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The development and application of pulsed photoionization detection employing high 

intensity vacuum-ultraviolet (VUV) radiation produced by tabletop light sources has 

been utilized to study bimolecular reaction dynamics of phenyl radical reactions.  This 

method employs four-wave mixing of unfocussed commercial nanosecond dye lasers 

in mercury vapor to generate light at 9.9 eV.   Using two or three commercial pulsed 

nanosecond dye lasers pumped by a single 30 Hz Nd:YAG laser, generation of 0.10 

mJ pulses at 125 nm (6 x 10
13 

photons/pulse) has been demonstrated. The VUV light 

source has been used as an alternative to the use of synchrotron light sources, for 

sensitive universal photoionization detection of products from crossed molecular beam 

reactions employing pulsed beam sources.  In the reaction of phenyl radicals with 

molecular oxygen at collision energies of 64 and 97 kJ/mol, the reaction C6H5 + O2 → 

C6H5O + O was found to occur via the formation of long-lived phenylperoxy collision 

complexes at all collision energies.  The reaction of phenyl radicals with propene has 

also been studied at collision energies of 84 and 108 kJ/mol.  The branching ratios 

between methyl radical elimination, forming C8H8, and H-atom elimination, forming 

C9H10, were found to be 10:1 at 84 kJ/mol and 3:1 at 108 kJ/mol.  By using “soft” 

vacuum ultraviolet photoionization at 9.9 eV for product detection, we were able to 

observe both product channels with negligible fragmentation.
  

As a comparison the 

reaction of phenyl radicals with trans-2-butene has been studied at a collision energy 

of 97 kJ/mol.  We only observe methyl elimination in the reaction with 2-butene and 

do not observe H-atom elimination.
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CHAPTER 1: Introduction 

Crossed molecular beams experiments can provide extremely detailed insight into the 

dynamics of bimolecular elementary gas phase chemical reactions.
1,2,3,4,5,6

  For three- or four-

atom systems forming products that can be detected in a quantum state-resolved manner, 

experimentally-determined product angular, velocity and quantum state distributions can be 

compared to predictions derived from “exact” quantum scattering calculations.
7,8,9

  For more 

complex polyatomic systems, the reaction dynamics may involve multiple potential energy 

surfaces,  often leading to more than one reaction product channel.  In such cases,
10

  the 

identification of the primary product channels, measuring their branching ratios, and unraveling 

the microscopic reaction mechanisms, are usually the key goals of both experiment and 

theory.
11,12

   

In studies of bimolecular reaction dynamics, the single-collision conditions offered by the 

crossed molecular beams method makes it possible to observe nascent products, frequently 

highly reactive radicals, without interference by secondary collisions.  Unfortunately, the low 

reactant densities required to ensure single collision conditions makes product detection 

challenging.
2,4

  The development of a crossed molecular beams apparatus
13

 employing electron 

impact ionization followed by a quadrupole mass analyzer has facilitated studies of chemical 

systems ranging from simple 3-atom exchange reactions
14

 to complex polyatomic reactions.
15

 

Electron impact mass spectrometry is a “universal” detection method, applicable to detection of 

any gaseous atom or molecule.  Unfortunately, the sensitivity of electron impact detection is 

typically much lower than for methods based on electronic spectroscopy, such as laser induced 

fluorescence (LIF),
16,17

 resonance-enhanced multi photon ionization (REMPI),
18,19,20,21

 or 

Rydberg tagging time-of-flight (TOF) spectroscopy
22,23,24,25

  However, LIF, REMPI and Rydberg 
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tagging require detailed knowledge of the spectroscopic fingerprints of the species being 

detected.  While the electronic spectroscopies of atoms and many diatomic molecules are well-

characterized, the same can be said for only a relatively small number of triatomic (or larger) 

molecules.   In addition, electronic excitation of polyatomic molecules may lead to 

photodissociation, thereby rendering LIF, REMPI and Rydberg tagging ineffective for detecting 

many molecular species.   

In the field of bimolecular reaction dynamics involving free radicals, atomic free radicals 

have been studied most extensively, with the greatest focus on H, D, O, F, Cl, Br etc.  Such 

species are readily produced in high yield and high purity by photolysis or pyrolysis of a stable 

precursor.  Bimolecular reactions involving atomic free radicals usually proceed with large cross 

sections, often (but not always) forming a limited number of different products.   On the other 

hand, molecular free radicals are more difficult to produce than atomic radicals, and often 

undergo self-reaction producing impurities.  Furthermore, steric factors often play important 

roles in limiting reaction cross sections
3
, particularly for radicals containing 3 or more atoms, 

and polyatomic free radical reactions often involve more than one channel.  From these 

considerations, studies of polyatomic free radical reactions using crossed molecular beams are 

extremely challenging.  

For several decades, “hard” electron impact ionization (using 60 – 100 eV electrons) was 

used in an effort to maximize ionization efficiencies (typically 0.01%).
2,4

  However, interfering 

signals at the m/e ratio of interest often arise.  Since the residual gases in a UHV chamber are 

primarily CO and H2, detection at m/e = 28 and 2 is extremely difficult.  To meet this challenge, 

Yang and coworkers employed extensive cryopumping and took special efforts to reduce 

pressures in the ionization region to 10
-12 

Torr, facilitating direct detection of even H2 from 
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photodissociation reactions.
26

  However, there remains a less predictable source of background 

due to fragmentation of parent species producing unwanted daughter ions.
2
   For example, 

methyl radicals (CH3) can be produced by pyrolysis, photolysis, or electric discharge of 

molecular beams containing azomethane (CH3NNCH3).   Although a significant fraction may be 

converted to CH3, some undissociated azomethane will invariably be present and can undergo 

nonreactive collisions.  Using hard electron impact ionization, fragmentation produces CH3
+
 

(m/e = 15), N2
+
 (m/e = 28), N

+
 (m/e = 14), CH3N2

+
 (m/e = 43), CH2

+ 
(m/e = 14), etc.  Since 

background signals at these m/e ratios will be much larger than from bimolecular collisions of 

CH3, detection of nonreactive scattering of CH3 (m/e = 15), or reactions leading to production of 

C2H4 (m/e = 28), CH2 (m/e = 14), or CH3CO (m/e = 43) is likely to be impossible.
2
   

As a direct consequence of the challenges associated with product detection in crossed beams 

experiments, the most readily-studied reactions are those producing molecules amenable to 

resonant detection methods such as REMPI or LIF.  For reactions producing molecules not 

favorable to such detection methods, reactions with large cross sections and/or kinematics 

favorable for product detection have been studied most frequently.  For example, the bimolecular 

reactions of phenyl radicals (C6H5) with propene (C3H6), of interest in connection with soot 

formation, involves addition of the radical to the C=C bond producing C9H11.
10,27,28,29,30

  This 

reaction intermediate can decompose by loss of an H atom producing C9H10, or by CH3 

elimination producing C8H8.
28,30

   The Newton diagrams in velocity space for these competing 

channels are shown in Figure 1.1, with the circles denoting the maximum CM velocities of the 

C9H10 and C8H8 products.  Due to linear momentum conservation, the C9H10 products are 

constrained to appear at a relatively narrow range of laboratory angles near the center of mass 

(CM) of the system, resulting in large product densities favorable to successful detection. The 
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C8H8 products, on the other hand, recoil from the heavier CH3 product and are scattered over a 

much larger range of angles.  Assuming a 1:1 branching ratio and the same CM energy and 

angular distributions, the product signal intensities scale as the volume of the Newton sphere.  In 

this case, the C9H10 signal intensities at a given laboratory angle would be more than 50 times 

larger than signal intensities for the C8H8 channel, rendering it much easier to detect.   The 

drawback, however, is that it is often difficult to extract much dynamical insight (CM angular 

and velocity distributions) by measuring the heavy products from H atom elimination, since their 

laboratory velocity distributions differ very little from that of the CM of the system.
31

  More 

significant from a chemical perspective, many interesting reactions do not proceed exclusively 

by H atom elimination.  

 

 

 

 
Figure 1.1: Newton diagram for the C6H5 + C3H6 reaction.  The dotted green circle corresponds 

to the maximum translational energy release of the C9H10 + H product channel.  The solid orange 

circle corresponds to the maximum translational energy release of the C8H8 + CH3 product 

channel. 
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To overcome the limitations of dissociative ionization, Casavecchia and coworkers have 

elegantly demonstrated the use of low energy electrons for “soft” electron impact ionization 

detection of products from bimolecular reactions in crossed molecular beams.
11,15,32,33

  By tuning 

the electron energies below that for dissociative ionization, interference from fragmentation of 

parent species may be reduced or eliminated.   For example, since the ionization energy for CO 

(m/e = 28) is 14.0 eV, it is possible to detect species such as C2H4 (m/e = 28) with an ionization 

energy of 10.5 eV by tuning the electron energy around 11-13 eV.  Unfortunately, this method 

comes with a substantial penalty; electron impact ionization cross sections decrease significantly 

at lower electron energies, leading to very small signal levels.  Nevertheless, by decreasing the 

distances between nozzles and interaction regions, Casavecchia and coworkers were able to 

compensate for the reduced ionization efficiencies and have mapped out the detailed dynamics 

for a wide variety of important chemical systems possessing multiple reaction pathways.
11,15,32,33

  

Since the ionization energies of most molecules and free radicals exceed 8 eV (Figure 1.2), 

there has been considerable interest in the use of “soft universal” photoionization detection using 

vacuum ultraviolet (VUV;   < 180 nm) or extreme ultraviolet (XUV;  < 110 nm) radiation.
34,35

  

The quasi-continuous VUV/XUV beam produced at third-generation synchrotrons such as 

Berkeley’s Advanced Light Source
34

 or Taiwan’s Synchrotron Research Center
35

 is broadly 

tunable in the  9-20 eV range, with ~1% energy bandwidth, providing photon fluxes (~10
16

 

photons per second
34,35

) that are sufficient for performing crossed molecular beam scattering 

experiments.
36,37,38,39,40

  The primary limitation of this method is that third-generation 

synchrotron light sources are available at only a few locations worldwide.  Also, due to the size 

and complexity of crossed molecular beams machines, successful implementation at a 

synchrotron requires a dedicated beamline for extended periods. 
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Figure 1.2: Ionization energies of some simple molecules and radicals. 

 

 

For studies of reactions of transition metal atoms with hydrocarbon molecules, the low 

ionization energies of metal-containing species has allowed the use of 7.9 eV photons from 

commercial F2 excimer lasers ( = 157 nm) for photoionization detection.
41,42,43,44

 The 

performance of commercial 157 nm excimer lasers has improved greatly over the past couple of 

decades, and relatively inexpensive lasers producing > 1 mJ/pulse at repetition rates of up to 100 

Hz are readily available.  The single photon ionization technique for transition metal atoms 

allowed for an increase of up to 100 in the signal to noise ratio, relative to electron impact 

ionization.
41

 The increase come from both the increased detection efficiency using single photon 

ionization and also from the near zero background nature of the technique.
41

 

Suits and coworkers have carried out ion imaging studies of hydrocarbon reactions leading to 

hydrocarbon radical products with relatively low ionization energies that can be photoionized at 



7 

 

7.9 eV.
45,46,47,48

  However the ionization energies of most nonmetallic free radicals exceeds 7.9 

eV, rendering this method ineffective as a universal detection method except for a small number 

of select systems.  

A number of alternatives to synchrotrons exist for production of VUV and XUV radiation.  

Perhaps the best known approach, still used in photoelectron spectroscopy of stable molecules, 

employs conventional discharge lamps.
49

  However, the intensities of such lamps are typically 

too low for detection of products from photodissociation or bimolecular reactions.  During the 

past decade, electron beam or RF powered excimer lamps have been employed for soft VUV 

photoionization in mass spectrometry studies.
50

  The 128 nm emission from an Ar2 lamp is often 

used, and commercial versions of such lamps, both pulsed and continuous, are now available.  

However, intensities are still substantially lower than for synchrotron light sources and only a 

few discrete VUV wavelengths are available.
50

  Laser-induced plasma radiation has also been 

employed as an alternative to synchrotron radiation for studies of the photoionization 

spectroscopy of small molecules.
51

  Focusing a commercial nanosecond excimer laser on a solid 

target produces a VUV/XUV quasicontinuum which, when dispersed by a grating, provides 

continuously tunable nanosecond pulsed radiation with ~1% bandwidth in the 10
9
 photons per 

pulse range.
51

  Such intensities are sufficient for photoionization spectroscopy but not for 

detection of products from crossed beam reactive scattering studies. 

The generation of pulsed VUV radiation using nonlinear frequency conversion of UV and 

visible lasers has been exploited quite extensively over the past two decades.  Photoionization 

cross sections for most atoms and molecules increase sharply above threshold.  For example, the 

ionization energy of phenyl radicals (C6H5) is 8.6 eV and the photoionization cross section is 1.3 

x 10
-17

cm
2 

at 9.9 eV (125 nm).
52

  Using a pulsed VUV light source under conditions where the 
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number of photons greatly exceeds the number of molecules, ionization of 2.5% of the molecules 

requires a photon flux of 2 x 10
15

/cm
2
.   To achieve 2.5% ionization within a laser diameter of 2 

mm, a pulse energy of 0.10 mJ (6 x 10
13

 photons/pulse) is required.  

Third harmonic generation (ωVUV = 3ω1) or resonance enhanced four wave mixing (ωVUV = 

2ω1 + ω2) using focused nanosecond pulsed lasers in inert gas (e.g. Kr or Xe) cells or pulsed jets 

is the most well-established method for production of coherent narrow-bandwidth VUV/XUV 

generation.
53,54,55,56,57

  Generation of 10
10

 photons/pulse is readily achievable.  Under favorable 

cases where phasematching is possible using inert gas mixtures, VUV pulses approaching 10
12

 

photons per pulse can be generated in certain wavelength ranges including Lyman-α at 121.6 

nm.
23,55

  While such intensities are suitable for Rydberg tagging TOF spectroscopy
 22,23,24,25

 or 

imaging of atomic species
58

, these sources are still too weak for universal product detection in 

crossed beam experiments. 

Experimental and theoretical work by several groups has demonstrated that much higher 

VUV conversion efficiencies may be obtained using metallic gases such as mercury (Hg) as the 

nonlinear medium.
59,60,61,62

  For example, up to 10
13

 photons per pulse near 125 nm (9.9 eV) have 

been produced by tuning a commercial frequency doubled dye laser to the Hg 6s(
1
S0) →7s(

1
S0) 

two-photon resonance at 312.85 nm and mixing with the residual 625.70 nm radiation in a 

focused geometry.
59

  By instead mixing the 312.85 nm light with tunable light from a second dye 

laser, the VUV is broadly tunable with maximum conversion efficiencies in the vicinity of Hg 

Rydberg resonances.
59

  To date, most experimental work using Hg has employed tight-focusing 

conditions where peak intensities are far above those where simple theory can be used to predict 

optimum phase matching conditions.
59,60

  Under these conditions, saturation and other competing 
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nonlinear processes often limit the degree to which VUV systems can be scaled to higher 

energies. 

Production of VUV pulses with energies in the millijoule range (> 5 x 10
14

 photons per 

pulse) at 130 nm was first proposed by Smith and Alford
61

 and then demonstrated experimentally 

by Muller and coworkers
62

 using four-wave mixing of transform-limited unfocused nanosecond 

pulsed lasers in Hg vapor.  This method is most general and efficient if three independent input 

laser beams are each tuned near Hg resonances at the precise wavelengths where index matching 

may be achieved.  Continuous wave (CW) Lyman-α has also been produced using a variant of 

this approach.
63

 As described in the following sections, we have employed commercially-

available nanosecond dye lasers to produce high intensity pulsed VUV at 9.9 eV. This allows 

“soft universal” photoionization detection of a range of interesting free radical species (Figure 

1.2).   “Universal soft” photoionization detection using VUV generated by resonant-enhanced 

four wave mixing in mercury vapor has been used to study the reaction dynamics of phenyl 

radical reactions using crossed molecular beam scattering experiments.  

Phenyl radicals (C6H5) are an important in combustion because they are reaction 

intermediates in the oxidation of aromatic species.
10,27 

Phenyl radical reactions with unsaturated 

hydrocarbons lead to production of polycyclic aromatic hydrocarbons (PAH), which in turn lead 

to soot formation.  The primary mechanism for PAH formation is thought to occur via the 

“hydrogen-abstraction-acetylene-addition” (HACA) mechanism,
10,27,64

  in which phenyl radicals 

are produced and then add to unsaturated hydrocarbons.  The reaction products following 

addition can undergo hydrogen atom abstraction forming a new radical species that can then add 

to another unsaturated hydrocarbon.  By repeating this process, larger PAH can be generated via 

stepwise addition of smaller hydrocarbons.
64  

Understanding branching ratios and reaction 
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mechanisms of phenyl radical reactions is important in modeling the formation of PAH and soot 

particles. Branching ratios and reaction dynamics of phenyl radical reactions with molecular 

oxygen, propene and trans-2-butene will be discussed. 
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CHAPTER 2:  High-Intensity Coherent Vacuum Ultraviolet Source Using 

Unfocussed Commercial Dye Lasers 

 
Introduction 

Coherent radiation in the visible, infrared, and near ultraviolet can be readily produced using 

commercial lasers employing nonlinear frequency conversion in solid crystals.
1
  However, since 

birefringent crystals are not capable of transmitting wavelengths shorter than ~ 190 nm, coherent 

light sources in the vacuum ultraviolet (VUV) and extreme ultraviolet (XUV) employ gases 

rather than solids for nonlinear frequency conversion.  Unfortunately, due to the low densities 

and small nonlinear susceptibilities of gases, conversion efficiencies producing  < 190 nm are 

typically much less than 1%.
2,3,4,5

  

In recent years, a number of alternative VUV and XUV light sources have been developed, 

including discharge lamps
6,7

 and laser induced plasma sources.
8
 However, these approaches are 

not generally applicable if high peak powers, high spectral purity, and high spatial coherence is 

required.  The undulator beamline at Berkeley’s Advanced Light Source, a third generation 

synchrotron,
9
 provides ~10

16
 photons per second with an energy resolution, ΔE/E, of ~ 1%.

9
  

However, the need for a dedicated facility limits applicability of this method to only a few sites 

worldwide.
9,10 

Furthermore, the quasi-continuous nature of synchrotron radiation generally 

prohibits applications requiring high peak VUV or XUV powers such as materials processing or 

multiphoton spectroscopy. Also, many experiments can benefit greatly from the use of pulsed 

rather than continuous VUV light sources.  Therefore, considerable effort has been devoted to 

increasing the efficiencies for nonlinear frequency conversion of tabletop pulsed lasers into the 

VUV and XUV region.   



