
Lawrence Berkeley National Laboratory
Recent Work

Title
Photodissociation Studies of the Chlorotoluenes at 193 nm and 248 nm

Permalink
https://escholarship.org/uc/item/51f4m93j

Author
Helfand, M.S.

Publication Date
1989-11-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/51f4m93j
https://escholarship.org
http://www.cdlib.org/


LBL-28127 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Materials & Chemical 
Sciences Division 

Photodissociation Studies of the Chlorotoluenes 
at 193 nm and 248 nm 

M.S. Helfand 
(Ph.D. Thesis) 

November 1989 

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098. 

+on 
0 ... · r 
, , 0 

n D 
rucz 

...... 
~ III n 
111""'0 
III III "'0 
;O;:-Ul-< 
Ul 

ttl 
...... 
a. 

1.0 

(JJ 
0 

r 
"". O'n 
, 0 
IlIU 
,'< 
'< . ru 

r 
ttl 
r 
I 

It1 
00 ..... 
It1 
."J 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California. nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information. apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product. 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



LBL-28127 

Photodissociation Studies of the Chlorotoluenes at 193 nm and 248 nm 

Marion Skalweit Helfand 
Ph.D. Thesis 

Materials and Chemical Sciences Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, CA 94720 

November 1989 

This work was supported by the U.S. Department of Energy under 
Contract No. DE-AC03-76SF00098. 



PHOTODISSOCIATION STUDIES OF THE CHLOROTOLUENES AT 

193 Dm AND 248 Dm 

Marion Skalweit Helfand 

ABSTRACT 

The photodissociation reactions of 0-, m..-, and 12-chlorotoluene 

have been investigated at 193 nm and 248 nm in a crossed 

molecular beam-laser beam apparatus. with a rotatable molecular 

beam source. Chapter 2 describes the studies at 193 nm. It is found 

that all three isomers have three primary reaction channels, each 

involving loss of the chlorine atom albeit with differing amounts of 

the excess available energy, 51 kcal/mole, in the translational degree 

of freedom of the products. The most likely explanation for the 

existence of three channels with identical products is that 

dissociation is occurring from different electronic states, especially 

triplet states, due to the presence of the CI substituent. The 

branching ratios between the three primary channels and the 

average translational released in the three dissociation channels are 

also similar for the three isomers. Secondary dissociation of the tolyl 

radical product is observed, and this allows one to estimate the CH3-

C6H4 bond energy in the radicals. 

Chapter 3 continues with the photodissociation reactions of 

these molecules at 248 nm. At 248 nm, each isomer has two primary 

dissociation channels, again both involving loss of Cl. Because there 

are fewer electronic states in this region of the spectrum, an 
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assignment of the electronic states gIvmg nse to the two channels IS 

possible. The fast channel is tenatively assigned as coming from 

molecules in the first excited triplet state, T 1, while the slow peak IS 

thought to result from ground state dissociation. The branching ratio 

between these two channels is different for the three Isomers 

however, and this is attributed to differences in the rates of 

dissociation for the three isomers from T 1. 

Chapter 4 discusses a first attempt at development of a 

sensitive means of detecting CI atoms using a resonant ionization 

method involving a VUV photon at 118.877 nm plus a UV photon at 

356.6 nm. Some sort of CI atom transition is detected but it does not 

coincide precisely with the transition at 118.877 nm. Detecting CI 

ions from this resonant process is complicated by the fact that Cl2 is 

the source of CI atoms through photodissociation. The Cl2 happens to 

possess ion pair states in the region of the VUV where this work 

occurred. Suggestions for improvement are given. 
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CHAPTER 1 

INTRODUCTION 

To 'quote a recent doctoral candidate l from our laboratory, 

"Though we have performed some completely original experiments 

in (the area of photodissociation).. many of our experiments involve 

previous work by other researchers." This is certainly the case with 

the experimental work described in Chapters 2 and 3 of this 

dissertation, although the motivation for these studies was not 

merely to clarify and correct previous work, but also to expand upon 

the original experiments. 

As will be described m Chapters 2 and 3 respectively, a variety 

of photodissociation experiments in molecular beams have been 

performed at both 193 nm and 248 nm on the isomers of 

chlorotoluenes. These experiments have identified primary and 

secondary photodissociation pathways, have determined the 

branching ratios for the primary pathways, have looked into the 

nature of the state initially excited at 193 nm, and the states from 

which dissociation occurs at 248 nm, and have allowed us to estimate 

the CHr C6H 4 bond energies in the 0;', m - and 12-tolyl radical 

products. 

Other photodissociation experiments have been performed on 

the, isomers of chlorotoluene2, and other chlorinated aromatics such 

as benzyl chloride3, chlorobenzene4 , and the isomers of 

dichlorobenzene5 over a number of years by Ichimura and others. 

These experiments were carried out in the gas phase, in cells and in 

molecular beams, over a wide range of excitation wavelengths. With 
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the chlorotoluenes in the 250 to 280 nm range, the primary products, 

CI and tolyl radical, were identified via indirect means, and an 

attempt was made to identify the electronic state(s) involved in the 

dissociation, and to estimate dissociation rate constants. Fluorescence 

studies of these compounds were also performed in order to 

determine non-radiative lifetimes, and the dependence of these 

lifetimes on the excitation of specific vibrations, and on the 

vibrational energy in general. Because the dichlorobenzenes 

exhibited . slightly different non-radiative lifetimes, and because this 

effect was attributed to the different symmetries of the compounds, 

the fluorescence data for the chlorotoluenes were also expected to 

show such differences, which they did not. 

At 266 nm, it was also determined that the ortho isomer of 

chlorotoluene dissociates to yield Cl and the benzyl radical, rather 

than the o-tolyl radical6 . The other isomers did not form the more 

stable benzyl radical, presumably because they do not have their 

methyl groups sufficiently close to the position on ·the aromatic flng 

where the hydrogen can be transferred from the methyl group. 

Photodissociation experiments have been performed previously on 

meta- chlorotoluene, chlorobenzene7 and para-dichlorobenzene8 at 

193 nm in a molecular beam apparatus. However in this case, the 

laser, the molecular beam and the detector are mutually orthogonal 

and fixed in position, unlike the rotating molecular beam apparatus9 

used in the experiments to be described here. The former 

configuration poses difficulties in experiments where there are 

heavy, slow fragments to be detected. In addition, there was some 

question as to the nature of the state initially excited at 193 nm in 
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these molecules, whether it was an alkyl halide type, purely 

dissociative state, or whether the initial transition was localized to 

the 'ring.' 

Finally, Chapter 4 discusses the' detection of CI atom usmg a 

multiphoton ionization (MPI) technique in vacuum ultraviolet (VUV). 

