ionization by 260-nm UV laser.
126



(a) lon image — 2-photon ionization by 161 nm FEL
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Figure 5.9 lon image of 10% pyrazine seeded in He observed by: (a) FEL radiation; (b) UV
radiation.
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Figure 5.10 (a) (1+1’) REMPI signal with 260-nm pump and 161-nm probe light. (a) Time
profile of the pyrazine ion signal and least-squares fit of a single exponential decay curve. (b)
Observed photoelectron image at the delay time of about 5 ps. A one-color background signal
was already subtracted from the image.
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Figure 5.11 (a) Photoelectron kinetic energy distribution in He(l) photoelectron spectroscopy
of the ground-state pyrazine (black) (ref. 37), 264-nm UV pump and 198-nm DUV probe
experiment (red) (ref. 27) and 260-nm UV pump and 161-nm VUV probe (blue) (this work).
(b) Schematic energy diagram of ionization process. UV absorption spectrum of pyrazine
vapor at room temperature and time-spectrum of VUV FEL are shown as insets.
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Figure 5.12 (a) (1+1’) REMPI with 324-nm pump and 161-nm probe. (a) Time profile of
pyrazine ion signal and least-squares fit of a single exponential decay curve. (b) Photoelectron
kinetic energy distribution observed at various time delays. The inset shows the corresponding
photoelectron (Abel-inverted) images.
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Chapter 6

Summary

I have employed a photoelectron imaging (PEI) spectrometer with a He(l) light source to
observe speed and angular distributions of photoelectrons. PEI experiment using He(l)
radiation presented in this thesis is the first attempt reported so far. The challenge in coupling
an incoherent VUV light source with PEI was to overcome the interference of the numerous
background photoelectrons emitted from the instrument by scattered He(l) radiation. | have
examined various designs of the acceleration electrodes experimentally and computationally
and identified the major source of background photoemission to be from a repeller plate.
Based on this finding, | designed a new electrostatic lens that places the repeller away from
the ionization region and adds a retardation field to intercept background photoelectrons from
the repeller toward the imaging detector. The resolution of PEI is enhanced by good spatial
focusing of the electron trajectories starting from a finite ionization volume and also by high
imaging resolution. As for the former, | used a number of electrodes behind the extractor plate
to make the strength of the acceleration field varies more gradual than the simplest
Eppink-Parker design using three electrodes. The energy resolution (AE/E) better than 1 %
was achieved even for a large ionization volume (i.e. of the order of millimeters). As for the
latter, 1 used a super-resolution (4096 x 4096 pixels) imaging system developed in our
laboratory (Chemical Dynamics Laboratory at RIKEN). Combining these two instruments, |
obtained an energy resolution of 0.735 % at 5.461 eV (FWHM: 40 meV) with He(l) radiation.
This does not represent the ultimate resolution achievable with the PEI spectrometer. It is
possible to increase the resolution by one order of magnitude, if the photon beam can be more

tightly focused. With the He(l) PEI spectrometer, | have measured the photoelectron image
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of benzene and pyridine in supersonic molecular beams. In these experiments, time-gated
measurement with a pulsed beam provided a high signal contrast with respect to the
background photoionization signal from residual water vapor in the ionization chamber. On
the other hand, the ultimate imaging resolution with centroiding calculation is not obtainable
at the high signal count rate of He(l) PEI owing to spatial overlap between the light spots of
two electron impacts on the detector. A camera with a higher frame-rate and a more rapid
digital image processing would overcome this problem. The photoelectron anisotropy
parameters determined for benzene and pyridine are in good agreement with the literature
values. The anisotropy parameters of photoelectrons from pyridine are first reported for the
electron binding energies over 14 eV.

The PEI spectrometer developed for He(l) radiation is also applicable to photoelectron
spectroscopy with other vacuum ultraviolet (VUV) sources such as synchrotron radiation, free
electron laser (FEL) and high harmonics of the output from ultrashort pulsed lasers. I
demonstrated that a VUV or EUV laser is useful for pump—probe photoelectron spectroscopy
to observe ultrafast electronic .dynamics. Time-resolved photoelectron imaging using a
tunable femtosecond ultraviolet laser and ‘a vacuum UV free-electron laser is performed.
Ultrafast intersystem crossing on S; to T, and internal conversion from S; to Sy in pyrazine in
a supersonic molecular beam were clearly observed in the temporal profiles of photoelectron
intensity and photoelectron images. The VUV radiation allowed us to observe the entire
Franck-Condon envelope in photoionization from a transient electronic state; this was not
possible with UV-UV two-color experiment in the laboratory. This study clearly demonstrated
exciting opportunities made possible with a SASE FEL and a tunable UV femtosecond laser
for picosecond TR-PEI experiment on photoinduced chemical dynamics of large polyatomic
molecules. On the other hand, the energy resolution of PEI was higher with He(l) radiation
than VUV-FEL radiation at 58.4 nm, which is ascribed to large effective bandwidth (0.1 eV)

of the laser radiation from SASE FEL.
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