15 

 

 The earliest reports of nonlinear frequency conversion in gases involved third harmonic 

generation.
11,12

  For example, the spectroscopically important Lyman-α at  = 121.6 nm is 

readily produced by focusing the 364.8 nm output from a single commercial dye laser (typically 

operating at 10-30 Hz) into a gas cell containing Kr.
13

 For input pulse energies of ~ 10 mJ (τ ~ 6-

20 ns), ~10
10

 photons/pulse can be obtained in the VUV, (VUV = 31) corresponding to a 

conversion efficiency of 10
-6

.  Other mixing schemes employing Kr or Xe using a single dye 

laser have been described, providing continuously tunable radiation between 110 and 210 nm.
2,14

 

 
  By using two input laser beams, one tuned to a two-photon atomic resonance, the resonance 

enhancement of χ
3
 leads to substantially improved conversion efficiencies.   For example, 

broadly tunable radiation near 10 eV can be generated by four-wave difference frequency mixing 

mixing (VUV = 21 - 2) of focused lasers in Kr, producing ~10
11

 photons/pulse.
15

  For specific 

VUV wavelengths, phase matching (e.g., by addition of Ar) makes it possible to employ higher 

gas pressures, facilitating production of ~10
12

 photons/pulse reported at Lyman-α using 1 = 

212.55 nm and  2 = 850 nm.
3,16

  However, for generation of high VUV intensities using 

difference frequency mixing using focused lasers, two major practical limitations are difficult to 

overcome:  1) it is difficult to generate input pulse energies at 1 (typically < 220 nm) exceeding 

1-2 mJ, and 2) the onset of dielectric breakdown using focused lasers generally limits maximum 

input pulse energies.  

 In general, for generation of high VUV pulse energies above 9.5 eV, a significant advantage 

to resonance enhanced sum frequency (VUV = 21 + 2) mixing over difference frequency (VUV 

= 21 - 2) mixing is that longer input wavelengths can be employed, allowing substantially 

higher input pulse energies.  Unfortunately, sum frequency mixing schemes usually exhibit 

considerable variation in VUV conversion efficiencies with 2.
15

  However, for many VUV 
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applications, broad tunability is not necessary, and the primary goal is instead to achieve the 

highest possible VUV pulse energies at specific wavelengths, e.g., 130.2 nm for O atom 

detection, or ~ 125 nm for single photon ionization of organic radicals from bimolecular 

reactions.  The application of VUV for ultrasensitive photoionization detection in analytical mass 

spectrometry has been discussed in some detail.
17

  

 While phase matching by the addition of gases such as Kr or Xe may be employed to 

enhance conversion efficiencies at certain wavelengths,
3,13,14

 this is not always possible.   For 

example, the efficiency for difference frequency mixing in Kr to generate 130.2 nm light needed 

for excitation of the 
3
PJ →

3
S1 transition in oxygen atoms cannot be enhanced by adding Ar or 

Xe.
3
  However, as discussed in detail below, by tuning three input laser beams in the vicinity of 

atomic resonances, phase matching can be achieved in the absence of additional gases, leading to 

great enhancement of VUV intensities.  

 Because of their very large χ
3
, metallic vapors such as magnesium (Mg) and mercury (Hg) 

are frequently used to obtain substantially higher conversion efficiencies into the VUV and 

XUV.
18,19,20,21,22

  For example, by focusing two lasers into Hg vapor, Hilbig and Wallenstein 

demonstrated that by tuning one laser to the 6 
1
S0 → 7 

1
S0 two-photon resonance at 1 = 312.85 

nm,
19

  up to 0.5% conversion efficiency employing a second laser tunable in the visible region 

can be achieved, with the greatest efficiencies reported in the 125 nm (9.9 eV) range.  In this way 

up to 10
13

 photons/pulse at a specific wavelength near 125 nm was reported.
19

   Although theory 

predicts that for focused geometries in Hg using the 7 
1
S0 two-photon resonance, VUV 

generation should be limited to the high energy side of 
1
P1 resonances below the Hg

+
 limit (10.4 

eV), in practice tunable light is also observed on the low energy side.
19

 Thus the VUV 

conversion efficiency exhibits pronounced maxima near 
1
P1 resonances.    Although slightly less 
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efficient, the 625.70 nm and 312.85 nm outputs from a single frequency-doubled dye laser can be 

used to produce very high VUV intensities at a single wavelength near 125 nm.
19 

 

 All of the methods described above employ focused configurations for VUV generation.   

Usually, saturation and dielectric breakdown effects become significant as laser powers are 

increased, making it impossible to scale systems to higher pulse energies.
20

   To avoid this 

limitation, Smith and Alford proposed a four-wave mixing scheme employing three unfocused 

tunable lasers for VUV generation in Hg vapor, as shown in Figure 2.1.
20

  By tuning 1 near the  

253 nm 6 
1
S0 → 3 

3
P1  resonance, 2 near 404 nm (corresponding to the 6 

1
S0 → 7 

1
S0 two-

photon resonance), and 3 near 777 nm (near a 9 
1
P1  resonance), phase matching can be 

achieved while at the same time χ
3
 is maximized due to the triply-resonant nature of the four-

wave mixing process.
20

 An attractive feature of this approach is that the system should be 

scalable to higher VUV pulse energies by using higher input pulse energies, because of the use 

of collimated (unfocussed) lasers.   Using this method, Muller et al. produced  ~1.2 mJ per pulse 

(8 x 10
14

 photons/pulse) at 130.2 nm, corresponding to the 
3
P2 → 

3
S1  transition in oxygen 

atoms.
21

  In their work, the 8 mm diameter input beams, each around 10 mJ/pulse, (τ = 2.2 ns) 

were of single longitudinal mode (SLM) with near- transform-limited bandwidths.  Their system 

was extremely complex, employing three separate ring dye laser oscillators followed by dye and 

titanium sapphire amplifiers pumped by Nd:YAG lasers.
21

  Since that time, no further work has 

been reported for pulsed VUV using this method.  However, several groups have employed this 

triply-resonant scheme using three tunable continuous-wave lasers in focused configurations in 

Hg for producing continuous-wave VUV radiation at unprecedented intensities.
23,24 
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Figure 2.1: Energy level diagram of selected states of mercury.  λ1 is tuned near a single photon 

resonance (6 
1
S0 → 6 

3
P1), λ2 is tuned so that  λ1  + λ2 is two-photon resonant (6 

1
S0 → 7 

1
S0)

 
 and 

λ3  is tuned near a Rydberg resonance (9 
1
P1).  The resulting sum frequency is generated at λ4 ≈ 

125 nm.  

 

 On the basis of the previous theoretical and experimental work, it was not at all obvious that 

the remarkably high VUV intensities reported by Muller et al.
21

 might be achieved by four wave 

mixing of unfocussed commercial multimode dye lasers.  However, using output beams from 

commercial lasers with a Hg oven in an arrangement similar to that of Hilbig and Wallenstein
19 

in our laboratory, we found that substantial VUV intensities near 9.9 eV could be produced in a 2 

cm long Hg cell with the focusing lens removed.  Subsequently, by employing substantially 

longer Hg heat pipes, we have optimized conditions for producing very high VUV intensities by 
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mixing through the 7 
1
S0 state in mercury using unfocussed configurations.  We have used these 

VUV beams for “soft” single photon VUV ionization in crossed molecular beam scattering 

experiments
25

 as well as at 130.2 nm for oxygen atom Rydberg time-of-flight (ORTOF) 

spectroscopy studies.
26

   

 In our laboratory over the past few years, a number of different schemes have been employed 

for VUV generation using two or three commercial dye lasers and, in some cases, the 266.1 nm 

radiation (fourth harmonic) of the injection-seeded Nd:YAG laser. Here we present intensity 

measurements and tuning curves for generating radiation near 125 nm, and demonstrate the light 

source for 130.2 nm radiation in ORTOF studies.  We provide a detailed description of a design 

that easily eliminates laser damage of windows due to contamination issues, a common problem 

using mercury as the nonlinear material.  An off-axis MgF2 lens is used to separate the VUV 

from the residual visible and UV beams.   Comparisons are made to the detailed calculations by 

Smith and Alford.
20  

Experimental 

The VUV radiation was generated by resonance-enhanced four-wave mixing in mercury vapor.
20

  

The tunable input beams were generated using two or three commercial pulsed dye lasers 

(Scanmate 2) pumped by a single injection-seeded Nd:YAG laser (Continuum Powerlite 9030 or 

Precision 9030).  The dye lasers were pumped at either 532 nm or 355 nm, corresponding to the 

second and third harmonics of the Nd:YAG laser, respectively.  The dye laser beams were 

typically 2 mm diameter.  In some cases the fourth harmonic (266.1 nm) of the Nd:YAG pump 

laser was telescoped to 2 mm diameter and used as 1 in the four wave mixing scheme.  In all 

cases, the optical pathlengths for 1, 2 and 3 were matched (to within about 1″) to ensure that 



20 

 

all three pulses were temporally overlapped in the heat pipe. The polarizations of all three lasers 

were linear, with 1 and 2 parallel.  The output VUV polarization is parallel to 3.   

The three laser beams were propagated separately via dielectric mirrors and then combined 

on a fused silica Pellin-Broka prism located near the entrance to the heatpipe.  The use of a 

Pellin-Broka prism in a “reverse geometry” (i.e., to combine beams of different wavelengths) 

provides two significant advantages: 1) three separate wavelengths can be easily combined 

without the need for expensive dichroic mirrors, and 2) by using the prism with P-polarization 

for all three laser beams, reflective losses are negligible.  The input window to the heatpipe was 

mounted at Brewster’s angle to further minimize reflective losses.     

The heat pipe consisted of 2.5 cm outer diameter stainless steel tubing with 20 cm of water 

cooling ( 293 K) on each end of the tube (Figure 2.2).  To assemble the heat pipe, 

thermocouples were first attached to the stainless steel tube in five locations in order to monitor 

the temperature.  The center 60 cm of the tube was then wrapped with several layers of 0.050″ 

thick copper sheet followed by three heating tapes surrounded by several layers of aluminum 

foil.  The central portion of the tube (60 cm) was heated to 410 K generating ~1 Torr of Hg 

vapor.  A pool of mercury was held in the center of the tube by a slight bend on both sides of the 

tube so that the mercury pool was held in the center 60 cm of the tube.  Liquid mercury 

condensed in the water-cooled region of the tube returns to the lowest central region due to 

gravity.  The tube was evacuated using a dual stage rotary pump and a slow flow of helium (~10 

Torr) was directed away from each end of the tube to keep the optics clean.  The helium entered 

at each end of the cell, approximately 3 cm from the window surface, and exited at each end of 

the cell ~10 cm from the windows.  The helium flow rate was controlled by needle valves on 
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both the inlet and outlet.  The flow is sufficiently slow that a cylinder of helium lasts for several 

months of continuous flow.  

 

 

Figure 2.2: Schematic of the mercury heat pipe. 

 

 The energy level diagram for atomic mercury is shown in Fig. 2.1.  The first photon (λ1) near 

255 nm was typically generated by frequency doubling the 765 nm light from the output of a 532 

nm pumped dye laser (LDS 765 laser dye) and then mixing the doubled light with the residual 

765 nm radiation. Since a 382.5 nm waveplate was not available, a 266 nm waveplate was used 

between the doubling crystal and the mixing crystal in order to rotate the polarization of the 

382.5 nm light to achieve optimal mixing. The waveplate was angle tuned to maximize the 255 

nm light intensity.  In some experiments, the 255 nm light was produced by frequency doubling 

the 510 nm output from a 355 nm pumped dye laser.  Typical pulse energies used in these 

experiments were 2 - 3 mJ per pulse at 255 nm.  The second photon (λ2) near 404 nm was 

generated either by pumping a mixture of Exalite 404 (Exciton) in dioxane at 355 nm or by 

mixing the ~651 nm light from a 532 nm pumped dye laser (DCM or Pyridine 1 laser dye) with 

the 1064 nm light from the injection seeded Nd:YAG laser.  Typical pulse energies at 404 nm 

were 6 - 10 mJ per pulse.  The third photon (λ3) near 630 nm or 777 nm was generated directly 
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from a 532 nm pumped dye laser (DCM or LDS 765 laser dye, respectively).  Typical pulse 

energies at 630 nm or 777 nm were 7 - 8 mJ per pulse.    

 We have also generated VUV pulses using only two dye lasers.  For example, using λ1 = λ2 = 

312.76 nm (10 mJ/pulse) and λ3 = 630 nm, light near 9.9 eV is generated.  Alternatively, λ1 = 

266.1 nm, obtained as the fourth harmonic of an injection seeded Nd:YAG laser with the two-

photon resonance achieved using λ2 = 379.5 nm, generated by mixing 589 nm light (Kiton Red 

laser dye) with 1064 nm fundamental from the Nd:YAG laser.  Typical pulse energies were 10 

mJ at both 266.1 nm and 379.5 nm. While much higher 266.1 nm pulse energies were 

achievable, after telescoping to 2 mm diameter, mirror damage occurred at pulse energies 

above 10 mJ.  

 In order to isolate the VUV beam from the three strong residual UV and visible beams, they 

are dispersed by a 50 cm focal length MgF2 lens (2.54 cm diameter) by propagating the beams 

off of the optic axis of the lens.  The MgF2 lens also served as the output window of the mercury 

cell.  The lens was mounted in an o-ring sealed home-made lens mount machined from a 2.75″ 

OD double-sided conflat flange.  The lens mount was connected to the mercury cell using a 

commercial 4″ long bellows with 2.75″ conflat flanges at both ends, as illustrated in Figure 2.2.  

The lens mount was rigidly supported on a one dimensional translation stage and a second 4″ 

long bellows assembly connected the lens to the apparatus.  This arrangement made it possible to 

translate the lens horizontally while the mercury cell and vacuum system remained stationary.   

 For initial alignment of the lasers and MgF2 lens, a red helium neon laser was counter 

propagated through the photoionization region, edge of the MgF2 lens, VUV cell and Pellin-

Broka prism towards the three dye lasers. The 3 laser was then overlapped with the red helium 
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neon laser and then the alignment of lasers at 1 and 2 adjusted to achieve good spatial overlap.  

Due to the much larger index of refraction for VUV beam, the final position of the MgF2 lens 

must be adjusted using the translation stage to precisely locate the VUV beam at the ionization 

region of the detector.  After all beams are aligned and the VUV intensity optimized and 

spatially aligned, the macor beam dump, held on a vacuum compatible linear manipulator was 

then translated horizontally to block the 255, 404 and 630 nm beams while allowing the 125 nm 

light to pass.   

The high intensity VUV light source at 125 nm was coupled to the Cornell rotatable source, 

fixed-detector crossed molecular beams apparatus for “soft” single photon ionization.
25,27

 The 

high intensity light source at 130.2 nm was used on a different apparatus, employing a fixed 

source and rotatable detector, for studies involving ORTOF.
26

  In ORTOF, another tunable laser 

near 305 nm is used to excite oxygen atoms from the 3 
3
S1 state to a high lying long-lived  

Rydberg state.
26

  The Rydberg atoms drifted ~33.3 cm before being passing through a grounded 

mesh and being field ionized and detected using a microchannel plate detector.    

In the rotatable source machine, no additional optical elements were present between the 

MgF2 dispersing lens and the ionization region of a quadrupole mass spectrometer where the 

base pressure was < 1 x 10
-10

 Torr.   An isolation valve and two stages of differential pumping 

(employing two turbomolecular pumps) were used.  In the Rydberg machine, after the residual 

beams were dumped, the VUV was reflected into the apparatus using a protected aluminum 

mirror (E-source optics) mounted in a 5-way 8” conflat cross pumped by a turbomolecular pump.   

 All of the intensity measurements were recorded using the rotatable source, fixed detector 

apparatus by monitoring the wide angle inelastic scattering of chlorobenzene (C6H5Cl) off of 
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molecular oxygen (O2).  The C6H5Cl beam was produced by bubbling H2 carrier gas (20 PSIG) 

through a room-temperature liquid C6H5Cl sample and expanding the mixture through the 1 mm 

orifice of a piezoelectrically actuated pulsed valve.
28,29

  The molecular beam was skimmed by a 2 

mm diameter skimmer before entering the main chamber and crossing the O2 beam.  The O2 

beam was produced by expanding a 40% O2 in He mixture (40 PSIG) through the 1 mm orifice 

of a second piezoelectrically actuated pulsed valve.  The beam was skimmed by 1.5 mm 

diameter skimmer before entering the main chamber and crossing the C6H5Cl beam.  After the 

beams cross, the non-reactively scattered components are monitored at various lab angles (15 to 

30 degrees).  The scattered components travel ~25 cm before they are ionized by the 125 nm 

VUV beam.  The ions are then mass filtered using a quadrupole mass analyzer (Extrel) and 

counted using an electron multiplier/conversion dynode set-up.  For comparison measurements 

between a 7.9 eV excimer laser (GAM EX100HF) and our 125 nm light source the non-reactive 

scattering of n-methylaniline was monitored since it can be ionized at both 7.9 and 9.9 eV.   

Review of Theoretical Calculations 

 The calculations based on the measured refractive indices and nonlinear susceptibilities of 

Hg vapor, published by Smith and Alford in 1987,
20

 are of great value for predicting tuning 

curves and nonlinear conversion efficiencies employing collimated (unfocussed) pulsed laser 

beams.  Before discussing our experimental results, we briefly review some of their results.   

 Figure 2.3 shows the partial Δk, calculated by Smith and Alford, for mixing of collimated 

low-intensity lasers as a function of frequency near the 
3
P1 Hg resonance at  = 39412 cm

-1
 (λ = 

253.7 nm), and the 9p 
3
P1 and 

1
P1 resonances near 80,000 cm

-1
.
20

 For a given choice of 1, the 

value of Δk1 in the vicinity of the 
3
P1 resonance is first read directly from Fig. 2.3.  For 
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collimated laser beams, the VUV frequency where phase matching occurs, corresponding to the 

same partial Δk, is then read from figure 2.3.  For example, for  λ1 = 2 = 312.85 nm, 

corresponding to the two-photon resonance in Hg at 31,964 cm
-1

,
 
Δk1 = 0.18 is indicated by the 

dotted horizontal line.   As indicated in Fig. 2.3, the optimum VUV frequency (vuv) 

corresponding to the same value of Δk lies approximately halfway between the 
3
P1 and 

1
P1 

resonances, i.e., near vuv = 79688 cm
-1

.  Using the two-photon resonance frequency of 63,928 

cm
-1

, the optimum phase matching input wavelength, λ3 is calculated to be 634.5 nm.   

 

 

Figure 2.3: Partial Δk as a function of frequency near the 6
3
P1 and 9 

3
P1 and 9

1
P1 resonances, 

from Smith and Alford, ref. 20.  Note change in horizontal axis and scale. 