A highly sensitive means of detecting CI atoms, as well as other 

halogen atoms and' H atom, was desired for a series of experiments 

aimed at measuring the rates of intramolecular vibrational energy 

redistribution (IVR) in molecules lO • One particular case involves IVR 

in 2-chloroethyl radical. Briefly, the overtones of the various C-H 

stretches in the radical are pumped with one laser. What is 

important to note is that the third overtone is already sufficient to 

break the weak C-CI bond, which has a bond strength of _20 

kcallmole 11. A second laser, poised to detect the nascent CI atoms, IS 

delayed with respect to the pumping laser, in order to measure the 

time required between excitation and dissociation. Of interest is 

whether IVR or dissociation will be rate-limiting. RRKM calculations 

indicate that the lifetime of the radical may be in the 10 picosecond 

range 12. 

Development of a sensitive' detection scheme is necessary 

because of the difficulty' in producing' intense beams of radicals 1,13, 

and because of the low cross-sections of the overtone transitions. 

Chapter 4 describes the earliest attempts in that direction, and offers 

several suggestions for improving upon this initial effort. 
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'CHAPTER 2 

PHOTODISSOCIATION STUDIES 

OF THE CHLOROTOLUENES AT 193 rim 

I. INTRODUCTION 

" 

The considerable interest 10 photodissociation 'of aryl halides 

has been spurred by the vast amount of experimental and theoretical 

work performed on radiationless transition processes in molecules 1, 

Molecules· such "as benzene2 , various deuterated benzenes3, and 

fluorinated benzenes4 have been studied. extensively using 

flu·orescence'methods. However, compounds with poor fluorescence 

quantum yields such' as the aryl halides are not attractive candidates 

for such methods. In addition, the flourescence of all molecules 

excited to higher singlet levels decreases dramatically. It is at such 

'levels of excitation that non-radiative processes dominate the 

photophysics of the molecule, and that photodissociation studies 

prove useful 10' the understanding of the initial non-radiative decay 

processes, as'well as what follows. 

Photodissociation studie's of various aryl halides,' including 

chlorobenzene5,6, meta-chlorotoluene6 and para-dichlorobenzene7 

have been previously performed at 193 nm, using a crossed 

.' molecular beam-laser beam apparatus in which the products are 

detected at 90° with respect to the plane formed by the laser and 

molecular beams. These experiments tried to identify the pnmary 

products, the' states initially excited, and those from which 

dissociation occurs. Unfortunately, the fixed detector configuration 
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with respect to the molecular beam did not allow them to collect all 

the data needed to elucidate the various process involved. Our 

experiments were performed on a crossed molecular beam-laser 

beam apparatus in which the molecular beam source can be rotated 

with respect to the detectors. In the investigation of 0-, m-, and Q

chlorotoluene at 193 nm, we have identified an additional primary 

dissociation channel, as well as a secondary channel. Such secondary 

channels are caused by the decomposition of highly internally 

excited primary products. 

In addition to identifying the pnmary and secondary products 

of photodissociation at 193 nm, we were interested in looking for 

different features in the dissociation dynamics of the three isomers 

of chlorotoluene that could be attributed to structural differences. 

For example, in the case of the ortho compound, a previous 

experiment9 has demonstrated that at 266 nm, benzyl radical IS 

formed following CI bond fission when hydrogen migration from the 

methyl group to the ring occurs. This is not observed for the other 

Isomers. As benzyl radical is approximately 20 kcallmole more 

stable than tolyl radicaIlO, it was of interest to see whether this could 

be observed at 193 nm in the measurements of product velocity 

distributions, particularly when monitored at mass to charge ratio 

(m/e) 91. 

Polarization studies were also carried out in order to determine 

the nature of the state initially excited at 193 nm. Previous workers 

had raised the question of whether the excited state IS of a more 

localized nature, centered on the carbon-halogen bond analogous to 

the alkyl halides6, or whether it mainly involves the benzene ring. 
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II" EXPERIMENTAL 

The rotatable molecular beam source apparatus used in these 

experiments has been previously described8 . Briefly, a seeded, 

diferentially pumped molecular beam was crossed at right angles by 

a laser in a vacuum chamber. Dissociation products entered an ultra

high vacuum (URV) detector chamber containing a mass 

spectrometer, and were detected as a function of their mass, velocity, 

and angle. The mass spectrometer consisted of an electron 

bombardment ionizer, a quadrupole mass filter, and a Daly-type11 

ion counter. A· multichannel scaler CAMAC-interfaced with an LSI

n ,microcomputer recorded the time-of-flight (TOF) spectra of 

products relative to when the laser was· fired. A schematic of the 

beam apparatus is shown in Figure 1. 

A continuous beam of the chlorotoluene Isomer was formed by 

bubbling N2 gas through a liquid sample held at 500 C, and 

expanding the mixture through a 0.13 mm diameter nozzle. The total 

pressure was maintained at approximately 300 torr. The stainless 

steel inlet line to the machine was maintained at approximately 70-

80 oC to prevent condensation, and the nozzle was heated to between 

138· and 140 °C to prevent formation of dimers. The nozzle 

temperature varied slightly from experiment to experiment, but" this 

could not account for more than a fraction of a kcal/mole· difference 

in the total energy available to the parent molecules. The resultant 

beam was· collimated by passing through two skimmers, 
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differentially pumped m between, before entering the interaction 

region. 

The ortho- and ~-chlorotoluene (o-CT and l2.-CT) were 

obtained from MCB, and the I:ruili!.-chlorotoluene (m -CT) was obtained 

from Aldrich. These compounds were degassed at liquid nitrogen 

temperature prior to use, but otherwise, were used without 

additional purification. A minor para-bromotoluene impurity had 

been previously noted 12 with the p'-CT, but was not detected in this 

experimen t. 

A Lambda Physik MSC-I03 eXClmer laser was used for the 193 

nm photodissociation, operating on the ArF transition. The beam was 

focussed to a 1 mm x 3 mm spot size at the interaction regIOn. The 

laser polarization dependence was studied using a rotatable "pile-of -

plates" transmission polarizer, with 10 quartz plates set at Brewster's 

angle with respect to the incoming laser beam. It is estimated that 

the light was 97% polarized in this way. It is important to note that 

the polarization data were taken with the lowest possible laser 

energies (_2 to 3 mJ) since a crude energy dependence study showed 

that the signal is highly saturated from 3 mJ to 55 mJ. Saturation 

can reduce the apparent anisotropy of a transition. Figure 2 shows 

the TOF spectra of mle 91 for o-CT taken at 200 with respect to the 

detector, at both these laser energies. These data indicate that no 

multiphoton absorption 1S taking place, by the fact that they appear 

identical, and by the fact that no products are formed with 

translational energies greater than the excess available after C-Cl 

bond fission. Figure 3 is a plot of signal intensity versus laser energy 

derived from these data. 
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RESULTS AND ANALYSIS· 

;. ~ , 

ortho-chlorotoluene 

Time-of-flight (TOF) spectra were obtained at several mass-to

charge ratios (m/e) and laboratory angles. These' data do not' 

necessarily" represent all mass-to-charge ratios at which signal can: be 

detected, but are the most important in establishing the nature of 

primary' and ,secondary reaction channels, and for obtaining product 

branching ratios. 