  

 The partial susceptibilities χp, plotted in Fig. 2.4, can be used to estimate relative VUV 

intensities for various specific combinations of 1 and VUV.  As described by Smith and Alford, 

the third order nonlinear susceptibility χ3 is proportional to the magnitude of the product χ1 x 

χVUV.
20

   With 1 detuned to frequencies significantly lower than the 
3
P1 resonance at 39412 cm

-1
, 

χ1 is approximately constant at -2.5 and, under phase matching conditions with vuv = 79688 cm
-1

,  
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the corresponding χVUV  2.5.  As described below, this scheme is attractive in terms of 

experimental simplicity because only two relatively efficient DCM dye lasers are required, 

operating at 312.85 nm and  634.5 nm.   

 

 

Figure 2.4: Partial susceptibilities χP as a function of frequency near the 6
3
P1 and 9 

3
P1 and 9

1
P1 

resonances, from Smith and Alford, ref. 20.  Solid lines are for the 7 
1
S0 resonance studied in this 

work.  Note change in horizontal axis and scale. 

 

 Using three independently tunable lasers, one can tune 1 to higher frequencies on the low 

energy side of the 
3
P1 resonance while simultaneously tuning 2 to remain on the 7

1
S0 two-

photon resonance (Fig. 2.1).  Under these conditions, Fig. 2.3 indicates that VUV shifts slightly 

to the blue and, according to Fig. 2.4, VUV intensities will increase slightly.  However, as 1 is 

tuned very close to the 
3
P1 resonance from the low energy side, Δk1 increases sharply.  To 

maintain phase matching conditions, vuv shifts to higher frequency, requiring progressively 

greater 3 as the 9 
1
P1 resonance at  = 79964 cm

-1
 is approached.  As indicated in Fig. 2.4, χ1 

and χVUV both increase sharply in the vicinity of atomic resonances, so the largest VUV 
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conversion efficiencies are predicted for 1  255 nm,  2   404 nm, and 3   628 nm, 

producing VUV light at wavelengths near 125 nm (VUV 79850 cm
-1

). 

 With 1 tuned to frequencies greater than 39412 cm
-1

, i.e., on the high energy side of the 
3
P1 

resonance, qualitatively similar behavior is predicted.  However, since Δk1 is negative close to 

the 6
3
P1 resonance, phase matching requires tuning of 3 so VUV is on the blue side of the 

3
P1 or 

1
P1 resonances.  It should be noted, however, that because χ1 changes sign (goes through zero) at 

frequencies 1 just above 39412 cm
-1

, the VUV conversion efficiencies will exhibit a 

considerably more complex frequency dependence.       

VUV Generation Near 125 nm 

 Relative intensity measurements for a number of resonant two-photon mixing schemes, all 

employing the 7
1
S0 state at 63,928 cm

-1
, are shown in Figure 2.5.  Table 2.1 lists the wavelengths 

employed for the different VUV generation schemes studied in our laboratory.  Each tuning 

curve shown in Figure 2.5 represents a different two-photon combination (λ1 and λ2) and shows 

the resulting λ3 tuning curve.  Tuning curve a) was obtained with λ1 = 266.1 nm (fourth harmonic 

of the Nd:YAG laser) and λ2 = 379.5 nm.  The tuning curve of λ3 was recorded by scanning λ3 

while monitoring the non-reactive scattering of C6H5Cl from O2. For this scheme, only two 

tunable lasers are required.  As shown in Figs. 3 and 4, for significant detuning of 1 below the 

6
3
P1 resonance, Δk1, χ1, and χVUV are all approximately constant so conversion efficiencies do not 

vary significantly with 1 and 2.  Because relatively high UV pulse energies (10 mJ for each 

laser) can be generated as the Nd:YAG fourth harmonic and at 379.5 nm (the latter by mixing the 

Nd:YAG fundamental with 590 nm light), and because only two dye lasers are required, this 

scheme has been used quite extensively in our laboratory.   
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Figure 2.5: Tuning curves for VUV generation (tuning λ3)  when λ1  + λ2 = 63928 cm
-1

 for the 

following λ1 values with mJ per pulse of λ1 in parenthesis. See Table 2.1 for corresponding 

values for 2.  The 6 
1
S0 → 6 

3
P1 resonance in mercury is at 253.7 nm (39412 cm

-1
).  All curves 

are not scaled except for those marked in the figure (a) 266.1 nm
 
(10 mJ) (b) 256.6 nm (1.3 mJ) 

(c) 255.7 nm (2.5 mJ) (d) 254.8 nm (2.7 mJ) (e) 254.0 nm (2.7 mJ) (f) 252.1nm (1.5 mJ) (g) 

251.6 nm (1.3 mJ) (h) 247.9 nm
 
(1.5 mJ). 

 

 

Table 2.1: Wavelengths (nm) used for resonance enhanced four-wave mixing in Hg vapor. 

λ1 λ2 λ3 λ4 

266.1 379.5 633.6 125.45 

256.6 400.7 632.0 125.39 

255.7 402.9 631.4 125.37 

254.8 405.2 630.2 125.32 

254.0 407.2 627.0 125.20 

252.1 412.2 636.5 125.57 

251.6 413.5 635.9 125.54 

247.9 423.9 634.0 125.47 
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 Because the Nd:YAG laser is injection seeded by a narrowband CW diode laser, the 

bandwidth of the 266.1 nm laser is nearly Fourier transform limited with bandwidth of < 

0.005cm
-1

.  Somewhat surprisingly, we found that the VUV intensity did not decrease 

significantly when the injection seeder was turned off with the Nd:YAG fundamental bandwidth 

increasing to 1 cm
-1

.  Consequently, the bandwidths of 1 and 2  increase from <0.010 cm
-1

 and 

0.15cm
-1

 to 2 cm
-1

 and 1 cm
-1

, respectively.  While we have not studied this behavior 

extensively, this observation suggests that VUV conversion efficiencies under our specific 

experimental conditions are not strongly dependent on input laser bandwidths.   

 On the basis of Fig. 2.3, it is not surprising that the VUV tuning curve employing the 2-

photon 7 
1
S0 resonance at 1 = 2 = 312.85 nm (not shown) was found to be very similar to that 

shown in Fig. 2.5a.  However, the absolute VUV intensities using the 312.85 nm two-photon 

resonance were about a factor of two smaller under our experimental conditions. Because of its 

relative simplicity, employing the two-photon resonance is the most convenient possible 

approach for generation of high-intensity VUV using collimated lasers.  In our laboratory, 

typically 10 mJ pulses at 312.85nm (30 Hz) could be produced routinely.  At the expense of 

somewhat greater complexity (using two dye lasers + fourth harmonic of Nd:YAG), the scheme 

with 1 =266.1 nm (10 mJ) and 2 = 379.1 nm (10 mJ), we typically obtained a factor of 2 higher 

VUV intensities.    The higher intensity using 266.1 nm scheme is entirely attributable to the 

factor of 2 greater total laser pulse energies at 1 and 2. As shown in curves b, c, d, upon tuning 

1 closer to the 6 
3
P1 resonance, a gradual increase in VUV intensity is observed.  Note that 

curve d was obtained with 254.8 nm pulse energies around 2.7 mJ, whereas curve a employed 

266.1 nm pulse energies around 10 mJ.  Clearly, conversion efficiencies increase significantly 

(by a factor of 4) as the 1 approaches the 6
3
P1 resonance.  It is interesting to note, however, that 
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according to curve e, obtained with 1 = 254.0 nm (only 38 cm
-1

 below the 6
3
P1 resonance), 

maximum VUV intensities do not further increase as the 6
3
P1 resonance is approached.  Clearly, 

factors other than those indicated in Fig. 2.4, (e.g., absorption in the VUV by Hg2) are operative, 

effectively limiting conversion efficiencies close to the 6
3
P1 resonance.   Our limited studies of 

the effect of Hg vapor pressure (by changing the temperature) suggest that peak VUV conversion 

efficiencies remain approximately constant when 1 is tuned over a range of about 200 cm
-1

 on 

the low energy (red) side of the 6 
3
P1 resonance.  

 Curves f, g, and h in Figure 2.5 were recorded with 1 tuned to the high energy (blue) side of 

the 6
3
P1 resonance.  Note that these curves have been multiplied by factors of 8, 8 and 4, 

respectively, indicating significantly lower conversion efficiencies in this region.  The relatively 

low intensities for curves f and g are attributable to the fact that χ1 approaches zero just to the 

blue of the resonance, as shown in Fig. 2.4.   The increased conversion efficiency observed for 

curve h, with 1 tuned further from the atomic resonance, is due to the larger χ1 and χVUV in this 

region.       

As illustrated in figure 2.5 (curves a-e), the VUV tuning curves become narrower as the 

VUV energy approaches the 9P resonance from the low-energy side.  This behavior can be 

understood from the calculations of Smith and Alford.
20

 As illustrated in figure 2.3, the slope of 

the plot of the index mismatch Δk vs. photon energy increases as atomic resonances are 

approached.  The choice of input wavelength 1 in the vicinity of the 
3
P1 resonance at 253 nm 

dictates VUV wavelength where maximum conversion efficiency can be achieved.  The VUV 

tunability (i.e., tunablity of 3) is limited by the requirement that the partial index mismatch Δk 

falls within a range specified by 1.  At VUV wavelengths far away from the 9P resonance where 
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Δk varies weakly with , a relatively wide range of VUV wavelengths fall within the specified 

Δk.  However, near resonances, the much stronger dependence of Δk on 3 (steeper slope in Fig. 

2.3), leads to a narrower range of VUV tunability.  

Absolute VUV Pulse Energy Measurements 

In order to determine the absolute VUV pulse energies, we have compared signals from the 

non-reactive scattering of n-methylaniline from O2 using the 7.9 eV output of an F2 excimer laser 

and our 9.9 eV light source.  We found that the total signal level using the 9.9 eV light source 

using the 266.1 nm + 379.5 nm mixing scheme (curve 5a) is 6 times smaller than that of the 7.9 

eV light source.  We have measured the 7.9 eV pulse energy using a pyroelectric energy meter to 

be 1.0 mJ per pulse (8 x 10
14

 photons per pulse).  Using the 8 x 10
14 

photons per pulse value at 

7.9 eV and correcting for the factor of 3 difference in photoionization cross section of n-

methylaniline between 7.9 eV and 9.9 eV
30

; we conclude that 0.07 mJ per pulse at 125 nm is 

delivered to the ionization region of the detector at the peak of curve 5a.  Assuming 70% 

transmission through the MgF2 lens, this corresponds to 0.10 mJ/pulse at 125 nm, i.e., 6 x 10
13

 

photons/pulse.   At 30 Hz, this corresponds to 1.8 x 10
15

 photons/s.  

Our measured VUV pulse energy at 125 nm is a factor of 10 smaller than that reported 

previously near 130 nm using three transform-limited pulsed lasers, each providing 10 

mJ/pulse.
21

  The principal differences between our conditions and those reported earlier are that 

our lasers are multimode with bandwidths of 0.15 cm
-1

 each (0.21 cm
-1

 after frequency 

doubling) rather than Fourier transform limited.  Also, the spatial quality of the beams produced 

by commercial dye lasers deviate significantly from the Gaussian distributions employed in the 

previous work.  In our experiment, the 255 nm pulse energy was limited to 2.7 mJ because only a 
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single Nd:YAG laser was available for pumping all three dye lasers.   Also, our pulse duration 

was substantially longer τ  7.0 ns than that in the previous experiments (2.2 ns).  Using these 

parameters, the calculated peak 255 nm laser power in our work (0.43 MW) is about an order of 

magnitude smaller than in the work of Muller (4.5 MW).
21 

VUV Generation near the 130.2nm 
3
PJ →

3
S1 Transition in Atomic Oxygen 

We have demonstrated the tunability of the high-intensity light source by tuning to the 

atomic oxygen 
3
P2 →

3
S1 transition at 130.2 nm.

26
  In these studies, a photon at 130.2 nm 

photodissociates O2 molecules and then a second 130.2 nm photon (within the same laser pulse) 

excites the oxygen atoms to the 
3
S1 state.  A 305 nm photon from another dye laser then 

promotes the oxygen atoms to high-n Rydberg levels.  The atoms drift to a microchannel plate 

where they are field ionized and counted as a function of arrival time and laboratory angle.
26 

 

Several different studies of molecular photoionization in our laboratory indicate that the 

VUV pulse energies produced near 130 nm are very similar to those obtained at 125 nm.  On the 

basis of calculated χ values,
20

 this is anticipated.  Typical time-of-flight spectra for O(
3
P2) 

products are shown in Figure 2.6.  The peak at shorter arrival time corresponds to O(
3
P2) 

recoiling from O(
3
P0,1,2) and the peak at later time corresponds to O(

3
P2) recoiling from O(

1
D2).  

The absolute signal levels using VUV pulses generated in Hg vapor are greater by more than two 

orders of magnitude compared to that obtained previously under otherwise similar conditions 

using the 2-1 mixing scheme in Kr employing tunable lasers at 212.55 and 580 nm.
26,31,32

 Since 

the observed signals result from absorption of two 130 nm photons, and either or both of the 

transitions may be saturated using the high intensity VUV source, it is difficult to make 

quantitative statements about the relative intensities based on these measurements.  However, in 
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recent studies of the metastable O(
1
S0) product signal from N2O photodissociation at 130 nm, 

involving a single photon process, we observe signals that are a factor of 300 times greater than 

using the previous method.
31

  This is consistent with the expectation that our previous pulses 

were 1 x 10
11

 photons/pulse for resonant (but not phase matched) 2-1 mixing in Kr
3,15

 and our 

conclusions that the 130 nm intensities are comparable to those produced near 125 nm, measured 

to be 3 x 10
13

 photons/pulse.  The large increase in 130.2 nm laser intensities, combined with the 

much smaller background levels resulting from removing the UV and visible laser beams opens 

up the possibility to study a range of chemical reactions producing ground state oxygen atoms in 

crossed molecular beams, such as H + O2 → OH + O.  

 

 

Figure 2.6: Time-of-flight spectra for O(
3
P2) atoms produced by O2 photodissociation at 

130.2 nm monitored by ORTOF. Laboratory angles are indicated. 
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We have not recorded VUV tuning curves in the 130 nm range similar to those shown in Fig. 

2.5 near 125 nm.  However, we have scanned 3 at various combinations of 1 and 2 in order to 

map out optimum phase matching curves and efficiencies.  The behavior observed in these 

studies was very similar to that observed near 125 nm.  Most notably, we found that the highest 

VUV intensities were always observed on the red side of the 
3
P1 resonance, and VUV intensities 

did not change significantly within 200 cm
-1

 of the 
3
P1 resonance.  

Prospects for increased VUV Pulse Energies 

As shown in Fig. 2.5, the greatest VUV intensities (0.10 mJ/pulse) were obtained using three 

tunable dye lasers with 1 tuned to the low energy side of the 6
3
P1 resonance.   An input pulse 

energy of 2.7 mJ at 255 nm corresponds to 3.46 x 10
15

 photons/pulse.  Using our measured VUV 

intensity of 6 x 10
13

 photons/pulse at 125 nm corresponds to a 1.7% conversion efficiency from 

the UV to VUV.  This is a factor of about 3 smaller than the 5% conversion efficiency reported 

by Muller and coworkers using three pulse amplified ring dye lasers, which produced 1.1 mJ 

VUV pulses at 130 nm.
21

  Note that our final pulse energies (0.1 mJ) are about a factor of ten 

smaller.  

Laser power dependence measurements in our laboratory revealed that the VUV intensities 

increase approximately linearly with 255 nm pulse energies up to 2.7 mJ, with no evidence for 

the onset of saturation in the conversion efficiency with increasing 1 pulse energies.  On the 

other hand, using 2.7 mJ pulses at 255 nm, further increases in pulse energies at 404 nm and 625 

nm produce increases in VUV intensities that are much less than linear, suggesting the onset of 

saturation in conversion efficiencies for 2 and 3 under our experimental configuration.  In the 

work of Muller, 255 nm pulse energies were 10 mJ, with pulse durations of 2.2 ns.
21

  Since our 
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pulse intensities were a factor of 3 smaller, and pulse duration (7 ns) a factor of three greater, it 

is tempting to attribute the order of magnitude smaller VUV intensities produced in our work to 

the order of magnitude smaller 255 nm laser powers we employed.   

On the basis of our measurements, the most obvious way to further increase our VUV pulse 

energies is by increasing the 255 nm pulse energy.  In our experiments to date, the 255 nm pulse 

energies were limited to 2.7 mJ by the available Nd:YAG pump energy and relatively low 

efficiency for third harmonic generation starting with a 765 nm dye laser.  We attempted to 

obtain higher 255 nm pulse energies by frequency doubling the 510 nm radiation from a 355 nm 

pumped dye laser, or by mixing the 532 nm from the Nd:YAG laser with 480 nm produced by a 

355 nm pumped dye laser.  However, in both cases the maximum pulse energies were still  3 

mJ.  However, by employing a second Nd:Yag laser for pumping the three dye lasers, and/or by 

employing a different nonlinear mixing scheme for production of 255 nm light (e.g., doubling of 

666 nm light to 333 nm followed by mixing with 1064 nm), achieving 255 nm pulse energies of 

10 mJ should be feasible.  We note that by employing a second Nd:YAG pump laser, higher 

pulse energies at 404 nm and 625 nm (or 777 nm) can also be obtained.  Thus, on the basis of our 

power dependence measurements, by employing 255 nm pulse energies in the 10 mJ range, at 

least a threefold increase in VUV pulse energies, i.e.,0.3 mJ/pulse should be readily achievable.    

Detailed modeling of the four-wave mixing process to generate 130.2 nm radiation has been 

carried out, with the primary aim being to maximize conversion efficiencies.
.33,34

 A number of 

considerations were presented in these papers that, if implemented, may lead to substantial 

improvements to the efficiencies reported here.  To date, however, we have not employed these 

concepts to improve conversion efficiencies.  We have also not yet attempted to improve the 

laser beam spatial profiles by spatial filtering of the dye laser beams prior to amplification.  Also, 
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the beam diameters of the three laser beams were set to be nominally equal by employing the 

same telescope configurations in each laser prior to final amplification.  We have not attempted 

to quantitatively match (using a laser beam profiler) the spatial beam diameters of the three input 

beams prior to mixing.  We have not devoted any effort to optimizing conversion efficiencies by 

simultaneously varying the diameters of the three input laser beams.   Also, in the original work 

of Muller and coworkers, considerable effort was devoted to ensuring that the heatpipe 

temperature was uniform throughout using a secondary enclosure.  As noted in our experimental 

section, other than wrapping the heatpipe with copper foil, we have not taken great care to ensure 

homogeneous temperature.  Clearly, many experimental parameters are subject to substantial 

further optimization, leading to further increases in VUV pulse energies. From these 

considerations, we believe that with some care, pulse energies in the 1 mJ range near 125 nm or 

130 nm are within reach using commercial nanosecond dye lasers.    

Generation of VUV at 120 nm <  < 125nm 

The calculations by Smith and Alford cover VUV energies up to 83,100 cm
-1

, i.e., down to  

 120 nm.
20

  Behavior similar to that shown in Figures 2.3 and 2.4 was observed.  The VUV 

conversion efficiencies are expected to decrease at shorter wavelengths due to the smaller χVUV. 

While this range includes Lyman-α at 82,259 cm
-1
, χVUV is very small for Hg at this specific 

wavelength, so conversion efficiencies will be substantially smaller than those reported in this 

paper.  Consequently, resonance enhanced difference frequency mixing in Kr/Ar mixtures (VUV 

= 21 - 2) is likely to remain the best approach for VUV generation at Lyman-α.
3
   We note, 

however, that using 1 = 2 = 312.85 nm and 3 = 581 nm, producing VUV at 123 nm near the 

10 P resonance, gives similar intensities to VUV production at ~125 nm.   
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Generation of VUV at  < 120 nm 

 Because of the reduced transmission of the MgF2 output window at shorter wavelengths, we 

have not carried out extensive studies at < 120 nm using collimated input laser beams in Hg.  

However, during the course of this work, we found that substantial VUV intensities are 

generated near 11.0 eV (  112.7 nm) using only two lasers with 1 = 255 nm, 2 = 404 nm and 

3 = 404 nm, corresponding to VUV energies well above the Hg
+
 limit at 84184 cm

-1
.  Relatively 

strong photoionization signals were observed, despite the fact that the transmission through our 

MgF2 lens must be very small (<10%).  Since an excited state of Hg lies at 88759 cm
-1

, it is 

perhaps not surprising that VUV generation is efficient near 11.0 eV.   Using an off-axis MgF2 

lens configuration, the 112.7 nm light is spatially dispersed from the 125 or 130.2 nm beams, and 

would normally not contribute.  It is important to keep in mind, however, that with 1 = 255 nm 

and 2 =  404 nm (e.g., for producing light at 130.2 or 125 nm),  in the absence of a dispersing 

element, significant VUV light at 112.7 nm is likely to be present, especially if a LiF optic is 

used as the VUV exit window.  

 It is well-known that Hg facilitates efficient production of radiation at wavelengths well 

below the LiF cutoff at 104 nm.
35,36 

 The most challenging aspects of generation of light in the 

extreme ultraviolet (XUV) is designing a cell facilitating windowless operation, and developing 

a method for spatially isolating the XUV without energy losses inherent to dispersive elements 

such as gratings.   We have recently been working on the generation of light at energies up to 13 

eV, and have made considerable progress in both of these areas.
37
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Conclusions 

Generation of intense pulsed VUV radiation (6 x 10
13

 photons/pulse) has been 

demonstrated using resonance-enhanced four-wave mixing of unfocussed pulsed commercial dye 

lasers in Hg vapor.  The tuning curves for a number of different resonant two-photon 

combinations have been measured and agree well with the predictions of Smith and Alford.
20

  

While the highest conversion efficiencies (1.7% from UV to VUV) and peak intensities are 

achieved using three independently tunable dye lasers, two somewhat simpler schemes 

employing two dye lasers are characterized.  Our studies indicate that under our experimental 

conditions, VUV pulse energies are limited by the available input pulse energies at 255 nm and 

that further increases in VUV pulse energies to the mJ range should be readily achievable.  
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CHAPTER 3: Experimental Methods 

Crossed Molecular Beam Scattering 

The experiments were carried out using a rotatable source, fixed detector crossed 

molecular beams apparatus (Figure 3.1).
1
  The phenyl beam was produced via photolysis of 

chlorobenzene at 193 nm.
2
  A beam of chlorobenzene (Aldrich) (~10 Torr) seeded in ~1800 Torr 

of H2 was produced via a pulsed piezoeletrically actuated supersonic expansion.
3
  A pulsed 

excimer laser (GAM EX-10) operating at 193 nm then photolyzed the precursor forming 

primarily phenyl radicals and chlorine atoms.
52

  The laser was mounted to the source assembly 

and rotated with it maintaining good alignment for all source positions.  The output of the 

excimer laser, which provided ~10 ns pulses (10 mJ) was gently focused to a 6 mm x 2 mm spot 

directly in front of the orifice of the pulsed valve.  For reactive scattering experiments, the 

phenyl beam (<v> = 2200 m/s, speed ratio = 11) passed through a 2 mm diameter skimmer 

(Precision Instruments) into the main chamber region, maintained at or below 5 x 10
-6

 Torr.  In 

nonreactive scattering experiments an additional stage of differential pumping was employed 

with the beam skimmed by a 2 mm diameter skimmer and then further collimated with a square 

(3 mm x 3 mm) knife-edge defining aperture fabricated using four razor blades.  In all 

experiments, the molecular beam was collimated by a 2 mm diameter skimmer (Precision 

Instrument) before entering the main chamber and crossing the phenyl beam at a 90  collision 

angle.  Beam parameters (gas mixture, <v>, and speed ratio) for the molecular beams (O2, N2, 

C3H6 and C4H8) along with the corresponding center of mass angle and collision energy for 

collisions with the phenyl radical beam are given in Table 3.1.  The molecular beam was 

characterized in a separate series of experiments by monitoring its time-of-flight (TOF) 

distributions on-axis using a slotted chopper wheel with a mass spectrometer detector employing 
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electron impact ionization detection.  Scattered species traveled 24.1 cm through a series of three 

apertures and were ionized by a single VUV photon at 9.9 eV in a detector region maintained 

below 1 x 10
-9

 Torr.  The resulting positive ions were mass selected using a quadrupole mass 

filter (Extrel Merlin with 0.75ʺ rods) and detected using a conversion dynode/electron multiplier 

operating in pulse counting mode. 

 

 

Figure 3.1: Schematic of the Cornell fixed detector, rotatable crossed molecular machine. 

 

 

 

Table 3.1: Beam parameters for crossed molecular beam experiments with phenyl radicals 

Gas  

Mixture 

Beam Velocity 

(m/s) 

Speed Ratio 

(v/Δv)  
Collision Energy 

(kJ/mol) 

CM Angle 

(degrees) 

40% O2 in He 

 

40% N2 in He 

 

3% O2 in H2 

 

25% C3H6 in He 

 

950 

 

970 

 

1870 

 

1050 

12 

 

14 

 

10 

 

12 

64 

 

59 

 

97 

 

84 

 

10 

 

9 

 

20 

 

14 

9% C3H6 in H2 

 

1700 10 108 22 

25% C4H8 in He 

 

960 12 97 17 
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TOF spectra were generated at a given laboratory angle by scanning the delay of the 9.9 

eV light source relative to that of the 193 nm excimer laser that produced phenyl radicals.  The 

laboratory angular distribution was generated by integrating the TOF spectra at each given angle.  

The TOF spectra were fit using the forward convolution technique, taking as inputs instrumental 

parameters as well as center-of-mass (CM) distribution functions, namely P(E), the CM 

translational energy release, and T(Θ), the CM angular distribution, and outputting calculated 

laboratory TOF and angular distributions.
4
  The two CM functions were iteratively adjusted until 

the calculated TOF and angular distributions matched their experimental counterparts. 

Radical Beam Production and Characterization 

Production of molecular free radicals can be achieved via a variety of techniques: 

photolysis
5
, pyrolysis

6
, electrical discharge

7
, chemical reaction

8
, etc..  In most of these cases a 

relatively weak bond of a stable precursor is cleaved to generate the corresponding radical.  The 

weak bond also often fragments upon ionization using traditional (~80 eV) electron impact.  

Because of the tendency of the precursor to fragment to the same mass as the radical of interest, 

detection of production of the radical species is often difficult.  In special cases (OH
9
, CN

10,11,12
, 

CH3
13

, etc.) the spectroscopy of the radical species is known and can be detected using LIF or 

REMPI, but for larger molecular free radicals this is generally not the case.   

By employing “soft” ionization, fragmentation of the parent species can be reduced or 

eliminated, allowing for clean detection of the radical species even when looking directly on-

axis.  This allows for convenient optimization for the production of molecular radicals.  As can 

be seen in Figure 3.2 the production of phenyl radicals on-axis from the photodissociation of 

chlorobenzene is undetectable using traditional electron impact.  The chlorobenzene parent 
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fragments substantially to the parent mass of phenyl radicals (m/e = 77).  When using “soft” 

single photon ionization, fragmentation of chlorobenzene to m/e = 77 is negligible and the 

enhancement of m/e = 77 when phenyl radicals are produced is apparent (Figure 3.2).  The easy 

detection of production of phenyl radicals allows for straightforward optimization of the phenyl 

radical beam.  For instance, we found that modest photolysis laser powers (~10 mJ per pulse) 

produced the most intense phenyl radical beams, since at higher laser powers secondary 

photochemistry depletes the phenyl radicals that are initially formed.  “Soft” ionization also 

allows for the straight-forward determination of beam impurities which can potentially interfere 

with detection of the desired product species in molecular beam scattering experiments.   

 

Figure 3.2: Looking directly (0˚) into the phenyl radical/chlorobenzene beam at m/e = 77.  

When the excimer laser is off (blue curve) the beam contains only of chlorobenzene molecules.  

When the excimer laser is on (red curve) the beam contains phenyl radicals and chlorobenzene 

molecules.  (a) Product detection using 100 eV electron impact ionizer. (b) Product detection 

using 9.9 eV photoionization light source. 
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Comparison of 9.9 eV Light Source with Previous Techniques 

We have examined the reaction Zr + CH4 → ZrCH2 + H2 to compare product detection 

using our new 9.9 eV light source with a 7.9 eV light source (F2 excimer laser) and electron 

impact ionization (Figure 3.3).  The best signal level when comparing these different approaches 

was the 7.9 eV light source, its signal level was approximately a factor of five greater than that 

for the 9.9 eV light source which in turn was about another factor of five greater in absolute 

signal level than using 100 eV electron impact.  The signal to noise ratio was even better than the 

factor of five increase in signal level as can be seen with the different TOFs in Figure 3.3.  For 

studying Zr + CH4 → ZrCH2 + H2, the 9.9 eV light source is significantly better than the electron 

impact ionization scheme.  The 9.9 eV light source opens up a variety of systems that are 

unobtainable using the 7.9 eV light source, such as more catalytically relevant transition metal 

reactions (Pt, Pd, etc.) as well as many reactions of hydrocarbon free radicals.   



46 

 

 

Figure 3.3: Time-of-flight distributions at the center-of-mass angle monitored at m/e = 

105 (ZrCH2
+
) for Zr + CH4 → ZrCH2 + H2.  The top panel (green) is monitored using an F2 

excimer laser at 7.9 eV for single photon ionization.  The middle panel (red) is monitored using 

the 9.9 eV photoionization light source.  The bottom panel (blue) is monitored using electron 

impact ionization.  All of the distributions have the same total counting time. 
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CHAPTER 4: Collision Complex Lifetimes in the Reaction C6H5 + O2 → C6H5O + O 

Introduction 

 The phenyl radical (C6H5) is ubiquitous in combustion, and is a key intermediate in the 

production of polycyclic aromatic hydrocarbons (PAHs), which serve as precursors to soot 

formation.
1
  Prototypical reactions of the phenyl radical in combustion include those with 

molecular oxygen (O2) and with various hydrocarbons. Understanding the mechanisms for these 

reactions and quantifying the branching ratios for competing channels is crucial to modeling soot 

production in real and complex combustion environments.
2
  The mechanisms for formation of 

PAHs involve the formation of phenyl radicals and their subsequent reactions with unsaturated 

hydrocarbons.  The most prominent pathway is the hydrogen-abstraction acetylene-addition 

(HACA) mechanism, in which large PAHs are generated by stepwise addition of smaller 

hydrocarbons.
3
  During the formation of PAHs, the generation and subsequent reaction of phenyl 

radicals is a key first step.   The reaction of phenyl radicals with molecular oxygen can serve to 

interrupt HACA-like mechanisms and, depending on the reaction products, suppress or enhance 

PAH growth.
2
  Much work has been done, both theoretically

4,5,6,7
 and experimentally,

8,9,10,11,12
 to 

understand the mechanism of phenyl oxidation.   

 Crossed molecular beam studies in conjunction with theoretical calculations have been 

instrumental in addressing mechanistic questions for small systems containing 4 atoms or less.  

For such systems, direct dynamics simulations employing accurate potential energy surfaces may 

be compared to detailed experimental measurements of product angular and velocity 

distributions.
13,14,15,16

  More recently, there has been considerable effort aimed at using ideas 

gained from small systems to better understand reactions involving larger polyatomics.
17,18
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Unfortunately, when the number of atoms becomes large, direct dynamics calculations and the 

calculation of accurate potential energy surfaces becomes too complex.  A much simpler 

approach for reactions involving initial formation of intermediates followed by several 

decomposition channels is to calculate the geometries and energies of key intermediates and 

transition states.  One may then use statistical theories, such as Rice-Ramsperger-Kassel-Marcus 

(RRKM) theory, to predict rate constants and product branching ratios.
17

  The RRKM theory, if 

applicable to the system of interest, is appealing in its simplicity.
19

  Microcanonical reaction rate 

constants (and therefore branching ratios) for each competing pathway from a common 

intermediate may be calculated directly from calculated parameters, including the energetics, 

geometries, and vibrational frequencies for intermediates and key transition states along the 

reaction coordinate.  

 Parameters for key intermediates and transition state geometries for the reaction of phenyl 

radicals with molecular oxygen have been calculated by Tokmakov et al.
6
  The reaction is 

characterized by addition, forming phenylperoxy (C6H5OO) intermediates lying ~195 kJ/mol 

below the reactants.  These intermediates can subsequently decompose via simple O-O bond 

fission to form phenoxy radicals (C6H5O) plus ground state oxygen atoms, O(
3
P), with an 

exoergicity relative to reactants of ~36 kJ/mol.  Alternatively, the reaction can proceed by 

isomerization of C6H5OO to 2-oxepinyloxy radicals, followed by unimolecular rearrangements 

producing other products, including C6H4O2 + H, C5H5 + CO2 and C5H5O + CO.  A simplified 

potential energy diagram for the C6H5O + O channel and energetics for the other reaction 

channels predicted by Takmakov et al. are shown in Figure 4.1.
6
 To date, crossed molecular 

beam experiments at a variety of collision energies have only detected the C6H5O + O channel 

from simple O-O bond fission of the initially-formed C6H5OO.
20,21,22

  Using the theoretical 
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calculations, the branching ratios between reaction products can be calculated with RRKM 

theory and compared to experimental results.  In comparing calculated branching ratios with 

experimentally derived values, one must assume that RRKM theory is valid and that the potential 

energy surface is sufficiently accurate.  If the calculations differ from the experimental results, 

one or both of these assumptions must be incorrect.    

 Previous experimental studies bring into question the applicability of RRKM theory for the 

C6H5 + O2 reaction.  In 2007, Gu and coworkers carried out the first crossed beams study, 

employing a phenyl radical beam produced by pyrolysis of nitrosobenzene (C6H5NO).
20 

At a 

mean collision energy of 107 kJ/mol, the reaction dynamics were determined to be “rather direct 

via an extremely short lived phenylperoxy radical holding lifetimes of less than 0.01 ps.”
20

  The 

occurrence of a direct reaction with lifetimes an order of magnitude shorter than the O-O 

vibrational period of the C6H5OO complex (~ 0.10 ps, i.e., ~100 fs) is surprising, given the deep 

potential well for the C6H5OO intermediates, modest exoergicity for the C6H5O + O products, 

and the 33 vibrational degrees of freedom available for a 13 atom system.   
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Figure 4.1:  Simplified potential energy diagram for C6H5 + O2 → C6H5O + O reaction, where 

TS is transition state for O-O bond fission and VdW is Van der Waals complex between the 

phenoxy radical and oxygen atom.  Overall energetics for other major reaction channels 

predicted by Tokmakov et al. are shown.  Adapted from ref. 6. 
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 Recently, Parker and coworkers have reexamined the C6H5 + O2 reaction system at a much 

lower collision energy (38 kJ/mol), using a photolytic phenyl radical source.
22

 They found that at 

their lower collision energy, the C6H5OO intermediates are long-long lived relative to their 

rotational period, consistent with RRKM theory.  In addition, they have apparently reinterpreted 

their original high collision energy data (107 kJ/mol) by invoking an “osculating” complex 

model, rather than the direct stripping mechanism assumed earlier.  In the “osculating” complex 

model, the lifetimes of intermediates are comparable to their rotational periods.  Under such 

conditions, the intensity of products scattered “forward” relative to “backward” in the center-of-

mass (CM) reference frame, I(0
o
)/I(180

o
), is very strongly dependent upon the lifetimes of 

intermediates, with this quantity increasing sharply with decreasing lifetimes relative to 

rotational periods.  This reinterpretation of their original high collision energy data, with no new 

data or justification, has led the authors to suggest a CM angular distribution with the intensity of 

the forward peak relative to the backward peak, I(0
o
)/I(180

o
) of 9 ± 4.

22
  This mean value leads to 

lifetimes for the C6H5OO in the 300 fs range (rather than <10 fs as originally concluded).  We 

have conducted crossed molecular beam studies of phenyl radicals with molecular oxygen at 

collision energies of 64 kJ/mol and 97 kJ/mol using a photolytic phenyl radical source in order to 

understand the role of collision energy on the lifetimes of phenylperoxy intermediates.    

Phenyl Radical Sources 

 Phenyl radicals were generated either by photolysis or by pyrolysis of commercially 

available precursors.  In the photolytic source, phenyl radicals were generated by 

photodissociation of chlorobenzene (Aldrich) at 193 nm directly in front of the 1 mm orifice of a 

home-built piezoelectric pulsed valve.
23

  A dilute mixture of chlorobenzene (~10 Torr) was 

seeded in hydrogen or helium carrier gas (~1800 Torr) by bubbling the carrier gas through a 
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liquid sample held at room temperature.  The ~8 mJ/pulse output of a 193 nm excimer laser 

(GAM EX10 or Lambda Physik Compex) was loosely focused to a 2 mm x 6 mm spot directly in 

front of the pulsed valve nozzle, producing primarily phenyl radicals and chlorine atoms.
24

 

 The pyrolytic phenyl radical source employed supersonic expansion of nitrosobenzene 

(Aldrich) seeded in helium (1000 Torr).  The nitrosobenzene beam was generated by passing the 

helium carrier gas over solid nitrosobenzene held in a variable temperature bath.  The 

concentration of nitrosobenzene in the beam was varied by changing the bath temperature (4 
o
C 

– 21 
o
C).  The pyrolytic source consisted of a silicon-carbide tube (2 mm OD and 1 mm ID) 

attached to the output of a piezoelectric pulsed valve (1 mm orifice) via a water-cooled support 

block.  The 0.5 cm long heated region of the silicon-carbide tube was resistively heated to 

temperatures between 1200 C and 1500 C, as measured using an optical pyrometer.  The 

nitrosobenzene, when heated, primarily dissociates to form phenyl and NO radicals. 