CHLORINE LOSS CHANNELS: As has been previously shown5-7, 

primary reaction channels involving Cl loss are important for 

compounds like ortho-chlorotoluene when excited in the ultraviolet 

region of the spectrum. Accordingly, TOF spectra were taken at mle 

35 and mle 91, at 20°, 40°, and 60°. These spectra and the simulated 

spectra" generated by the CMLAB2 program13 , are shown in Figures' 4 

and 5. The CMLAB2 program will be discussed briefly below. So-

called, "Newton" diagrams, which illustrate the relationships between 

the laboratory and center.:of-mass product velocities, and the 

laboratory and center-of-mass angles for these dissociation reactions, 

are shown in Figure 6. 

The data are analyzed using the CMLAB2 data analysis 

program, presented and thoroughly discussed in reference 13. 

Essentially, the program, accepts an assumed center-of-mass frame 

translational energy distribution, referred to as a "P(E)", and together 
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with parameters about the molecular beam and the experimental 

conditions performs a forward convolution to obtain the laboratory

frame time-of-flight spectrum which is then compared to the 

observed spectrum. The distribution is varied until a good fit to the 

spectrum is achieved. 

The TOF spectrum at mle 35 contains at least two, if not three, 

easily identifiable TOF distributions. The first of these is narrow and 

fast, while the latter are broad and slow. The TOF spectrum at mle 

91 contains only two readily noticeable TOF distributions: one that IS 

also narrow and fast, and a second that is relatively broader and 

slow. The first feature in each of these spectra can be simulated 

usmg the same translational energy distribution (P(E», shown in 

Figure 7, and by assuming that reaction 1 is occurring: 

This indicates that these products result from the same 

reaction channel, and have an average translational energy release of 

33 kcal/mole. The second, broader feature in each of the spectra can 

also be simulated by assuming that reaction 1 is responsible, but 

slightly different translational energy distributions are required for 

each mass. These distributions are shown in Figure 8. One notes that 

while the fast side of these functions are identical, the slower side 

extends out much further in the case of the function used to fit the CI 

spectrum. It is as if some of the translationally slower o-tolyl or 

benzyl9 radical product (mass 91) is missing, as indicated in Figure 9, 

which shows the mle 91 TOF spectrum and a simulated spectrum 
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using the translational energy distributions and weightings used to 

fit the mle 35 spectrum. The possibility of spontaneous secondary 

dissociation, in which primary products with sufficient energy from 

the initial dissociation process undergo subsequent dissociation, or of 

secondary photodissociation, where primary photoproducts absorb 

another photon and undergo decomposition, exists. Some likely 

products of such secondary dissociation. are given in reactions 2a and 

2b. 

C7H7 ~ C6H4+ CH3 (2a) 

C7H7 ~ C7H6 + H (2b) 

·In order to determine whether secondary decomposition 

processes are important in this case, it is necessary to obtain TOF 

spectra at the various mass-to-charge ratios of the products In 

reactions 2a and 2b. TOF spectra taken at mle 73, mle 15, and mle 

90, together with their CMLAB2 simulations, are shown in Figures 10 

through 12 respectively. The mle 73 TOF spectrum is shown 

because the .signal-to-noise ratio is better at this mass than at mle 

76. However, mle 76,75, 74 and '73 spectra are identical, indicating 

that the lower masses are due to cracking of the mle 76 ion in the 

ionizer. These spectra also contain features that suggest that the mle 

91 ion is "cracking" in the ionizer to yield mle 76 and m/e 15. In 

addition to simple cracking of the mle 91 ion, there are slower and 

faster components to these otherwise featureless TOF distributions. 

By assuming that the o-tolyl or benzyl radical undergoes 

spontaneous secondary dissociation according to reaction 2a, the slow 
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side of the mle 73 spectrum can simulated. In order to do this, a 

primary translational energy distribution, or P(E), that describes how 

the dissociating mle 91 product is initially formed, is used. It IS 

derived by taking the difference between the appropriately 

weighted P(E)s used to fit the mle 35 and mle 91 TOF spectra. In 

addition, a secondary translational energy distribution is needed. 

These distributions are shown in Figures 13 and 14. In the 

secondary dissociation of tolyl radical, an average translational 

energy release of 11 kcallmole is observed. One must also note that 

the same translational energy distributions are used to fit the mle 

15 data, indicating that the small amount of mle 15 detected in the 

experiment is probably due to secondary decomposition alone. This 

will be discussed again shortly. Finally, the TOF spectrum at mle 90 

is identical to the one observed at mle 91, demonstrating that the 

mle 90 fragment is due to cracking of the tolyl radical. It is thus 

possible to rule out secondary dissociation according to reaction 2b. 

The existence of a third primary reaction channel involving loss 

of Cl, according to reaction 1, is postulated. The translational energy 

distribution which is. used to simulate the slow tail of the mle 35 

spectrum is shown in Figure 15, together with a distribution which IS 

the sum of the two slower P(E)s used in fitting the Cl spectrum. 

While it is possible that only two Cl loss channels are present in the 

case of the ortho isomer, it will become more evident that a third 

channel may exist when the Cl TOF spectra of the other compounds 

are examined. 

In addition to the primary and secondary dissociation 

processes already discussed, one must consider the possibility of a 
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pnmary channel involving loss of HCI, analogous to H2 loss in 

benzene 14, and a primary channel involving loss of CH315, as briefly 

mentioned above. 

HCl ELIMINATION CHANNEL: No evidence for an HCl elimination 

channel has been found. Several· independent means of verifying 

the absence of this channel were utilized. First, TOF spectra were 

taken at mle 35, 36, 37 and 38 to see whether parent Hel is formed 

in the ionizer. All four spectra can be simulated by assuming that 

the two (or three) primary Clloss channels account for the signal. 