 In order to compare the different phenyl radical sources, experiments were carried out using 

a two-chamber fixed beam apparatus.  The pulsed phenyl radical beam was generated in a source 

chamber, passed through a 1 mm diameter conical skimmer, and then entered a second chamber 

housing a Wiley-McLaren time-of-flight mass spectrometer.
25

  A fraction of the beam was 

ionized by the 9.9 eV radiation generated via 4-wave mixing in mercury vapor with a focused 

geometry.
26

  Ions were accelerated to a constant kinetic energy, allowed to drift ~1 m, and 

detected with a dual microchannel plate in the chevron configuration.  The output was amplified 

by a fast pre-amp (ORTEC) and sent to a multi-channel scalar (Stanford Research Instruments) 

to generate arrival time distributions which were then transformed to mass spectra.   
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Nonreactive Scattering of C6H5 from O2 and N2 

 Crossed-molecular-beams experiments were performed with a rotatable sources machine
27

 

where the phenyl radical beam intersected a pulsed beam of O2 or N2 at a right angle, leading to 

mean collision energies of ~64 kJ/mol.  Products traveled 24.1cm before being ionized by 9.9eV 

photons, mass filtered, and detected as a function of arrival time.  Time-of-Flight (TOF) spectra 

were recorded at various laboratory angles monitoring C6H5
+
, m/e = 77, from nonreactive 

scattering of phenyl radicals from O2 or N2. 

When a phenyl radical encounters an O2 molecule, phenylperoxy (C6H5OO) 

intermediates (located ~200 kJ/mol below the reactants) can be formed.  These intermediates can 

decompose to a variety of new reaction products or back to reactants.
6
  However, elastic and 

inelastic nonreactive collisions also occur, without formation of C6H5OO.  By studying the 

nonreactive scattering of phenyl radicals with molecular oxygen, we can gain insight into such 

nonreactive collisions.  The C6H5 TOF spectra for nonreactive scattering were obtained by 

subtracting TOF spectra with the O2/N2 beam off from TOF spectra with the O2/N2 beam on at 

various angles.  The nonreactive TOFs for phenyl radicals scattering from O2 and N2 are shown 

in Figure 4.2.  Nonreactive scattering of C6H5 from both O2 and N2 can be fit with identical P(E) 

and T(θ) distributions (Figure 4.3).  The similarity between the nonreactive scattering from both 

O2 and N2 and the lack of intensity in the backward direction, which would correspond to long-

lived C6H5OO complexes decaying back to C6H5 + O2, implies that most C6H5OO intermediates 

decay to new reaction products and not back to reactants.
6
  The absence of background from 

fragmentation of chlorobenzene producing C6H5
+
 at m/e = 77 facilitates the study of nonreactive 

scattering even at angles very close to the phenyl radical beam.  
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Figure 4.2: Time-of-flight distributions (m/e =77) at the indicated laboratory angle for non-

reactive of scattering of phenyl radicals from O2 (left panel, black) and N2 (right panel,blue).  All 

time-of-flight distributions are normalized to the same number of laser shots per point. 
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Figure 4.3: Center–of-mass distributions (m/e = 77) used to fit the non-reactive scattering of 

phenyl radicals from O2 and N2 (same distributions used for both O2 and N2).  Both a forward 

scattered component (dotted line) and a sideways/backward scattered component (solid line) 

were used to fit the data.  The scaling factor of forward component to the sideways/backward 

component was 4:1. 
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Calculations indicate that O-O bond fission in C6H5OO producing C6H5O + O (
3
P) has no 

potential energy barrier above the reaction endoergicity, Do(C6H5O-O) = 156 kJ/mol.
6
  The low 

barrier for production of C6H5O + O is consistent with our finding that most of the C6H5OO 

intermediates decay to new reaction products. The other energetically accessible channels require 

multiple isomerization steps.
6
  Consequently, the lifetimes of the C6H5OO intermediates, which 

are largely determined by the rate of O-O bond fission in C6H5OO, play a critical role in 

determining branching ratios in this reaction.    

C6H5 + O2 → C6H5O + O, Ecoll = 64 kJ/mol 

 Time-of-flight (TOF) spectra were recorded at various laboratory angles for m/e = 93, 

C6H5O
+
.  Each TOF spectrum, shown in Figure 4.4, consists of ~30,000 laser shots, 

corresponding to ~20 min of data collection time.  At angles close to the phenyl beam, a small 

amount of time-dependent background signal was present.  By carrying out parallel studies in 

which a N2/He mixture was used instead of an O2/He mixture, this signal was found to result 

from non-reactive scattering of minor impurities in the phenyl beam.  This signal was therefore 

subtracted out from each TOF spectrum.   

 The laboratory angular distribution was constructed by integrating each TOF spectra, as 

shown in Figure 4.5.  The solid line fits to the laboratory angular distribution and TOF spectra 

were simulations of the experimental data calculated using the forward convolution technique 

described previously.
28

 The optimized P(E) and T(Ө) for the C6H5O + O channel are shown as 

solid lines in Figure 4.6.   
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Figure 4.4:  Measured TOF spectra obtained at various laboratory angles for C6H5O
+
 (m/e = 93) 

products.  Circles are experimental data; solid lines are calculated using optimized center-of-

mass translational energy and angular distributions (Figure 4.6); dotted lines show fits using 

osculating complex angular distribution.  
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Figure 4.5:  Laboratory angular distribution for C6H5O products.  Circles are experimental data 

with 1σ error bars; solid line is calculated using optimized center-of-mass distributions; 

dotted line shows fit using osculating complex T(Ө) shown in Figure 4.6.  Fits were scaled 

by minimizing χ
2
.
 
CM denotes the center-of-mass angle. 

 

 

Figure 4.6: Solid Lines: Optimized C6H5O center-of-mass angular distribution, T(Ө), and  

translational energy distribution, P(E).  Dotted Line: Osculating complex T(Ө)  
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 We find that the P(E) peaks at low translational energy release, ~12 kJ/mol.  This is 

characteristic of a reaction in which no significant potential energy barrier exists for O-O bond 

fission in C6H5OO above its endoergicity, i.e., the maximum in the potential energy along the 

reaction pathway is primarily due to the centrifugal barrier, corresponding to decay via a “loose” 

transition state.  This is consistent with calculations that predict no significant exit barrier for 

C6H5OO decomposition to C6H5O + O.
6  

 The best fit center-of-mass angular distribution is forward-backward symmetric (Figure 4.6).  

A forward-backward symmetric angular distribution is characteristic of a reaction involving 

C6H5OO collision complexes with lifetimes of at least several rotational periods.  Information 

about the lifetimes of intermediates can be inferred by analyzing the product center-of-mass 

angular distribution, T().
31

  If the T() is strongly forward peaked, with zero intensity in the 

backward direction,  the reaction is direct with the lifetimes of any intermediates much shorter 

than any rotational period i.e. traditional stripping dynamics.
29

  A T() that shows equal intensity 

in the forward and backward direction usually implies the existence of long-lived collision 

complexes, i.e. intermediates whose lifetimes are longer than a few rotational periods.  Finally, a 

T() with contributions in both the forward and backward direction but with asymmetry in favor 

of the forward direction is usually interpreted as either evidence for osculating complexes, i.e. 

intermediates whose lifetimes are comparable to a rotational period or as evidence for multiple 

reaction mechanisms, i.e. a forward scattered distribution superimposed with a symmetric 

distribution.
30

  Crossed molecular beam scattering can only measure absolute lifetimes for 

intermediates whose lifetimes are comparable to a rotational period, for intermediates whose 

lifetimes are greater than ~ 4 rotational periods all that can be ascertained from the crossed 

molecular beam scattering data is an absolute minimum lifetime.  The intermediates of long-
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lived collision complexes could have lifetimes anywhere from four to thousands of rotational 

periods.    

 The shortest rotational times available to phenylperoxy intermediates, while still conserving 

the orbital angular momentum of the collision, are 0.5, 1.7 and 2.2 ps.  We have tried to fit our 

data with an osculating complex CM angular distribution, as indicated by the dotted line in Fig. 

4.6.
31,32

  In Figures 4.4 and 4.5, we include the calculated laboratory angular and TOF 

distributions as dotted lines assuming decomposition of an osculating complex with a CM 

angular distribution shown as a dotted line in Figure 4.6.   These calculated distributions do not 

simulate the experimental data as well as when a fully symmetric distribution was employed, 

indicating that the C6H5OO lifetimes are not likely to be as short as one rotational period.  

 Our conclusion that the reaction is dominated by formation of long lived collision complexes 

followed by simple O-O bond fission at a mean collision energy of 64 kJ/mol is significantly 

different from that of Gu et al.
20,21

  They concluded that the reaction proceeded via a direct 

mechanism at a collision energy of 107 kJ/mol, near the spectator stripping limit, imposing a 

maximum C6H5OO lifetime of ~0.01 ps.  This timescale is at least two orders of magnitude 

shorter than the lower limit inferred from our work.  To better appreciate the large difference 

between our results, we have calculated the laboratory angular and TOF distributions using the 

center-of-mass translational energy P(E) and angular T(Ө) distributions similar to those 

presented in Ref 20.    

Comparison of Experimental Results with Previous Findings 

 Laboratory angular and TOF distributions (Figure 4.7) were calculated using T(θ) and P(E) 

similar to that of Gu and coworkers, as well as with the optimized P(E) from this work along 
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with the T(θ) found by Gu (Figure 4.8).  All of the spectra were calculated using the same beam 

and instrumental parameters as the optimized fit in our work.  The P(E) similar to that of Gu et 

al. was scaled so that their largest translational energy release matched our largest translational 

energy release.  In their experiment the collision energy was ~43 kJ/mol higher than in ours 

causing their P(E) to extend out to higher energies (~145 kJ/mol).    

 

Figure 4.7: Laboratory angular distribution and TOF spectra, circles are experimental data; solid 

lines are calculated using center-of-mass distributions similar to that of Gu et al. (solid lines in 

Figure 4.8); dotted lines are calculated same T(θ) and optimized P(E) from this work (dotted line 

in Figure 4.8) 
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Figure 4.8: Solid Lines: T(Ө) and P(E) similar to that in Gu, X.; Zhang, F.; Kaiser, R.I. Crossed 

beam reaction of the phenyl radical, (C6H5, X(2)A ') with molecular oxygen (O2, (X
3
Σg)): 

Observation of the phenoxy radical, (C6H5O, X2A'). Chem. Phys. Lett. 2007, 448, 7-10. Dotted 

Line: Optimized P(E) from this work 

 

 While both studies were carried out using the method of crossed beams employing pulsed 

sources for each beam, there are considerable experimental differences.  Most notably, the C6H5 

reactants were produced in our study by photodissociation of C6H5Cl in a room temperature 

nozzle, whereas in their work the C6H5 was produced by flash pyrolysis of C6H5NO at 1350 

K.
20,33

 In addition, our experiment was carried out at a lower mean collision energy.   

 Could the sharply differing dynamics reported in the only two existing crossed beam studies 

of C6H5 + O2 be attributable to the different experimental conditions?  Beams of polyatomic free 
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radicals have been produced in a variety of different ways including chemical reaction
34

, 

electrical discharge
35

, pyrolysis
36

, and photolysis.
37

  To date, there has been relatively little 

attention paid to how preparation of radicals can affect their reaction dynamics.  Rice-

Ramsperger-Kassel-Marcus (RRKM) calculations,
19

 performed with a standard program,
38

 can 

provide some insight into how the different experimental conditions might affect the 

measurements. 

 In pyrolysis sources, precursors are passed through a hot (up to 2000K) SiC tube causing 

decomposition into the corresponding radicals and byproducts. Using a short residence time 

(typically less than 10 µs), secondary reactions may be minimized.
36

  While this approach can 

produce rather intense radical beams, the level of vibrational excitation can be large since 

vibrational energy is not as effectively cooled as rotations upon supersonic expansion.
39

  Here we 

assume the vibrational temperature of the phenyl radicals employed in Ref. 20 is equal to the 

nozzle temperature, reported to be T = 1350 K.
33

  Assuming a statistical vibrational distribution 

and approximating the vibrational modes as independent harmonic oscillators with the 

vibrational frequencies of C6H5
40

, we calculate the average energy in each vibrational mode 

utilizing the vibrational partition function.  The average total vibrational energy at 1350 K is the 

sum of the individual average energies, yielding 148 kJ/mol for C6H5 produced by pyrolysis of 

C6H5NO.   

 In our photolytic source, a laser is used to photodissociate C6H5Cl and the internal energy 

distributions of the radicals are governed by the photodissociation dynamics.  Chlorobenzene 

photodissociation at 193nm has been well characterized by Sveum et al. using VUV 

photoionization detection of the products employing a synchrotron light source.
24

  It is known 

that three distinct channels exist.  By integrating the areas of the published P(E) distributions, the 
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branching ratio for the three channels was 55:42:3.  Using the mean translational energy release 

for each channel, the average excess energy for the C6H5 + Cl products is ≈130 kJ/mol.  Since 

the spin orbit splitting in Cl atoms is only 10.6 kJ/mol, most of the excess available energy is 

C6H5 vibrational energy.  Assuming no vibrational cooling during the expansion and ignoring the 

energy deposited into spin-orbit excited Cl, the C6H5 radicals produced by photolysis in our 

experiment have, on average, about 88% as much vibrational energy as those produced by 

pyrolysis in the work of Gu et al.
20,21 

 

 The mean collision energy employed in our study (64 kJ/mol) is smaller than that in the 

previous study (107 kJ/mol).  This factor will also produce a greater level of excitation in any 

C6H5OO complexes formed in the reaction in the work of Gu, leading to shorter lifetimes in their 

experiment.  Using the mean C6H5 vibrational energies, mean collision energies, and Do(C6H5-

O2) = 194 kJ/mol, the mean total vibrational energy, E of the C6H5OO complexes is 388 kJ/mol 

in our experiment and 449 kJ/mol in the work of Gu et al. The minimum energy for reaction, Eo 

is calculated to be Do(C6H5O-O) = 152 kJ/mol.
6 
 

 Assuming RRKM theory is applicable to this reaction involving the polyatomic intermediate 

C6H5OO having 13 atoms and 33 vibrational degrees of freedom, our calculations should provide 

at least an order of magnitude estimate of decay rates.  Using the vibrational frequencies and 

moments of inertia from Ref. 6, together with the values of E and Eo given above, we calculated 

RRKM rate constants, kuni, for unimolecular decomposition of C6H5OO to C6H5O + O.  The 

mean lifetimes τ (= 1/kuni) were calculated to be τ ≈ 260 ps for E = 388 kJ/mol, and τ ≈ 70 ps for 

E = 449 kJ/mol.  These RRKM lifetimes correspond to many C6H5OO rotational periods, 

consistent with a forward-backward symmetric angular distribution.   
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97 kJ/mol C6H5 + O2 

 A photolytic phenyl radical beam intersected the ~3% O2 in H2 beam at a 90° crossing angle 

leading to a collision energy of 97 ± 8 kJ/mol.   The TOF distributions for the phenoxy (C6H5O) 

radical + ground-state atomic oxygen (O) channel, detected by monitoring signal at m/e = 93 

(C6H5O
+
) are shown in Figure 4.9.  At 5 degrees, a small amount of background signal from 

impurities in the beam existed at early times and was subtracted from the displayed spectrum by 

recording the TOF spectra without the O2 beam.  The laboratory angular distribution shown as 

the solid dots in Figure 4.10 was generated by integrating the TOF spectrum at each laboratory 

angle, shown in Figure 4.9.  The solid lines in Figures 4.9 and 4.10 are the optimized calculated 

fits to the experimental data using the P(E) and T() shown as the solid lines in Figure 4.11.  The 

dotted lines in Fig. 4.10 are the calculated fits using the angular distribution shown as a dotted 

line in Fig. 4.11, corresponding to osculating complexes with I(0
o
)/I(180

o
) = 2.   
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Figure 4.9: Measured TOF spectra for various laboratory angles for C6H5O
+
 (m/e = 93) 

products.  Solid dots represent experimental data points; solid lines are calculated using the 

optimal center-of-mass distributions shown in Figure 4.11. 
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Figure 4.10:  Laboratory angular distribution for C6H5O
+
 (m/e = 93) products.  Solid dots 

correspond to experimental data points with 1σ error bars.  Solid line is calculated using the 

optimal center-of-mass distributions shown in Figure 4.11.  Dotted line is calculated assuming an 

osculating complex distribution as shown in Figure 4.11. 

 

 

Figure 4.11: Solid lines are the optimized center-of-mass distributions.  Dotted line is the 

osculating complex fit that represents the error limits of the center-of-mass angular distribution. 
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 The P(E) peaks near zero kinetic energy release (~10 kJ/mol), implying a rather loose exit 

transition state to form C6H5O + O, consistent with simple O-O bond fission. The optimized 

center-of-mass angular distribution corresponds to a forward-backward symmetric T().  The 

osculating complex CM angular distribution (dotted line in figure 4.10 and 4.12) does not 

simulate the experimental data as well as when a forward-backward symmetric distribution is 

used.  

 The optimized fit to the data is forward-backward symmetric, with I(0)/I(180) = 1, 

corresponding to the existence of collision complexes with lifetimes much longer than their 

picosecond rotational periods.  The absolute limit to the range of fits to our data, shown as dotted 

lines in Figures 4.10 and 4.11, leads to a maximum asymmetry in the angular distribution, 

corresponding to I(0)/I(180) = 2.  This upper limit to the asymmetry corresponds to an absolute 

minimum lifetime for the C6H5OO intermediates of approximately one rotational period (~1 ps).  