One difficulty arises however: . there is a large peak at mle 39 in the 

mass spectrum of the molecule, arising from cracking of the six

membered ring. This is demonstrated by overlaying the mle 39 and 

mle '73 TOF spectra. Signal due to "leaking" of the strong signal at 

mle 39 through the quadrupole and cracking of this ion in the 

ionizer' appears in the TOF spectra at mle 36, 37 and 38 too. Thus, 

the' spectra at mle' 36 through 38 are really composites of the. TOF 

spectra at mle 35(37) and 39 as shown in Figure 16. A second, 

independent means of ruling out this channel is to look at mle 91 

and mle 90; again, these TOF spectra are identical, that is mle 90 

results from cracking of the mle 91 in the ionizer as shown in Figure 

12 rather than from a channel involving loss of Hei. Finally, as 

Figure 17 reveals, the TOF spectra at masses 76 through 73 are 

identical to one and other also. Presumably if all the mass 90 

resulting from Hel elimination were to undergo secondary 

dissociation, and were therefore undetectable, one would still be able 

to look for the products of secondary decomposition in the m/e 73 to 
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76 range. As these spectra are all identical, and their slow 

components (see Discussion) are composed of contributions from the 

various channels described above, it is reasonable to assume that an 

HCI elimination channel does not occur. 

METHYL ELIMINATION: It is known that in the photodissociation of 

toluene at 193 nm, loss of Hand CH3 are the main dissociation 

channels 15. Therefore, it was of interest to see whether a methyl 

elimination channel could be observed in the case of the 

chlorotoluenes. As has already been stated above, the signal at mle 

15 is very weak, and because the TOP spectrum is readily simulated 

by assuming that all of the methyl radicals observed are due to 

secondary dissociation of tolyl radical, one concludes that a primary 

methyl loss channel does not exist for chlorotoluenes, or is of such 

minor importance as not to be detectable. 

In summary, two, and possibly three, pnmary dissociation 

channels were detected for ortho-chlorotoluene at 193 nm. These 

channels involve loss of chlorine atom, but differ in the amount of 

translational energy released in the dissociation. There may be other 

primary channels involving loss of hydrogen atom or molecule, but 

these products could not be easily detected in our experiment. These 

channels are not expected to be important. No evidence for the loss 

of HCI molecule or CH3 was found. 

In addition to these primary dissociation channels, secondary 

dissociation of the highly internally excited tolyl radical occurs. The 

secondary products are methyl radical and mass 76, benzyne. It 

appears that the tolyl or benzyl radical formed in the slower of the 

14 



I 

two (or three) chlorine loss channels undergoes secondary 

dissociation. The reaction channels and the amount of translational 

energy released in each are summarized in Table 1. 

POLARIZATION STUDIES:' Polarization studies revealed no dramatic 

anisotropy, 'confirming the notion that the transition is to a (7t, 7t * ) 

state which undergoes predissociation.· These ideas are explored 

further in the Discussion. The polarization data are presented in 

Figures 18,19 and 37. 

meta-chlorotoluene 

Three dissociation channels were detected for meta-:

chlorotoluene at 193 nm. Again, these channels involve loss of 

chlorine atom according to reaction 1, and differ in the amount of 

translational energy released in the dissociation. The same approach 

used in fitting the primary data for ortho-chlorotoluene was used in 

fitting the primary data for meta-chlorotoluene. 

The meta-tolyl radical also undergoes secondary decomposition 

to yield the same secondary products, namely methyl radical (m/e 

15) and benzyne (m/e 76). These data were fit as for the ortho 

compound. The TOF spectra and the P(E)s used to fit both the 

pnmary and secondary dissociation are shown in Figures 20 through 

27. 

The average translational energy released for these pnmary 

and secondary decomposition channels is also given in Table 1, 

together 'with the values for the other compounds. 
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para-chlorotoluene 

Essentially the same story may be told for para-chlorotol uene: 

three primary dissociation channels, each involving loss of Cl. As is 

evident from the TOF spectra and the P(E)s derived from them, this 

compound behaves much like its isomeric sisters at 193 nm. These 

data are displayed in Figures 28 through 35. 

BRANCHING RATIOS: Branching ratios for the three primary reaction 

channels for all three compounds are sumarized in Table 1. They 

were calculated from the CI TOF data using the following simplified 

version of the expression for the branching ratio described by 

Krajnovich 16: 

R(I/2) = 

[N'(l)/N'(2)] x [(fooo P2(ET) (v2/U2) dV2)/(fooo P1(ET) (vl/uI) dVl)], 

where N' is the total number of detected ion counts at mass 35, 20° 

from either the channel designated as 1 or 2, and the integrals are 

the calculated signal, evaluated numerically by the CMLAB2 

program. Normally, the branching ratio expression contains 

additional factors to correct for the differences in the ionization cross 

sections of the fragments, and to correct for the relative abundance 

of the given mass-to-charge ratio detected in the the mass spectrum 

of the product fragment. These are needed when the branching 

ratios for channels which produce different products are to be 
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calculated, and when the ions of these products are capable of 

undergoing further decomposition, 'or "cracking", in the detector. In 

our case, the channels being compared form the same products, and 

so these factors cancel, leaving us with the expression above. 

One should also note that the branching ratio calculations were 

performed using the Cl data because the Cl ion, formed in the 

detector, does not undergo further decomposition as does the tolyl or 

benzyl ion. If this "cracking" of the polyatomic ion in the detector 

were to occur- to a greater extent for internally excited fragments, 

such as those produced in the slower Cl loss channels, the branching 

ratio determination involving the mle 91 data would not be correct. 

Lastly, it must be pointed out that, in this instance, the error in 

the branching ratio determinations is given simply by the extent to 

which the dynamically distinguishable channels overlap in time. 

This is given by the overlapping areas in the TOF spectra. 

DISCUSSION 

fast pnmary dissociation to yield CI and mle 91 

The most reasonable assumption regarding the nature of the 

three 'primary chlorine atom loss channels is that they arise from 

dissociation on different electronic surfaces. An energy level 

diagram,outlining approximately where various electronic states In 

these molecules lie, as well as other relevant quantities, is presented ; 

in Figure 36. In that the fast dissociation process has a large fraction 

of the available energy in translation, one might suspect that a direct 
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dissociation is responsible. Although an early photodissociation 

experiment at 193 nm involving many aryl and alkyl-arylhalides did 

not show the existence of this fast channelS, in more recent 

photodissociation studies of meta-chlorotoluene, chlorobenzene, and 

para -dichlorobenzene also at 193 nm6,7 this fast channel was 

observed, and it is speculated that the transition giving rise to this 

channel is analogous to the one responsible for the direct 

dissociation process found in alkyl halides, namely a a* f- np1t 

transition. This could account for the leading edge of the TOF 

spectrum, with the remainder of the signal in the fast channel 

resulting from excitation to a (1t, 1t *) transition localized in the ring, 

followed by a pre-dissociation. Based on a comparison of the cross 

sections for the direct transition in alkyl chlorides and the transition 

localized on the ring, it is conc1uded6 that such a direct transition in 

ortho-chlorotoluene would probably only contribute a few percent of 

the signal counts. Alternatively, all of the signal could arise from 

molecules which were excited to their singlet (1t, 1t*) transition and 

which then undergo a curve crossing with subsequent pre

dissociation on a repulsive triplet (a, a*)S surface. 

In order to determine whether a direct transition or pre

dissociation is more important in these molecules, polarization 

studies were performed, and the data, shown for the para isomer In 

figure 37; were analyzed particularly carefully at the fast edge of 

each TOF spectrum. The polarization data reveal no dramatic 

differences at the fast edge between the two polarizations used. 

Furthermore, in assuming the product angular distribution to be 

given by 21t(1 + PP2(cos(8)) for a dipole allowed transition 16, it was 
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found that the ~ parameter varied between +0.05 and -0.15, with the 

transition moment at right angles to the CI atom leaving direction. 

Note that only in the case of the para isomer is it possible to associate 

the transition moment direction with the inertial axes of the 

molecule. What is described would be more consistent with the pre

'dissociation picture: a relatively isotropic angular distribution with 

perhaps a B-type transition moment in the case of the para Isomer, 

and no differences in the TOF spectra taken with different 

polarizations~ particularly at the leading edge of the spectra. 

slow pnmary channels yielding CI and mle 91 

The two slower primary channels, also previously observed5 -7 , 

are assumed to result from dissociation from different electronic 

states. After the initial excitation, some molecules can dissociate via ' 

the rapid channel discussed above. However, non-"tadiative decay 

processes become competitive with the dissociation. The molecules 

dissociate on different electronic surfaces, and the tolyl fragments 

produced via these channels are left with an average internal energy 

of 13 and 6 k~al/mole, respectively. Some of these slower tolyl 

fragments undergo secondary decomposition to form methyl radical 

and mle 76, benzyne. The fraction which do undergo spontaneous 

secondary dissociation may be estimated from the areas under the 

experimental and simulated spectra shown in Figure 10. In the case 

of o-CT, approximately 48 percent of the tolyl radicals dissociate due 

to their high internal excitation. 
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The average translational energy release of 13 kcallmole for 

the faster of these two channels is similar to that of the fast channel 

in the 248 nm dissociation 17 which perhaps occurs from both the 

first excited singlet state, Sb and the lowest triplet state, T b of the 

molecule. Freedman, et a1.5 speculate that the molecules undergo 

rapid internal conversion to S}7 followed by an intersystem crossing 

to the lowest triplet state, T 1 where dissociation ultimately occurs. 

However, they do not observe the fastest of the three possible 

channels, and conclude that all of the molecules internally convert to 

S 1. Ichimura, et al. 6 assign the second fastest channel to dissociation 

from T 1, produced directly via intersystem crossing from the initially 

excited singlet level, S3, while the fast channel results from the SI 

state. They may also have observed the slowest chanel, as discussed 

below. The CI atom, with its reasonably large spin-orbit splitting 

could certainly promote ISCI8. Ichimura and coworkers have also 

claimed that this second primary channel has a non-statistical 

translational energy distribution6, and that this indicates that 

dissociation takes place before the vibrational and rotational energy 

resulting from the internal conversion(lC) or intersystem 

crossing(lSC) process has time to distribute itself throughout the 

molecule. Unfortunately, the existence of the third component in the 

CI TOF spectrum, and the fact that the tolyl radical TOF spectrum is 

affected by secondary decomposition of the tolyl radical precludes 

determining the exact shape of the P(E) for this particular primary 

channel. If one chooses one's deconvolution of the slow components 

to the spectrum appropriately, one can probably make the P(E) 

distribution more or less "non-statistical", at will. Furthermore, if 
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dissociation is' occurrIng from an· electronically excited state of the 

molecule, and not from So' the P(E) used to fit this channel will be 

inherently "hon-statistical" since the number of vibrational levels In 

an excited electronic state will be less than the. corresponding 

number in the ground state. Finally, since the detection efficiency 

for slower products is lower in their experimental apparatus, and 

since they do -not state specifically whether they correct for this In 

the inversion of their data which is used to obtain their P(E)s, 

Ichimura et al. might have a P(E) skewed to faster average 

translational energIes, making their P(E)s look even more "non

statistical" . 

Finally, the studies done by Ichimura, et al. all assumed that a 

slow prImary channel was responsible for the slight slow tail in their 

CI TOP spectra. They were limited to detecting CI atoms with 3 

kcal/mole or more translational energy so that it is difficult to see 

that a third channel even exists. Our data are somewhat more 

convIncIng as we are able to detect products with a minimum of 0.5 

kcal/mole. Nonetheless, it would be more satisfying if there were 

not such a substantial amount of overlap between the two 

translational energy distributions used to fit the slower portion of 

the TOF spectra, particularly in the case of the ortho isomer. The 

exact shape of the P(E) used to fit the slowest channel is uncertain, 

making comparisons with theoretical energy distributions unjustified 

at this point. 

Let us reiterate what IS known. Clearly, two, and perhaps 

three, states are giving rise to products. Due to the presence of the Cl 

substituent, intersystem crossing is favored over internal conversion 
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In these molecules, implying that triplet states play an important role 

In their dissociation, but dissociation from the ground state can not 

be ruled out for the slowest channel. The fastest channel is certainly 

not due to a direct dissociation from the state initially excited, 

because there is no observed anisotropy of the product angular 

distribution. Photodissociation experiments at. other wavelengths 

would be useful in determining the exact nature of the electronic 

states which give rise to the observed TOF spectra. A first step in 

this direction will be presented in Chapter 3. 

secondary dissociation of tolyl radical to yield CH3 and C6H4 

Figure 10 shows quite clearly the extent to which secondary 

decomposition of the tolyl radical occurs. In this way, the slow side 

of the mle 73 TOF spectrum has been modelled, while nearly the 

entire mle 15 TOF spectrum can be accounted for in this way. The 

structure observed in the difference spectra (Figures 14, 27, and 35) 

shows, in a relative fashion, which of the three primary CI loss 

channels accounts for the secondary dissociation observed for each 

molecule. In the case of the ortho isomer, most of the secondary 

products result from the middle channel; for the meta isomer, the 

middle channel still plays a large role, but the slowest channel 

becomes more prominent; for the para case, the slowest channel 

dominates. This somewhat follows the trend observed in the 

medium:slow branching ratios, except for the meta and para isomers. 