The range of T() fits we infer at a collision energy of 97 kJ/mol is the same as the range of fits 

previously inferred at a collision energy of 64 kJ/mol.
21

   This consistency between the two 

collision energies suggests that even though the lifetimes of the intermediates are likely 

decreasing, as would be predicted by RRKM theory, the mean lifetimes of intermediates are not 

likely becoming as short as a few rotational periods. If our 64 kJ/mol result had been an 

osculating complex, i.e. lifetimes comparable to a rotational period, then we would expect a 

detectable increase of forward scattering to exist, from the expected decrease in C6H5OO 

lifetimes, when increasing the collision energy from 64 kJ/mol to 97 kJ/mol.  Our range of 

acceptable fits, implying lifetimes much longer than a rotational period at 97 kJ/mol is consistent 

with RRKM calculations and sharply contrast the original results and subsequent reinterpretation 

reported by the Kaiser group at a collision energy of 107 kJ/mol. 
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 In the 107 kJ/mol data originally reported by the Kaiser group in 2007, the derived center-of-

mass angular distribution was sharply forward peaked, i.e. I(0)/I(180) = , implying a direct 

reaction to form C6H5O + O, with the stated lifetime, τ  ≤ 10 fs.
20

 A subsequent reinterpretation 

of the same data, has apparently led to I(0)/I(180) = 9 ± 4.  This revised mean value 

corresponds to reaction intermediates whose maximum lifetimes are about one third of a 

rotational period, i.e., τ ~ 0.3 ps.  The revised lower limit to I(0)/I(180) = 5 would correspond 

to an absolute upper limit of τ ≤ 0.5 ps.   

 Earlier, we calculated RRKM lifetimes for differing amounts of total energy available to 

C6H5OO intermediates.
21

 The mean RRKM lifetimes, assuming the only reaction channel is the 

formation of C6H5O and O, for C6H5OO intermediates at 107 kJ/mol collision energy is 70 ps.  

This is still more than two orders of magnitude longer than the absolute upper limit of 0.5 ps 

inferred in the most recent reinterpretation by Kaiser’s group.
22

 

 The primary experimental differences between our results and the original data published by 

the Kaiser group are the detection scheme and the phenyl radical source.  The Kaiser group uses 

an 80 eV electron impact ionizer for both the 38 and 107 kJ/mol experiments; whereas we use 

9.9 eV “soft” single photon ionization in both of our experiments.  Fragmentation of parent 

C6H5O is expected to occur to a much larger extent when using an 80 eV electron impact ionizer 

than with 9.9 eV single-photon ionization detection.  One could imagine that C6H5O radicals 

with a large amount of internal energy could be more likely to fragment when using the electron 

impact ionizer, consequently the low translational energy release (high internal energy) 

component of the P(E) would be underrepresented in the electron impact experiments.  C6H5O 

radicals that have long lifetimes are more likely to have substantial energy randomization leading 

to a higher degree of internal excitation.  It should be noted that in the 38 kJ/mol experiment the 
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Kaiser group finds the P(E) peaking at low translational energy release, i.e. high internal 

excitation, so the transition to large amounts of fragmentation must be taking place when the 

total energy available to products goes from ~210 kJ/mol, in the 38 kJ/mol photolysis 

experiment, to ~300 kJ/mol in the 107 kJ/mol pyrolysis experiment (using the internal energy 

estimates for phenyl radicals from Ref. 21).  The amount of fragmentation would have to 

substantially increase over this range in order to account for the different experimental 

observations.   

 With regards to the phenyl radical source, our results and the recent low energy (~38 kJ/mol) 

results of Parker et al.
22

 were obtained with a photolytic phenyl radical source, whereas those 

from ref. 20 are generated with a pyrolytic source of phenyl radicals.  We have already shown 

that the total internal energy of phenyl radicals beams produced by pyrolysis and photolysis are 

comparable assuming similar amounts of vibrational cooling in the different phenyl radical 

sources.
21

 We now turn to a careful analysis of the phenyl radical beams produced by photolysis 

and pyrolysis.  

Phenyl Radical Beam Characterization 

 A thorough characterization of the radical beams, with careful attention to the possible 

existence of any impurities, is crucial.  The ideal radical source produces exclusively the radical 

of interest with no interfering species.   

 The mass spectra of the phenyl radical beams, recorded using the two-chamber fixed source 

apparatus, produced either by photodissociation of chlorobenzene or by pyrolysis of 

nitrosobenzene are shown in Figure 4.12a and 4.12b, respectively.  The snapshots of the beams 

shown are those which produce the largest signal at the parent mass of the phenyl radical ion, 
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m/e = 77.  However, the composition did not change significantly for conditions where signal 

levels were not optimized.  Under optimized conditions, the phenyl radical peak intensity 

produced in the photolysis source is about a factor of five higher than that produced with the 

pyrolysis source.     

 

 

Figure 4.12:  a) Mass spectrum of phenyl radical source using photolysis of chlorobenzene.  

Inset shows a 100x zoomed in portion of the mass spectrum around C6H5O
+
, m/e = 93. b) Mass 

spectrum of phenyl radical source using pyrolysis of nitrosobenzene.  Inset shows a 100x 

zoomed in portion of the mass spectrum around C6H5O
+
, m/e = 93. 
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 For both beams, phenyl radical, m/e = 77, is the major product.   In the pyrolysis source, 

most of the C6H5NO precursor is consumed, so the parent m/e = 107 peak is very weak.  In the 

photolysis source, a substantial fraction of undissociated C6H5Cl remains, as evidenced by the 

signal observed at m/e = 112 and m/e = 114.   Note that the NO is readily ionized at 9.9 eV 

whereas Cl is not.   

 A crucial difference in the two radical sources is the nature of the impurities.  In the 

photolytic beam (Fig. 4.12a), the major impurities result from secondary photodissociation of 

phenyl radicals, producing C4H3 (m/e = 51) + C2H2 and C6H4 (m/e = 76) + H.   Our observations 

are consistent with the study by Negru and coworkers, who observed these channels in the 

photodissociation of phenyl radicals at 193 nm.
41

  We found that the most intense phenyl radical 

beams are generated at modest laser fluences, thereby minimizing secondary photodissociation 

of the phenyl radical.   

 In the pyrolysis source (Fig. 4.12b), the main source of impurities comes from chemical 

reactions that take place inside the hot pyrolysis tube.  The elevated temperatures (1200 - 1500 

K) and chemically long residence times (~10 s) in the tube have been described as a ‘high-

temperature ‘chemical reactor’”.
42

  Very importantly, pyrolysis of nitrosobenzene leads to a 

significant yield of m/e = 93, corresponding to phenoxy radical (C6H5O) impurity in the beam.  

Not surprisingly, the C6H5O impurity level is very small for the photolytic source, since no 

oxygen is present in seeded chlorobenzene beams.  The level of C6H5O impurity produced in the 

pyrolysis source depends on the pyrolysis source temperature and the concentration of 

nitrosobenzene in the beam.  Impurity levels were found to decrease relative to phenyl radicals 

with increasing pyrolysis source temperature (varied from 1200-1500 K).  Impurity levels were 

also found to increase with increasing nitrosobenzene concentration when the nitrosobenzene 
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bath temperature was increased from 4 °C to 21 C.   Over the range of experimental parameters 

studied, the phenoxy radical impurity (relative to phenyl radical) ranged from 0.4 % to 1.2 %.  

For the photolytic source of phenyl radicals, the signal at m/e = 93, corresponding to C6H5O 

impurity, is within the baseline.  From the signal levels measured in the TOF mass spectra, an 

absolute upper limit to this ratio is 0.1 %.  We also monitored the signals at m/e = 93 and m/e = 

77 at small laboratory angles using the photoionization detector of our rotatable source crossed 

molecular beam apparatus, which has a much higher detection sensitivity than the TOF  mass 

spectrometer.   Using the photolytic phenyl radical source, we the measured ratio of m/e = 93 to 

m/e = 77 in the beam was found to be ~0.03 %.  This is at least an order of magnitude smaller 

than the m/e = 93 impurity level found using the pyrolytic phenyl radical source.    

 Additional impurities are observed in both the photolytic and pyrolytic beams.  However, the 

impurities are quite different for each case, because of the different precursors and beam 

conditions.  The difference is best illustrated by examining the trio of peaks at m/e = 76, 77 and 

78, corresponding to C6H4
+
,
 
C6H5

+
 and C6H6

+
.  In the photolysis source we saw mainly C6H5

+
 

with a significant amount of C6H4
+
 coming from the secondary photochemistry and only a small 

amount of C6H6
+
.  Conversely, in the pryolysis source the main peak still corresponds to C6H5

+
, 

but a significant amount of signal exists for C6H6
+ 

resulting from phenyl radicals abstracting 

hydrogen atoms from other hydrocarbons, most likely from  the nitrosobenzene precursor, with 

only a small amount of signal at m/e = 76.   

 One must carefully consider the implications of impurities to the interpretation of 

experimental data.  We have looked for products from reaction of benzyne (C6H4),  efficiently 

produced by 193 nm photolysis of fluorobenzene
43

, with O2.   We have found no evidence for 

any reactions under our experimental conditions.  In all studies on the reaction of phenyl radicals 
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with molecular oxygen, the C6H5O + O channel has been investigated by detecting the phenoxy 

radical ion, C6H5O
+
.  Therefore, the amount of impurity at this mass, m/e = 93, is of critical 

importance.   

 The smaller yield of phenyl radicals and substantial C6H5O impurity in the pyrolysis source 

is very important to the outcome of crossed beams studies of reactions where C6H5O is detected.  

Specifically, the C6H5O impurity in the phenyl beam will undergo elastic and inelastic collisions 

with the O2 molecules and with its He carrier gas.  This contribution must be considered 

explicitly if beams containing significant levels of C6H5O impurity are employed.   The signals 

from non-reactive elastic and inelastic scattering typically increase sharply as the beam 

centerline axis is approached.  In the 107 kJ/mol study by the Kaiser group, no subtraction of 

background signal was carried out, and the result contained a “lack of TOF data beyond the 

center-of-mass angle in Gu et al.’s study closer to the primary beam.”
22  

While we cannot be 

certain of the level of C6H5O impurity in the pyrolysis source used by the Kaiser group; the lack 

of background subtraction in the pyrolytic phenyl radical source experiment coupled with an 

increased level of C6H5O impurity could account for the discrepancy between the different 

experimental results. We see no large increase in the forward-scattering contribution at higher 

collision energies, whereas the Kaiser group results imply a sharp increase in the forward-

scattering contribution as the collision energy is increased.
20,21,22

 

Search for Channels Other than C6H5O + O 

 As a consequence of the long lifetimes of the C6H5OO intermediates other reaction channels 

may be competitive.  The previous calculations indicate that isomerization of the C6H5OO 
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radical to the 2-oxepinyloxy radical, may lead to three different channels, i.e., C6H4O2 + H, C5H5 

+ CO2 and C5H5O + CO.     

 The ionization energy for C6H4O2 (from the H atom elimination channel) is ~10 eV.  Given 

that our light source produces 9.9 eV photons, we were unable to detect this reaction pathway in 

the present experiments.   While detection of C5H5 should be possible using 9.9 eV photons (IP = 

8.4 eV), C6H5O is known to fragment upon photoionization producing C5H5
+
.
44  

  Consequently, 

substantial background signals were observed at m/e = 65, and so we were not able to see any 

evidence for this channel in our experiment.   

 Because C5H5O
+
 is aromatic, and hence very stable, the ionization energy of the pyranyl 

radical (C5H5O) is expected to be very low, i.e., likely below 7.9 eV.
45

  Therefore, we attempted 

to observe this channel using a 157 nm F2 excimer laser (7.9 eV) as an ionization source and, in 

separate experiments, using 9.9 eV photons, in experiments at a mean collision energy of 71 

kJ/mol.  However, no reaction products were detected using either 7.9 or 9.9 eV photons.  On the 

basis of these experiments, we believe that the C5H5O + CO is at most a minor channel (< 10%) 

under our experimental conditions.  Unfortunately, we are not able to draw any conclusions 

about the possible existence of the other channels based on our measurements.       

Conclusions 

  In the reaction of phenyl radicals with molecular oxygen, the lifetimes of C6H5OO 

intermediates are at least 1 ps, and probably much longer, even at a collision energy of 97 

kJ/mol.  The range of acceptable CM angular distributions for the 97 kJ/mol and 64 kJ/mol 

results are identical
21

, i.e. no sharp increase in forward scattering is detected as the collision 

energy is increased to 97 kJ/mol.  Our result is quite different from the original (τ ≤ 10 fs) and 
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revised (τ ≤ 0.5 ps) lifetimes derived by Kaiser et al..
20,22

  A possible source of this discrepancy 

could be C6H5O impurities in pyrolytic phenyl radical beams employing nitrosobenzene.  Even 

for collision energies up to 97 kJ/mol RRKM lifetimes for C6H5OO intermediates are consistent 

with the experimental results.  
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CHAPTER 5: Crossed Molecular Beam Studies of Phenyl Radical Reactions with 

Propene and 2-Butene 

Introduction 

The reactions of phenyl radicals (C6H5) in combustion environments has long been 

established as a benchmark for understanding the role of cyclic aromatic species, particularly in 

the formation of soot.
1,2

  Soot formation is initiated by the formation of polycyclic aromatic 

hydrocarbons (PAH), which can then aggregate to form the nano/micro sized particles that cause 

a wide variety of environmental and health issues.
3,4

  The reaction of phenyl radicals with 

unsaturated hydrocarbons is thought to be one of the key initiation processes in the  synthesis of 

PAH.  The electron deficient phenyl radical site can add to the π-electronic system of an 

unsaturated hydrocarbon, forming a branched aromatic species which can then continue to grow 

via the HACA (hydrogen-atom abstraction, acetylene addition) mechanism or other hydrocarbon 

addition mechanisms.
5,6

  Considerable work has been carried out by Lin and coworkers aimed at 

understanding the potential energy surfaces for this class of reactions.
7,8,9

  In order to accurately 

test the prediction of product branching ratios using calculated potential energy surfaces, the 

identification and quantification of primary product channels as a function of available energy is 

necessary.  Crossed molecular beam (CMB) scattering experiments serve as a valuable technique 

for elucidating product branching ratios and reaction mechanisms under single collision 

conditions.
10,11,12

   

In the reaction of C2 hydrocarbons with phenyl radicals, the only predicted primary 

products involve H-atom abstraction from the C2 hydrocarbon, C6H5 + C2Hx → C6H6 + C2Hx-1, 

or addition to an unsaturated hydrocarbon followed by H-atom elimination, C6H5 + C2Hx → 

C6H5C2Hx-1 + H.
7,8

  When phenyl radicals react with larger unsaturated hydrocarbons, the same 



81 

 

H-atom abstraction and elimination pathways exist in addition to other elimination products 

(CH3, C2H5, etc.) that form larger aromatic species.
9  

The reaction of phenyl radicals with propene was studied as early as 1972, when Hefter 

and coworkers examined the addition products by electron spin resonance at 183 K in liquid 

propene.  They found evidence of three pathways: addition to the 1-carbon, addition to the 2-

carbon, and an H-atom abstraction channel forming benzene plus allyl radicals.
13

   

Park et al. studied the consumption of phenyl radicals in the presence of propene using 

cavity ring-down spectroscopy, finding the rate constant at low temperatures (296K - 496K) to 

be ~10
12

 cm
3
 mol

-1 
s

-1
.
9
  In addition they calculated stationary points along the reaction 

coordinates for many of the key reaction pathways.  On the basis of calculated potential energy 

barriers, Park et al. predicted that addition to the 1-carbon atom, forming the 1-phenyl reaction 

intermediate, to be the dominant addition channel over their temperature range.   Addition to the 

2-carbon atom, forming the 2-phenyl reaction intermediate, was predicted to involve a barrier 5 - 

10 kJ mol
-1

 higher than addition to the 1-carbon atom.
9 

  

  The first crossed molecular beam experiments were conducted at collision energies 

between 130 and 194 kJ mol
-1

.
 14,15

   Under these conditions, only the H-atom elimination 

channel was observed, with an upper limit of 10% placed on the possible methyl elimination 

channel producing styrene (C8H8).   From experiments employing deuterium-substituted 

propene, it was concluded that ~85% of the H-atoms were emitted from the vinyl moiety with 

the other ~15% coming from the methyl group.
14

  This result was consistent with expectations 

that vinylic H atoms are more weakly-bound than those in the methyl group. 
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In a reinvestigation of the reaction of phenyl radicals with propene at a much lower 

collision energy (45 kJ/mol), methyl-elimination forming C8H8 was observed along with the 

previously-identified H-atom elimination pathways.
16

    The product branching ratio between the 

methyl and H-atom elimination was found to be ~2:1, in apparent agreement with RRKM 

calculations that accompanied the experimental work.
16 

 The RRKM calculations predicted that 

methyl radical elimination forming styrene (C8H8) should be dominant at low collision energies, 

with H-atom elimination forming C9H10 becoming dominant at collision energies above 100 

kJ/mol.  However, in contrast to the earlier theoretical calculations where 1-phenyl propene was 

predicted to be dominant, 3-phenyl propene was predicted to be the dominant C9H10 isomer.
16  

While this apparent disagreement with the earlier theoretical study was not addressed, according 

to the calculations, preferential fission of the more strongly-bound H atoms from the methyl 

group was attributable to the potential energy barrier being about 1 kJ/mol smaller than for 

vinylic C-H fission.
14,16

  

In more recent work carried out at Berkeley’s Advanced Light Source, the reactions of 

phenyl radicals with propene was studied using a pyrolysis molecular beam reactor.
17

  

Nitrosobenzene, which undergoes pyrolysis to form phenyl radicals and nitrogen monoxide, was 

coexpanded with propene carrier gas in a high temperature pyrolysis nozzle source where the 

phenyl radicals can subsequently react with propene. Products were probed using “soft” VUV 

single photon ionization using a synchrotron.  The authors were able to identify the methyl 

elimination channel forming C8H8, as well as H-atom elimination forming, C9H10.  At the 

estimated temperature of the pyrolysis tube (1200-1500 K), formation of C8H8 was found to be 

dominant with a branching ratio of 6:1 for C8H8:C9H10.  The contribution from C8H8 + CH3 
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relative to C9H10 + H inferred from the photoionization study is much larger than inferred from 

the crossed beam study
16

 or the RRKM calculations.
18

  

Product photoionization efficiency curves can, under favorable conditions, be used to 

distinguish between chemical isomers.
19,20 

In the reaction of phenyl + propene, the C8H8 product 

was identified as the lowest-energy styrene isomer.  Studies of the photoionization efficiencies 

for the C9H10 product led to the conclusion that the dominant H atom elimination channel 

produces primarily the 3-phenyl propene isomer, with a very small yield of the cis- and trans- 1-

phenyl propene and no evidence for production of the cyclic indane isomer.  While these 

conclusions were in apparent agreement with the newer calculations predicting dominant 

formation of 3-phenyl propene from H atom elimination, they appear to be inconsistent with the 

earlier crossed beam conclusion that 1-phenyl propene was dominant.
 

In the present work, we report studies of reactions of phenyl radicals with propene at 

collision energies of 84 and 108 kJ/mol.  To gain further insight into the C6H5 + C3H6 reaction, 

we also have performed CMB studies of the reaction of phenyl radical with trans-2-butene 

(C4H8).   