Their ratios are the same, but there is apparently more secondary 

dissociation from the slow state in the para isomer. 
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Previously, it has been possible to estimate bond energIes In 

radical products by looking at the energy threshold where secondary 

dissociation occurs20 . Only· those products with sufficiently slow 

recoil velocities, or conversely, only those primary products with 

sufficient internal energy to break a given bond, will yield secondary 

products. By examining the primary difference P(E)s, one notes In 

the case of the ortho isomer, for example, that the probability 

extends out to 45 kcal/mole, but it is no longer appreciable after, say, 

32 kcal/mole. That might suggest that the tolyl radicals with less 

than 32 kcal/molein translation, or more than 19 kcal/mole internal 

energy (excess available energy - maximum translational energy 

possible to yield secondary . products), undergo secondary 

dissoci(!tion, i.e. one would approximate the CH3 -C6H4 bond energy In 

the 0 -tolyl radical to be roughly 19 kcal/mole. However, given that 

the difference P(E) does extend past 32 kcal/mole, this is only a 

rough estimate. Similarly, one can estimate the CHr C6H4 bond 

energies in the m- and Q.-tolyl radicals to be 21 and 30 kcal/mole 

respectively. 

Also problematic is the fact that the mle 73 TOF spectrum can 

not be completely simulated. There is a fast component to the 

spectrum that has not been accounted for at this time. It does not 

appear to be the result of a secondary process, e.g. secondary 

photodissociation of the tolyl radical, as the methyl radical spectrum 

would reflect this.· It also cannot be the result of molecular 

elimination reactions, e.g. HCI or even CH3CI elimination, as such 

processes would necessarily result from strained intermediates (see 

below). This would probably leave a considerable amount of internal 
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excitation in the products. In addition, CH3CI elimination would only 

be a possibility in the case of the ortho isomer, and the fast 

component is present in the mle 73 spectra of all of the molecules. 

Until the nature of the fast component is revealed, it is not possible 

to state that all primary and secondary reaction channels of these 

molecules have been identified. 

Absence of HCI elimination channel 

Several experiments have been performed on vinyl chloride 

and other chlorinated ethylenes 21 •22 in which HCI elimination has 

been observed to be a major channel. The absorption spectra of 

these molecules22 are very similar in appearance to those of the 

chlorinated benzenes, and it is reasonable to assume that similar 

states are responsible for the absorption features of both kinds of 

molecules. The HCI and acetylene or chloroacetylene products 

formed are found to be highly vibrationally excited21 •22, indicating 

that there is probably a great deal of strain on the molecule in 

bringing the Hand CI atoms close enough together. This may be one 

reason why the chlorotoluenes can not undergo this elimination 

reaction: the existence of the very stable ring to which the Hand CI 

atoms are attached prevents sufficient deformation to allow the HCI 

bonding to occur. Additionally, the Hand CI atoms are further 

separated in the chlorotoluenes as the C-C bond distance is somewhat 

longer in the benzene ring than in the ethylenes as is shown in 

Figure 3823 . The activation barrier to HCI elimination was estimated 

to be 72 kcal/mole22 in the case of viny1chloride, and from all 
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indications, should be higher than this in the case of the 

chlorotoluenes. Perhaps the barrier exceeds the available energy, or 

if the barrier is not so high, the HCI products may be quite slow and 

are buried in the tails of the m/e35 to mle 38 TOF spectra. 

Differences between the three isomers 

All- in all, the three isomers are remarkably similar in their 

dissociation behavior at 193 nm. The differences in branching ratios 

are within the experimental error, due to the overlap of the 

dynamically distinguishable channels. It appears however that 

dissociation· via the slowest channel is much more important in the 

para isomer as this component to the TOF spectrum is more evident. 

As· the para Isomer is the most symmetric of the three, it seems 

reasonable that it should behave somewhat differently than the 

ortho and meta isomers. It does not show any more isotropy in its 

product angular distribution than the others do, which demonstrates 

that rapid curve crossing and predissociation are likely in these 

molecules. 

v. CONCLUSIONS 

Photodissociation studies of the isomers of chlorotoluene at 193 

nm have been performed using a crossed molecular beam-laser 

beam apparatus in which products can be detected at various angles 

with respect to the molecular beam direction. This allows us to 

easily observe all of the products of photodissociation, and to 
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determine whether these products are the result of a pnmary 

photodissociation event, or whether they are the result of a pnmary 

product undergoing subsequent, secondary, decomposition. 

For all three isomers, we have observed three primary 

channels, which all involve loss of the Cl atom. In addition to the 

three primary channels, there is one secondary decomposition 

channel which involves dissociation of the tolyl radical, formed in 

one of the Cl loss channels. Approximate branching ratios between 

the three channels, for the three molecules, have been determined 

and are given in Table 1, together with the average amount of 

energy released in translation. There is no evidence that Hel 

elimination occurs from these molecules, nor are there any obvious 

differences among the velocity distributions of the three isomers 

attributable to differences in their structure. There are differences 

however in the way that the tolyl products of the three undergo 

secondary dissociation. Secondary dissociation occurs mostly from 

the middle channel for the ortho isomer, from both the middle and 

slow channels for meta, and mostly from the slow channel for the 

para compound. Rough estimates for the CH3 -C6H4 bond energies 

have been made from these data, and appear in Table 1. There 

appears to be one unidentified dissociation channel, which manifests 

itself as a fast component in the mle 73 through 76 TOF spectra. 

Polarization studies indicate that the state initially excited at 

193 nm is of a delocalized nature, probably a (1t, 1t*) state. There is 

no evidence that a transition involving a more localized, a* f- n state, 

such as occurs in the alkyl chlorides is of importance here. 
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TABLE 1 

ortho meta 

fast <Etrans> 33 33 3 1 

(kcal/mo1e) 

medium <Etrans> 13 13 13 

(kcal/mole) 

slow <Etrans> 7 7 7 

(kcal/mole) 

branching ratios 1 : 2.0 : 0.4 1 : 1.5 : 0.5 1 : 1.8 : 0.6 

(fast : medium : slow) 

<Etrans>' secondary 1 1 1 3 1 1 

(kcal/mole) 

Do(CH 3-C6H4) (approximate) 19 21 30 

(kcal/mole) 



Figure 1: Schematic of rotating molecular beam source apparatus: 

1, source chamber; 2, heater and thermocouple; 3, cryocooled plate; 

4, entrance lens and exit window for excimer laser; 5, interaction 

region where laser and molecular beams intersect; 6, liquid nitrogen 

cooled panels; 7, valve to open detector to main chamber; 8, TOF 

wheel for beam velocity measurements. It can be moved into, and 

out of position without breaking vacuum; 9, 5000 1/s diffusion pump 

for main chamber; 10, 6" diffusion pump (one of two) for source 

chamber; 11, ionizer; 12, quadrupole mass filter; 13, magnetically 

suspended turbomolecular pump; 14, ion optics for steering ions to 

15; 15, "doorknob" ion target; 16, plastic scintillator; 17, 

turbomolecular pump; 18, photomultiplier tube; 19, liquid N2 

reserVOlTs. 

Figure 2: o-CT TOF spectrum monitored at mle 91, 20°, 193 nm and 

at laser energies of 3 mJ and 55 mJ. No multiphoton absorption is 

noted. Dashed lines represent the CMLAB2 simulations of these data. 

Figure 3: Laser energy dependence of the o-CT signal monitored at 

mle 91, 20°, 193 nm. 

Figure 4: o-CT TOF spectrum monitored at mle 35, 193 nm at 20°, 

40° and 60°. The dashed lines represent the CMLAB2 simulations of 

these data. 

Figure 5: o-CT TOF spectra, ml 91, 193 nm, 20°, 40° and 60°. 

Figure 6: "Newton" diagrams for the photodissociation of 

chlorotoluene at 193 nm to yield tolyl radical (C7H 7) and Cl. The 

circles represent the maximum velocities of the product fragments 

with an excess available energy of 51 kcallmole. Vb represents the 

average molecular beam velocity, UC7H7 represents the maximum 
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allowed center-of-mass velocity of the tolyl fragment, and their 

resultant, vlab, represents a single laboratory velocity monitored at 

40° with respect to the molecular beam. 

Figure 7: ·'Center-'of-mass translational energy distribution, peE), 

used to simulate the fast peak in the o-CT mle 35 and 91 spectra at 

all angles. 

Figure 8: P(E)s used to simulate the middle peak In the o-CT mle 

35 and 91 TOF spectra, respectively. 

Figure 9: o-CT TOF spectrum monitored at mle 91, 20°, 193 nm. 

The simulated spectrum was generated by using the P(E)s used to fit 

the mle 35 spectra. The difference between the observed and 

simulated spectra represents tolyl radical which undergoes 

secondary dissociation. 

Figure 10: o-CT TOF spectrum, mle 73, 20°, 193 nm with CMLAB2 

simulation. 

Figure 11: o-CT TOF spectrum, mle 15, 20°, 193 nm' with CMLAB2 

simulation. 

Figure 12: o-CT TOF spectrum, mle 90, 20°, 193 nm with CMLAB2 

simulation. 

Figure 13: Difference peE), derived from the o-CT mle 91 and 35 

P(E)s, used to fit the mle 73 and 15 data. This difference represents 

the primary translational energy distribution of those tolyl products 

which undergo secondary dissociation. 

Figure 14: The secondary peE) used to fit the o-CT mle 73 and 15 

data. This is the translational energy distribution of the products of 

tolyl radical dissociation. <Etrans> = 11 kcal/mole. 
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Figure 15: P(E) used to simulate the slow tail observed in the 0 - C T 

mle 35 TOF spectra, together with a P(E) which is the sum of this 

slow P(E) and the mle 35 P(E) shown in Figure 8. 

Figure 16: o-CT TOF spectra monitored at mle 36 through 38, 20°, 

193 nm. The simulations indicate that these TOP spectra are 

composites of the spectra at mle 35(37) and mle 39, due to leaking 

of the signal through the quadrupole mass filter, and cracking of the 

mle 39 IOn in the ionizer. 

Figure 17: o-CT TOF spectra monitored at mle 76 through 73, 20°, 

193 nm. These data are simulated by assuming that the spectra at 

the lower masses result from cracking of the mle 76 ion in the 

ionizer. 

Figure 18: o-CT TOF spectrum monitored at mle 91, 20°, 193 nm. 

The laser was horizontally polarized and the simulation assumes an 

anisotropy parameter, ~, of 0.08. 

Figure 19: Here the laser was vertically polarized, and the 

simulation again assumes a ~ parameter of 0.08. 

Figure 20: m -CT TOF spectra monitored at mle 35, 193 nm, at 20° 

and 60°, together with the CMLAB2 simulations. 

Figure 21: Appropriately weighted P(E)s used to simulate the TOF 

spectra shown in Figure 20. 

Figure 22: m-CT TOF spectra monitored at mle 91, 193 nm, 20° and 

60°, with CMLAB2 simulations. 

Figure 23: Appropriately weighted P(E)s used to simulate the TOF 

spectra shown in Figure 22. The fast P(E) is the same one used to 

simulate the fast peak in the mle 35 TOF spectra. 
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Figure 24: m~CT TOF spectrum, tn/e73, 20°, 193" nm,'with CMLAB2 

simulation. 

Figure 25: rn-CT TOF spectrum,m/e'15, 20°, 193 -nm, 'with CMLAB2 

simulation. 

Figure 26: Difference P(E), derived from the m-CT mle 91 and 35 

P(E)s, used to fit the mle 73 and 15 data. 

Figure 27: The secondary P(E) used to fit the m-CT mle 73 and 15 

data. <Etrans> = 13 kcallmole. 

Figure 28: l! -CT TOF spectra monitored at mle 35, 193 nm, at 20°, 

40° and 60°, with CMLAB2 simulation. 

Figure 29: Appropriately weighted P(E)s used to simulate the TOF 

spectra shown in Figure 28. 

Figure 30: l!-CT TOF spectra monitored at mle 91, 193 nm, at 20° 

and 40°, with CMLAB2 simulation. 

Figure 31: Appropriately weighted P(E)s used to simulate the 

spectra shown in Figure 30. 

Figure 32: l!-CT TOF spectrum monitored at mle 73, 193 nm, 20°, 

with CMLAB2 simulation. 

Figure 33: l!-CT TOF spectrum, mle 15, 193 nm, 20°, with CMLAB2 

simulation. 

Figure 34: Difference P(E), derived from the Q-CT mle 91 and 35 

P(E)s, used to fit the mle 73 and 15 data. 

Figure 35: Secondary P(E) used to fit the l!-CT mle 73 and 15 data. 

<Etrans> = 11 kcallmole. 

Figure 36: Approximate energy level diagram for o-CT. 

Figure 37: Polarization data, l!-CT TOF spectra, monitored at m/e 

91, 20°, 193 nm. The laser was horizontally and vertically polarized, 
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as indicated. The CMLAB2 simulations assumed a B parameter of 

0.05. 

Figure 38: Equilibrium structures of Q.-CT and chloroethylene. 
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CHAPTER 3 

PHOTODISSOCIATION STUDIES OF THE 

CHLOROTOLUENES AT 248 nm 

I. INTRODUCTION 

In the prevIOus chapter, photodissociation data for the 

chlorotoluenes at 193 nm have been presented. It was noted that 

the three isomers behave virtually identically at this wavelength, 

with identical primary and secondary dissociation channels, and 

similar branching· ratios. Data at 248 nm were obtained to help in 

assigning which· electronic states might be involved in the two Cl loss 

channels observed at 193 nm. While the 248 nm data by themselves 

are not sufficient to make these assignments, they are quite 

interesting in their own right. 