C6H5 + C3H6 Experiments 

The TOF distributions for C6H5 + C3H6 at Ecoll = 84 kJ/mol, monitoring the formation of 

C9H10 + H and C8H8 + CH3, are shown in figures 5.1 and 5.2 respectively.  The H-atom 

elimination products were monitored at m/e = 118 (C9H10
+
) and methyl elimination products 

were monitored at m/e = 104 (C8H8
+
).  The corresponding laboratory angular distributions are 

shown in figure 5.3.  The best fit CM functions for both channels are shown in figure 5.4.  The 

best fit T(Θ) is forward-backward symmetric for both product channels, showing evidence for 
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participation of collision complexes with lifetimes greater than their picosecond rotational 

timescales. The best fit P(E) for the methyl elimination product channel peaks at ~35 kJ/mol, 

implying an exit barrier for the formation of C8H8 + CH3.  The best fit P(E) for the H-atom 

elimination products also peaks near zero. However, due to the kinematics of detecting a heavy 

species recoiling from an H-atom, the uncertainty in the P(E) is much larger than that for the 

methyl elimination channel.  

 

Figure 5.1:  TOF spectra monitoring C9H10
+
 (m/e =118) in the C6H5 + C3H6 → C9H10 + H 

reaction, Ecoll = 84 kJ/mol.  Solid dots represent experimental data points; solid lines are 

calculated using the optimized CM distribution functions shown in Figure 5.4. 
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Figure 5.2:  TOF spectra monitoring C8H8
+
 (m/e =104) in the C6H5 + C3H6 → C8H8 + CH3 

reaction, Ecoll = 84 kJ/mol.  Solid dots represent experimental data points; solid lines are 

calculated using the optimized CM distribution functions shown in Figure 5.4. 
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Figure 5.3: Laboratory angular distributions for the C6H5 + C3H6 reaction, Ecoll = 84 kJ/mol.  

Solid dots represent experimental data points with 1σ error bars.  Solid lines are calculated using 

the optimized CM distribution functions shown in Figure 5.4. (a) C9H10
+
 (m/e = 118) from the 

C6H5 + C3H6 → C9H10 + H reaction. (b) C8H8
+
 (m/e = 104) from the C6H5 + C3H6 → C8H8 + 

CH3 reaction. 
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Figure 5.4: Optimized CM distributions for the C6H5 + C3H6 reaction, Ecoll = 84 kJ/mol. (a) P(E) 

for the C9H10 products; (b) P(E) for the C8H8 products; (c) T(Θ) used for both C9H10 and C8H8 

products. 
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The Newton diagrams for each product channel (Figure 5.5) illustrate the difference in 

the kinematics of the two product channels.  The small Newton circle for H-atom elimination 

constrains the C9H10 products to angles and velocities near that of the center of mass velocity 

vector.  Consequently, the widths of the TOF and lab angular distributions are largely determined 

by the width of the center of mass velocity vector, especially in the case when the P(E) peaks 

near zero translational energy release.  At a given angle, a larger fraction of the total H-atom 

elimination products are observed relative to those for methyl-elimination products (Figure 5.5).  

The product branching ratio at Ecoll = 84 kJ/mol was found to be 10:1 for C8H8:C9H10. 

 

 

 

Figure 5.5: Newton diagram for the C6H5 + C3H6 reaction, Ecoll = 84 kJ/mol.  Dotted green circle 

corresponds to the maximum Newton circle for monitoring C9H10 from C6H5 + C3H6 → C9H10 + 

H. Solid orange circle corresponds to the maximum Newton circle for monitoring C8H8 from 

C6H5 + C3H6 → C8H8 + CH3. 
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The determination of product branching ratios must take into account the relative 

detection sensitivities for both products.   In order to quantify the detection sensitivity for C8H8 

and C9H10,we have monitored non-reactive scattering of molecular beams of styrene (Aldrich, 

C8H8) and alpha-methyl styrene (Aldrich, C9H10) using both a 100 eV electron impact ionization 

and 9.9 eV photoionization.  By comparing the signal levels using both detection schemes, we 

found that the 9.9 eV photoionization cross section for both species are equal to within our 

experimental uncertainty.  This is not surprising as similar molecules belonging to a particular 

class (alkane, alkene, monoaromatic species, etc.) often have comparable photoionization cross 

sections at comparable energies above their ionization thresholds.
21,22

  We anticipate that the 

other possible C9H10 isomers, all of which have ionization energies within 0.2 eV, have 9.9 eV 

photoionization cross sections similar to alpha-methyl styrene.
17,23

   

The dependence of internal energy on photoionization cross section is relevant to the 

determination of product branching ratios.
24,25,26

  The total available product energy is the a sum 

of the collision energy, internal energy of reactants and reaction exoergicity.  This energy is 

distributed among internal degrees of freedom (vibration, rotation, etc.) of the product species 

and relative translational energy.  In the data fitting procedure the translational energy 

distribution, P(E), is inferred; the total product internal energy distribution is found by 

subtracting the P(E) from the total energy available.  In the C6H5 + C3H6 reaction studied here, 

the total internal energy distribution is not much different for the C8H8 and C9H10 reaction 

channels, ranging from 0 to 300 kJ/mol.  The C8H8 product has a P(E) that peaks further from 

zero than the C9H10 product and will thus have a slightly lower internal energy contribution.  The 

largest effect of internal energy on photoionization cross section is seen near the photoionization 

threshold.
24,25,26

  One obvious case of internal energy affecting the photoionization cross section 
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occurs with the ionization of product molecules below their 0 K ionization potential.
24,25

  In this 

case vibrationally excited neutrals now have sufficient energy to reach the ground state of the 

ion, where their vibrationless counterparts do not.  Also, when just above threshold, Franck-

Condon factors can significantly affect the ionization efficiency if the ion has different 

equilibrium bond lengths than the neutral.
26

  Recent studies probing this behavior have found 

that when molecules are ionized using single photon ionization that is well above the ionization 

threshold (> 1 eV), the ionization efficiency has been shown to be relatively independent of 

internal energy.
26,27,28

  In detecting C8H8 and C9H10 using 9.9 eV radiation we are ~1.5 eV above 

the ionization threshold and do not expect the photoionization efficiency to be significantly 

altered by the internal energy of the products.
17,23

       

 Both H-atom elimination and methyl elimination products are detected in the C6H5 + 

C3H6 reaction at Ecoll = 108 kJ/mol.  Time-of-flight arrival distribution for C9H10 + H and C8H8 + 

CH3 are shown in figures 5.6 and 5.7 respectively.  Lab angular distributions for both product 

channels are shown in figure 5.8.  The best fit center-of-mass functions are similar to the lower 

collision energy with forward-backward symmetric T(Θ)’s and P(E)’s that peak slightly away 

from zero translational energy release (Figure 5.9).  The product branching ratio at Ecoll = 108 

kJ/mol is 3:1 for C8H8:C9H10.  We measure a larger contribution for the C8H8 channel than was 

predicted by RRKM calculations and measured in a previous crossed molecular beam scattering 

experiment by Kaiser et al.
16  

In the previous crossed molecular beam result, conducted at a lower 

collision energy (Ecoll = 45 kJ/mol), one complication in detecting the C8H8 product channel was 

caused by background from fragmentation of C9H10 products to the parent mass of C8H8
+
.
16

 We 

are able to eliminate the fragmentation problem by using “soft” photoionization at 9.9 eV, 

whereas in the Kaiser et al. study products were detected by the use of 80 eV electron impact 
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ionization.  Since the ionization energies of C8H8 and C9H10 are both near 8.5 eV,
17,23

 the use of 

photon energy close to the to the ionization threshold of the detected species minimizes 

dissociative ionization, allowing products to be detected exclusively at their parent mass.    

 

 

 

Figure 5.6: TOF spectra monitoring C9H10
+
 (m/e =118) in the C6H5 + C3H6 → C9H10 + H 

reaction, Ecoll = 108 kJ/mol.  Solid dots represent experimental data points; solid lines are 

calculated using the optimized CM distribution functions shown in Figure 5.9. 
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Figure 5.7: TOF spectra monitoring C8H8
+
 (m/e =104) in the C6H5 + C3H6 → C9H10 + H 

reaction, Ecoll = 108 kJ/mol.  Solid dots represent experimental data points; solid lines are 

calculated using the optimized CM distribution functions shown in Figure 5.9. 
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Figure 5.8: Laboratory angular distributions for the C6H5 + C3H6 reaction, Ecoll = 108 kJ/mol.  

Solid dots represent experimental data points with 1σ error bars.  Solid lines are calculated using 

the optimized CM distribution functions shown in Figure 5.9. (a) C9H10
+
 (m/e = 118) from the 

C6H5 + C3H6 → C9H10 + H reaction. (b) C8H8
+
 (m/e = 104) from the C6H5 + C3H6 → C8H8 + 

CH3 reaction. 
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Figure 5.9: Optimized CM distributions for the C6H5 + C3H6 reaction, Ecoll = 108 kJ/mol. (a) 

P(E) for the C9H10 products; (b) P(E) for the C8H8 products; (c) T(Θ) used for both C9H10 and 

C8H8 products. 
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 In the C6H5 + C3H6 reaction, the phenyl radical can add to either the 1-or 2- carbon 

forming the 1-phenyl reaction intermediate (Figure 5.10a) and the 2-phenyl reaction intermediate 

(Figure 5.10b), respectively.  On the basis of the calculated potential energy surfaces of Park et 

al
9 

and Kaiser et al
16

 the addition to the 1-carbon proceeds over a slightly smaller barrier than 

addition to the 2-carbon (~5 kJ/mol for addition to the 1-carbon and ~10 kJ/mol for 2-addition).  

In all of the crossed molecular beams experiments to date, the collision energies are very far 

above both of these addition barriers.  Therefore, the relative importance of addition to the 1-

carbon vs. 2-carbon will not depend strongly on barrier heights.  However, a low energy 

isomerization pathway allows rapid conversion between the 1-carbon vs. 2-carbon 

intermediates.
9,16

  This was confirmed in a recent RRKM study which found that the rate 

constant for isomerization is substantially faster than decomposition.
16

  Under these conditions, 

the relative importance of addition to the 1-carbon or 2-carbon will not play an important role in 

determining the branching ratios between products.
16

 This conclusion is supported by 

comparisons of RRKM branching ratios assuming exclusive addition to the 1-carbon or 2-carbon 

atoms,  which found that the branching ratios are nearly identical in both cases.  At very high 

collision energies (e.g., 200 kJ/mol) the product branching ratio for CH3 elimination to H-atom 

elimination changes from 1:3.5 for exclusive addition to the 1-carbon to 1:2 for exclusive 

addition to the 2-carbon.
16 

 On the basis of these results, under our experimental conditions the 

initial phenyl radical addition site (1-carbon or 2-carbon) should have minimal influence on the 

product branching ratios. 
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Figure 5.10: Schematic representation of reaction products from different addition 

intermediates. (a) 1-phenyl reaction intermediate in the C6H5 + C3H6 reaction. (b) 2-phenyl 

reaction intermediate in the C6H5 + C3H6. (c) Addition intermediate in the C6H5 + C4H8. 

 

 

As shown in Figure 5.10a, the most likely products from the 1-phenyl reaction 

intermediate involves formation of C9H10 isomers (1-phenyl propene (R1) or 3-phenyl propene 

(R2)) by H atom loss.  From the 2-phenyl reaction intermediate, (Figure 5.10b) the likely 

decomposition product is C8H8 + CH3 (R4), with H atom loss producing 2-phenyl propene (R3) 
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also possible.  While we find the C8H8:C9H10 branching ratio to be larger than in the previous 

crossed beams study and the accompanying RRKM calculations, we observed a decrease in this 

branching ratio with increasing collision energy, in agreement with the RRKM calculations.
16 

The C8H8 to C9H10 branching ratio decreased from 10:1 at Ecoll = 84 kJ/mol to 3:1 at Ecoll = 108 

kJ/mol.  The factor of three decrease with a ~24 kJ/mol increase in the collision energy, is larger 

than the RRKM predictions.
16

   

C6H5 + C4H8 Experiments 

In an effort to gain additional insight into the propene reaction, we have also studied the 

phenyl radical reaction with trans-2-butene (C4H8).  In the reaction with C4H8, the 2- and 3- 

carbon atoms are chemically equivalent and addition at both sites produce a common reaction 

intermediate, as illustrated in Figure 5.10c.  This intermediate (Figure 5.10c) resembles that of 

the 2-phenyl reaction intermediate in the C6H5 + C3H6 reaction, (Figure 5.10b), due to the 

presence of H atom and CH3 at the carbon atom addition site.   

The C9H10 TOF arrival time distributions at Ecoll = 97 kJ/mol for the reaction C6H5 + 

C4H8 → C9H10 + CH3, are shown in Figure 5.11.  The resulting laboratory angular and CM 

distributions are shown in figures 5.12 and 5.13, respectively.  The P(E) peaks away from zero 

near 50 kJ/mol, implying that an exit barrier exists for the methyl elimination pathway.  This is 

consistent with the behavior observed for the methyl-elimination channel in the C6H5 + C3H6 

reaction.  The T(Θ) is isotropic, suggesting the participation of  collision complexes with 

lifetimes exceeding their rotational periods, as was observed in the propene reaction.   
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Figure 5.11: TOF spectra monitoring C9H10
+
 (m/e =118) in the C6H5 + C4H8 → C9H10 + CH3 

reaction, Ecoll = 97 kJ/mol.  Solid dots represent experimental data points; solid lines are 

calculated using the optimized CM distribution functions shown in Figure 5.13. 

 



99 

 

 

Figure 5.12: Laboratory angular distributions monitoring C9H10
+ 

from the C6H5 + C4H8 → C9H10 

+ CH3 reaction, Ecoll = 97 kJ/mol.  Solid dots represent experimental data points with 1σ error 

bars.  Solid lines are calculated using the optimized CM distribution functions shown in Figure 

5.13.  

 

 

 

 

 
Figure 5.13: Optimized CM distributions, (a) P(E), (b) T(Θ) for the C6H5 + C4H8 →  C9H10 + 

CH3 reaction, Ecoll = 108 kJ/mol. 
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We searched for the reaction C6H5 + C4H8 → C10H12 + H, but found no evidence for its 

existence.  Due to the kinematics of the reactions, our detection sensitivity for the H-atom 

elimination channel should be more than an order of magnitude larger than for methyl 

elimination.  The photoionization cross sections for phenyl products are similar, so no significant 

difference in detection sensitivity from differing photoionization cross sections should exist.
21,22

  

From these considerations, we conclude that the H atom elimination channel from C6H5 + C4H8 

cannot account for more than 3% of the total reaction cross section.     

Propene Reaction Mechanism 

The absence of the H atom elimination channel in the 2-butene reaction is useful in 

understanding the propene reaction.  The channels originating from the 2-phenyl reaction 

intermediates in the C6H5 + C3H6 reaction (Figure 5.10b) have analogues in the C6H5 + C4H8 

reaction (Figure 5.10c):  R3 is analogous to R5 because both involve H atom elimination from 

the carbon atom adjacent to the phenyl group.  Similarly, R4 is analogous to R6 because both 

involve CH3 elimination from the carbon atom adjacent to the phenyl group.  The C6H5 + C4H8 

reaction intermediate can also lose a hydrogen atom from the methyl group (R7 in Figure 5.10) 

in a manner analogous to the C6H5 + C3H6 reaction (R2 in Figure 5.10) forming 3-phenyl 

propene.  Reaction R1 in the propene system, involving H atom elimination from a CH2 moiety 

adjacent to the phenyl group, has no analogue in the butene system.  

In the comparison of the butene and propene reactions, analogies must be used with some 

caution: the cis steric repulsions in the alkene products differ in the propene and butene systems, 

with the most unfavorable situations involving methyl-methyl and methyl-phenyl interactions 

more important for butene reactions.  From these considerations, the H atom elimination 
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channels in the butene reactions are in general slightly less thermodynamically favorable than are 

the analogous products in the propene system.   

As noted above, the absence of H atom products from the 2-butene reaction shows that 

reactions R5 and R7 cannot compete with R6.  Because of the above-noted similarity between 

intermediates in Figure 5.10b and 5.10c, H-atom elimination from the 2-phenyl reaction 

intermediate (R3) is not likely to be competitive with CH3 elimination (R4).   Despite the slightly 

different (at most a few kcal/mol) energetics between the propene and butene reactions  due to 

the cis-cis interactions, the butene results  provide strong evidence that H atom elimination in the 

propene reaction primarily results from decomposition of the 1-addition intermediate illustrated 

in Figure 5.10a (R1 and R2).   

 Our finding that R7 is not competitive with R6 in the butene system is also of value in 

deriving insight into the propene reaction.  The H-atom elimination pathway R7 for butene is 

analogous to R2 in the propene reaction, which is believed to be the sole source of 3-phenyl 

propene.  In drawing conclusions from these analogies, it is important to remember that in the 

butene system, all products are formed from chemically indistinguishable reaction intermediates 

(Figure 5.10c) and are in direct competition with one another.  In contrast, H atom elimination in 

the propene system via R2 is only in direct competition with R1 and any competition between R2 

the other available channels (R3 and R4) requires isomerization between the 1- and 2- addition 

products.  As noted above, the low barrier for isomerization and the RRKM calculations provide 

strong evidence that isomerization is much faster than product formation by bond fission under 

our experimental conditions.
 16

  Under such limiting conditions, all four decomposition pathways 

(R1-R4) can be considered to be in mutual competition, in a manner analogous to the 

competition (R5-R7) in the butene reaction.   From the analogies between R7 and R2 and R5 and 
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R3 described above, one might be tempted to suggest that in the propene system, the H atom 

channels, R2 and R3, are not likely to be competitive with CH3 elimination, R4.  This would lead 

to the conclusion that in the propene system, the dominant source of H involves R1 and that the 

dominant C9H10 isomers are cis-and trans- 1-phenylpropene.  This conclusion is consistent with 

the earlier electronic structure calculations of Park et al.
9
, as well as the earliest crossed beam 

studies using deuterated propenes which reported an 85:15 branching ratio for 1-phenylpropene: 

3-phenylpropene.
15

  However, this conclusion seems to be at odds with the more recent 

calculations
16,18

, where the potential energy barrier for formation of 3-phenylpropene was 

calculated to be 1 kJ/mol lower than that for cis-1-phenylpropene.  The potential energy barrier 

for formation of trans-1-phenylpropene was not explicitly reported in that work, but apparently 

this channel was not deemed to be important.
16,18

   The conclusion of the recent calculations that 

3-phenylpropene (the highest energy isomer) is dominant is intriguing because it requires that 

decomposition of long-lived complexes proceeds by preferential fission of the strongest C-H 

bond in the reaction intermediate.
16,18

   

In photoionization efficiency studies, it has sometimes been possible to identity the 

dominant isomers produced in a chemical reaction.
19,20

  This method requires that the different 

isomers have significantly different ionization energies or exhibit distinctive structure in plots of 

photoionization cross section vs. photon energy.
19,20 

  
 
For example, in the case of ethenol (IP = 

9.3 eV) vs. acetaldehyde (IP = 10.2 eV), the much lower ionization energy of the enol isomer 

made it possible to unambiguously conclude that the enol form was produced in hydrocarbon 

oxidation.
19 

 Unfortunately, in the case of the C9H10 isomers, the ionization energies are not 

significantly different; the ionization energies are 8.2, 8.3 and 8.4 eV for 1-, 2- and 3-

phenylpropene, respectively.
17

  While the ALS study reported that the observed photoionization 
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efficiency curves could be simulated by assuming 96% 3-phenylpropene, 3% 1-phenylpropene, 

etc.,
17

 owing to the similarity in ionization energies in the present case, we have found that many 

other possibilities are also consistent with the experimental measurements, including dominant 

formation of 1-phenylpropene.   

In previous crossed molecular beam studies, 3,3,3- trideuteropropene and 1,1,2-

trideuteropropene were employed in an attempt to unambiguously determine the relative 

importance of channels R1-R3 in Figure 5.10.
15

  In principle, by monitoring the relative yields of 

C9H7D3 and C9H8D2 production at m/e = 121 and 120, respectively, one can determine the 

branching ratio between atomic elimination from the 3- (i.e, the methyl group) vs. the 1- and 2- 

sites in the reaction intermediate.  As already noted, the earlier study concluded that 1-

phenylpropene was the dominant C9H10 isomer.
15

  However, fragmentation inherent in electron 

impact ionization makes such studies difficult.  We believe that the use of “soft” photoionization 

detection should facilitate clearer identification of the dominant isomers, and we hope to carry 

out such studies in the near future.  Therefore, while our conclusions appear to be in better 

agreement with the earlier work in which 1-phenyl propene was identified as the primary 

isomer
15

, final conclusions about the isomeric form of the C9H10 products remain tentative, and 

await upcoming definitive studies using deuterium-labeled propene reactants.   

According to the previous calculations, phenyl radicals can abstract hydrogen atoms from 

propene forming C6H6 (benzene) + C3H5, with several different isomeric forms of C3H5 radical 

possible.
9,16,18

   Abstraction of one of the three methyl H atoms forming resonantly-stabilized 

allyl radicals is most favorable energetically, with abstraction at the sp
2
 hybridized carbon atoms 

leading to formation of 1- and 2- propenyl radicals.
9,18

  In principle, these channels can be most 

easily monitored by detecting C6H6 at its parent mass, m/e = 78.  Unfortunately, due to the 
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natural abundance of 
13

C, background signals due to elastic and inelastic scattering of C6H5 is 

present, with intensities 6% of that at m/e = 77.  Unfortunately, this makes it impossible to 

detect nascent benzene from the abstraction channel.  However, using deuterated propene, 

abstraction of a D atom produces C6H5D, which we can detect with high sensitivity at m/e = 79.    

Furthermore, by comparing the signals at this m/e = 79 from reactions of 3,3,3-trideuteropropene 

to that from 1,1,2- trideuteropropene, it will also be possible to assess the relative importance of 

abstraction at the methyl vs. sp
2
 hybridized carbon atoms in propene.  These studies are planned 

for the near future.   

Conclusions 

 In the reaction of phenyl radicals with propene, both H-atom and CH3 elimination 

products were observed at collision energies of 84 and 108 kJ/mol.  At both collision energies, 

methyl radical elimination, forming C8H8 was found to be dominant, with branching ratios for 

C8H8:C9H10 of 10:1 and 3:1 at 84 and 108 kJ/mol, respectively.  The decrease in product 

branching ratio with increasing collision energy is consistent with recent RRKM predictions.
16

 

However we find the methyl radical elimination channel to be larger by roughly a factor of 5 as 

compared to the RRKM predictions.  Further insight into the reaction mechanism was gained by 

studying the reaction of phenyl radicals with trans-2-butene, where addition leads to a single 

reaction intermediate analogous to the 2-phenyl reaction intermediate in the propene reaction.  In 

the reaction with 2-butene, elimination of CH3 forming C9H10 was observed with the upper limit 

of 3% for the H-atom elimination products.  From analogies between the open reaction channels 

in the propene and  2-butene reactions, we suggest that in the reaction with propene that the 

minor H-atom elimination channel results exclusively from decomposition of the 1-addition 

intermediate.  While we tentatively suggest the reaction involves fission of the weakest C-H 
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bond, producing cis- or trans- 1-phenyl propene, definitive conclusions regarding the isomeric 

form of the C9H10 product, and the mechanisms for the abstraction reactions forming benzene, 

awaits deuterium isotope labeling studies.   
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CHAPTER 6:  Conclusions and Future Directions 

Phenyl radical reactions have been studied via the crossed molecular beam technique using 

high-intensity pulsed tabletop vacuum ultraviolet (VUV) single photon ionization at 9.9 eV.  The 

“soft” nature of VUV single photon ionization has allowed for the study of reactions involving 

competing reaction pathways without interference from ion fragmentation.  Crossed molecular 

beams experiments employing “soft” single photon ionization were previously limited either to 

products amenable to ionization at 7.9 eV from an excimer laser
1,2,3,4,5

 or to experiments at 

dedicated synchrotron facilities.
6,7,8,9,10,11

  The development of high-intensity VUV light sources 

using commercial tabletop lasers should increase the range of chemical systems that can be 

studied by researchers outside of synchrotron facilities.  The pulsed nature of the VUV light 

source described here serves as a novel tool that facilitates the study of some chemical systems 

that are difficult to study using continuous detection schemes.    

 For product detection using synchrotron photoionization or electron impact ionization, the 

continuous nature of the detector is best exploited using continuous molecular beams.
12

 By 

modulating the products using a slotted chopper wheel, product velocity distributions are 

measured by time of flight.  Since elementary reactions between stable closed-shell molecules 

are rare,
13

 in-situ production of free radicals is a fundamental requirement for such experiments, 

necessitating the use of continuous discharge
14,15

 or pyrolysis
16

 methods.  As already noted, 

Casavecchia’s group has pioneered both methods for studies of a wide range of important 

chemical systems using “soft” electron impact ionization, as summarized in comprehensive 

review articles.
14,17

  

 At Berkeley’s Advanced Light Source, the first crossed beams apparatus employing 

synchrotron photoionization detection was available to the dynamics community between 1994 
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and 2004.
6
  This apparatus was used extensively for studies of molecular photodissociation, most 

notably by the groups of Butler
18,19

 and Neumark.
20,21,22

   During this period, however, only three 

reactive scattering studies were published:  Cl + C3H8 (propane) → C3H7 + HCl
7
, Cl + C5H12 → 

C5H11 + HCl
8
 and 

1
CH2 + C2H2 →  C3H3 + H.

9
   In the Cl atom studies, a continuous pyrolysis 

source was well-matched to the continuous nature of the detector.
7,8

  Since a large fraction of Cl2 

can be dissociated at a moderate temperature, and because secondary reactions of the radicals 

within the nozzle are not significant, the product signal to noise ratios were quite high.    

 In the studies of reactions of electronically excited 
1
CH2 at the ALS, photolysis of ketene 

using a 308 nm pulsed excimer laser (100 Hz) was employed.
9
  For production of certain radical 

species, particularly molecular free radicals, photodissociation of a stable precursor is an 

extremely attractive approach.  To achieve radical number densities sufficient for reactive 

scattering studies, photodissociation typically requires precursor molecules with sufficient cross-

sections (>5 x 10
-19

 cm
2
/molecule) for photodissociation producing the radical of interest.   

Lasers must be sufficiently powerful to photolyze a significant fraction of precursor molecules.  

This usually necessitates UV light from pulsed excimer (e.g., 193 nm or 248 nm) or Nd:YAG 

lasers (e.g., 355 or 266 nm).  In such cases the pulse repetition rates are typically 10-200 Hz 

range.
23

  Pulsed molecular beams offer advantages over continuous beams by facilitating the 

production of higher peak beam intensities with narrower velocity and internal energy 

distributions through the ability to use higher backing pressures.
23

  

In many cases, the internal state distributions of photolytic free radical beams can be much 

colder than is possible using pyrolysis.  For example, photodissociation of HNO3 produces OH 

primarily in v = 0, and the OH rotational distribution is cooled upon supersonic expansion.
24  

Since D0 (HO-NO2) is only 199 kJ/mol,
25

 flash pyrolysis would seem to be an attractive approach 
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for producing intense beams of OH radicals.
16

 However, since high nozzle temperatures are 

required, and since vibrational energy is in general not cooled efficiently upon supersonic 

expansion
26

, substantial vibrational excitation is anticipated for such radical beams. For example, 

assuming a temperature of 1800 K, the fraction of OH in v = 1 (corresponding to 3700 cm
-1

 of 

internal energy) is calculated to be >5%.  Our experimental measurements of an OH beam 

generated in this manner are consistent with these calculations. For reactive scattering studies 

where narrow distributions of reactant internal energies are highly desirable, such levels of 

vibrational excitation renders pyrolysis much less desirable than photolysis in the case of OH 

production. 

The fundamental mismatch in duty cycle between pulsed photolytic beams and continuous 

detection methods such as electron impact ionization or synchrotron photoionization represents a 

significant experimental limitation. Using a 100 Hz photolytic source in an apparatus of this 

type, product TOF distributions typically arrives within a time window of 150 μs or less.  

Therefore, the duty cycle of the detector is typically no more than 1.5% (150 μs/pulse x 100 

pulses/s = 0.015 s/s = 1.5%).  Thus, although a third-generation synchrotron produces 10
16

 

photons/s, at most 1.5 x 10
14

 photons/s are actually usable when one or more components of the 

experiment are pulsed.  Also, until the “top off mode” was introduced in 2003 at Berkeley’s 

advanced light source, VUV intensities decayed over a several hour period, making 

normalization difficult.
27

  The limitations on maximum pulse rates for high power UV lasers 

represented a significant inherent limitation to the use of the Berkeley apparatus in crossed 

beams experiments.  While photodissociation experiments are also inherently pulsed (due to the 

need for a UV photolysis laser), the much larger signal levels inherent to photodissociation 

experiments (a factor of 10 or more) easily compensated for the duty cycle issue.  The unique 
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ability provided by the synchrotron, to tune the photon energy just above threshold for 

photoionization made this apparatus extremely valuable in a range of studies.
20,27,28,29

 

 In 2002, a new crossed beam apparatus was commissioned at the Taiwan Synchrotron Light 

Source.
10

  Although in many ways similar in design to the Berkeley machine, three notable 

improvements were made.  First, the distance between the beam crossing region and 

photoionization region of the detector was reduced from 15 cm to 10 cm, leading to a factor of 

2.25 increase in signal levels. Also, a quadrupole mass filter with larger pole diameter (1.25” 

instead of  0.75”) was employed, increasing the ion transmission by a factor of 2.
10

   Finally, a 

new generation of pulsed valves with very short opening time has made it possible to 

significantly increase peak beam densities.
30

  Collectively, these improvements have a major 

impact, opening up a wide range of studies not feasible using the Berkeley machine.  Currently, 

this apparatus represents the state of the art in the field. 

In our comparison of the use of pulsed photoionization to continuous electron impact ionization 

detection in transition metal-hydrocarbon chemistry, considerably higher signal to noise ratios were 

obtained using photoionization.
3
  However, a significant experimental constraint in experiments 

using pulsed VUV photoionization with a fixed mass spectrometric detector is that only a single 

velocity and product scattering angle is probed at a given laser delay.  To map out the product 

velocity distribution at a given laboratory angle, the delay of the photoionization laser relative to 

time zero for the reaction must be scanned.  Typically such scans cover about 20-30 channels at 

5 s/channel.   Due to VUV pulse intensity fluctuations, this produces statistical “noise” in the 

TOF distributions.  While it is possible to normalize for long-term drifts in the VUV pulse 

energies, normalizing for shot to shot intensity fluctuations is difficult.  Furthermore, obtaining 

product angular distributions requires that the angle of the two beams relative to the fixed 
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detector must be rotated.   In typical cases, 6-15 different detector angles must be measured in a 

given experiment.  

Ion imaging methods are widely-touted as being superior to “conventional” crossed beam 

experiments because they provide the opportunity to record the entire product angular and velocity 

distribution in each laser shot, corresponding to a large (factor of  > 200) multiplexing advantage.
31

   

Therefore, one might anticipate that ion imaging using pulsed 9.9 eV photoionization could 

outperform the use of a conventional rotatable source-fixed detector apparatus.  As already noted, 

Suits has studied a number of systems using this method utilizing a 7.9 eV excimer laser.
1,2

 Honma 

and coworkers have recently employed imaging in reactions of transition metal atoms with oxidants 

such as O2.
32

  Such reactions have large cross sections and are amenable to ionization schemes 

employing near-UV lasers.
32

  For such cases, the molecular species of interest can be ionized 

selectively with high efficiency and the probability for ionization of reactant molecules or other 

products is very small.  On the other hand, for many studies, the use of nonresonant VUV ionization 

coupled with ion imaging detection is likely to be complicated by photodissociation of molecules in 

the interaction region
1
 or from bimolecular reactions of ions produced by the VUV.

33
 In several ion 

imaging studies by Suits and coworkers, products scattered into certain areas of the Newton 

circle could not be included in the analysis, leading to fundamental limitations in the range of 

angles that can be analyzed.
1
  In Rydberg tagging experiments carried out in our laboratory, 

similar issues have frequently arisen. For example, in reactions involving hydrocarbon 

molecules, the H atom product is probed by Rydberg TOF spectroscopy.  In this case, pulsed 

VUV at Lyman α at 121 nm is used to pump the 1s → 2p transition, and then a second laser 

promotes the H atoms to n  40.  Since hydrocarbons absorb strongly at 121 nm producing H 

atoms, this represents an unwanted source of background signal that may be difficult to avoid.   
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Yang has proposed Rydberg tagging studies utilizing a rotatable source machine where the UV 

and VUV lasers are not located directly at the crossing region as a potential solution to this 

issue.
34

  In this case, careful consideration of the density to flux transformation will be essential 

to ensure that product kinetic energy release distributions are accurate.  We are currently 

exploring the use of near-transform limited UV lasers for generation of VUV for detection of H 

or O atoms in Rydberg tagging experiments. In this case, the use of very narrowband radiation 

may increase the contrast ratio between atomic excitation (with narrow lines) and photolysis 

(broad lines).    

Our approach using “soft” single photon pulsed ionization allows the product molecules to 

drift to a triply differentially pumped detector (10
-10

 Torr) before ionization, spreading out 

according to their velocities.  In contrast to ion imaging or Rydberg tagging experiments where 

VUV is introduced into the high-pressure molecular beam crossing region, no interference from 

photodissociation or ion-molecule reactions is observed.  As illustrated above, the very high 

ionization efficiency and very low background count rates lead to quite high signal to noise 

ratios in our experiment.  However, the need to scan the laser delay to measure product TOF 

distributions represents the key remaining limitation in our current implementation of soft 

photoionization in crossed beams reactions.  To overcome this, we are currently developing the 

use of coaxial VUV photoionization detection.  As illustrated in Figure 6.1, the use of a fixed 

detector geometry makes it relatively straightforward to introduce the ionization laser along the 

detector axis in a counterpropagating geometry.  The neutral products from bimolecular reactions 

drift from the interaction region with their nascent velocity distributions, with a small fraction 

passing through a series of apertures.  Rather than ionizing a 2-3 mm length of the neutral 

distribution using the crossed-beam configuration employed to date, the packet of neutral 
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molecules is allowed to spread out according to their neutral velocities.  At a suitable VUV laser 

delay, the entire column of neutrals is photoionized by the VUV pulse within a 33 cm long ion 

guide.  Since a light electron is ejected, photoionization does not lead to an appreciable velocity 

perturbation, and the positive ion is then mass filtered and detected as usual.  Photodissociation, 

if it occurs, leads to ejection of photofragments from the detector axis and will not produce 

significant background signals.  The great advantage of this approach is that the entire packet of 

neutrals is ionized in each laser pulse, rather than a 2-3 mm long segment.  The anticipated 

increase in signal to noise ratio is very large, and will depend upon the specific kinematics of the 

system under study.  The calculated lower limit to the improvement is based on the fact that it 

will no longer be necessary to scan the VUV laser delay over 30 channels.  The upper limit 

corresponds to the fact that ionization will occur over a 33 cm pathlength, rather than in a 3 mm 

pathlength as in the orthogonal (crossed beam) configuration.  We thus anticipate increases in 

signal to noise ratios of a factor of 30-100.   
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Figure 6.1: Crossed Beams Apparatus with Coaxial Photoionization Detection.  Neutral 

products drift from crossing region through several apertures into ion guide region where they 

are photoionized by a counterpropagating VUV laser beam.  Ions are then mass filtered and 

detected.  The entire velocity distribution is recorded for each laser shot.  

 

 

 

The primary challenge in implementing the coaxial ionization method is of a technical 

nature.  One needs to ensure that the entire packet of neutrals is detected with constant (or at 

least known) sensitivity.  We are presently characterizing this approach using a fixed beam 

apparatus and hope to be able to introduce this method to crossed beam studies in the near future.  

The most notable improvement will result from the much larger signal levels and the elimination 

for the need to scan the delay of the detection laser.  Since the number of photons is much greater 
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than the number of absorbing molecules, the VUV intensity is constant along the beam axis so 

no correction for absorption is required.  

Our present approach for VUV generation using unfocussed laser beams is most efficient at 

wavelengths near 125 nm, corresponding to photon energies of 9.9 eV.  While this method can 

be extended to somewhat higher photon energies, a fundamental constraint is that the 

transmission of light through MgF2 and LiF optics decreases sharply at shorter wavelengths, 

falling to zero at  < 104 nm for LiF.  To overcome this limitation, we are currently developing 

techniques to extend the wavelength range into the XUV ( < 110 nm) by using resonance 

enhanced four-wave mixing of focused laser beams in Hg vapor produced by laser vaporization 

at room temperature.
35

  In this way, a windowless configuration can be employed.  Furthermore, 

by using noncollinear phasematching
36

, the need for dispersive elements to separate the XUV 

from the residual UV beams is eliminated.  By combining this approach with the use of coaxial 

photoionization, we expect that we will be able to use pulsed photoionization for detecting many 

chemically interesting species with ionization energies up to 12 eV.     
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