The three isomers each have two pnmary Cl loss channels at 

248 nm, but the branching ratios between these channels are 

different for the three isomers. These differences might be the 

result of the different symmetries of the molecules, as will be 

discussed in this chapter. Assignments of the electronic states gIvmg 

rise to the two Cl loss channels are also made. 

H. EXPERIMENTAL 

The experimental setup was identical to that at 193 nm, with 

the exception of the laser wavelength and the spot size. The 

Lambda-Physik 103 MSC excimer laser was operated on the KrF 
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transition to produce the 248 nm radiation, and the beam was 

focussed to a 2 mm x 5 mm spot in the interaction region. Otherwise, 

molecular beam conditions and other experimental conditions were 

identical to those reported in the previous chapter. 

III. RESULTS AND ANALYSIS 

ortho-chlorotoluene 

Time-of-flight spectra were obtained at mle 91 and mle 35, at 

20° and 248 nm, in order to assist in the determination of which 

electronic states were involved in the Cl loss channels observed at 

193 nm. These spectra both contain two easily identifiable TOF 

distributions, one narrow and fast, the other, broad and slow. These 

spectra are shown in Figure 1. 

The fitting of the TOF data usmg the CMLAB2 program 1 has 

been described in the previous chapter. Both features in these 

spectra could be fit by assuming that reaction 1 is occurring, albeit 

with different amounts of the excess available energy in the 

translational degree of freedom: 

(1 ). 

The translational energy distributions used to fit the TOF 

spectra taken at mle 91 and 35, shown in Figure 2, are identical for 

each of these fragments, indicating that these fragments result from 

the same reaction channels. The fast distribution is observed to 
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extend to the' total excess available energy· of 18 kcal/mole, which 

means that some of the products are formed with all of the available 

energy in translation. These products have an average translational 

energy release of 10 kcal/mole. The slow P(E) peaks at 0 kcal/mole, 

and the average translational energy of fragments produced via this 

channel is 2 kcal/mole. These results are summarized in Table 1. 

meta- and para-chlorotoluene 

These isomers are virtually identical to the ortho compound in 

their dissociation behavior at 248 nm. Again, only two channels are 

observed, both yielding CI atom and tolyl or benzyl radical, CHr C6H4 , 

according to reaction (1). The TOF spectra, taken at mle 35 and 91, 

and at 20° for the meta isomer, together with the P(E)s used to fit 

them are found in Figures 3 and 4. The TOF spectra and P(E)s for the 

para compound are shown in Figures 5 and 6. The average 

translational energy released is found in Table 1, and is summarized 

briefly here: fast primary CI loss channel: m-CT, 9 kcal/mole, p-CT, 

11 kcal/mole; slow primary CI loss channel: m-CT, 2 kcal/mole, p-CT, 

2 kcal/mole. 

Branching ratio calculations 

What is unusual about these TOF spectra at 248 nm is that the 

branching ratios for dissociation via the two channels are so different 

for the three compounds. These branching ratios are given in Table 

1. They were calculated from the CI TOF data using the following 
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simplified version2 of the expression for the branching ratio 

described by Krajnovich3: 

where N' is the total number of detected ion counts at mass 35, 20° 

from either the channel designated T 1 or So, as will be discussed 

next, and the integrals are the calculated signal, evaluated 

numerically by the CMLAB2 programl. 

IV. DISCUSSION 

fast pnmary dissociation to yield Cl and mle 91 

As at 193 nm, it is most reasonable to assume that the two 

primary dissociation channels observed are the result of dissociation 

on two different electronic surfaces. Fortunately, more is known 

about the spectroscopy of these molecules in this region of the optical 

spec trum4 , and as the number of states from which the molecules 

can dissociate is limited to three, one can perhaps assign the states 

responsible. 

At 248 nm, the available excess energy, as previously defined, 

is 19 kcallmole. All three molecules have some products with the 

total available energy III translation. The three isomers have 
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slightly different fast P(E)s, as will be' discussed later, and a slightly 

different average translational energy release in this channel. 

The three isomers, ortho, meta, and para, are excited to 3530.8 

em-I, 3732.8 em-I, and 4038.1 cm- l respectively above their S1 

origins at 248 nm4. The fluorescence quantum yields at this 

wavelength are negligibly small, and it has been shown that the non

radiative lifetimes of the three molecules at this level of excitation 

are virtuaily the same. Even at 2000 cm- 1 excess energy, the non

radiative lifetimes of' the three molecules have already converged to 

a value of 1 ns.· It' is also known that these molecules undergo rapid 

intersystem crossing to T l' within ca. 1 ns.s. 

Based' on the aboveobsetvations, the' fast channel can be 

assigned to dissociation from either S 1 or T 1, or perhaps, from both. 

At 248 nm, there· is just enough energy to allow dissociation from S 1, 

but it is also known that ISC to T1 proceeds rapidly. Thus, the fast 

channel is assigned to dissociation largely from T l' but one must 

remember that dissociation from SI is energetically allowed so that 

some of the fastest product may result from this electronic state. 

slow. primary channel yielding Cland mle 91 

If dissociation were only to occur from S 1 to give the fast 

products, the· 'slower channel could result from dissociation by triplet 

state molecules or ground state molecules. On the other hand, if 

dissociation from T 1 is responsible for most of the faster products, 

then only ground state molecules can give the slow products. The 

average translational energy released is quite small, 2 kcal/mole, for 
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each of the molecules. The TOF spectra of all three molecules are fit 

using the same "Boltzmann" peEr), a peEr) of the form Erl/2exp( -ET/E), 

where in this case, E equals 2 kcal/mole. This peE) peaks at zero 

kcal/mole translational .energy, implying that disssociation is 

occurnng from the ground state. Together with the evidence 

asslgnmg T 1 to the fast channel, the second dissociation channel IS 

identified as coming from the ground state. RRKM calculations to 

model ground state dissociation are underway, and will allow us to 

confirm our assignment of the electronic state which gives rise to the 

slow TOF distribution. Next, one should address what is the most 

likely pathway the molecule takes to reach the ground state. 

Because of the large energy gap between the electronic origins of the 

first excited triplet and ground states6 , ISC is expected to occur more 

slowly7, but this is still a more likely process than internal 

conversion (IC) from Sl' The branching ratio differences observed 

between the three molecules will be discussed next. 

branching ratio differences at 248 nm 

At this level of excitation, it is known -that the three molecules 

will have similar non-radiative lifetimes. However, the TOF spectra 

indicate that the amount of products coming from dissociation of the 

S 1 andT 1 states versus the amount of products coming from 

dissociation of the So state is different among the three isomers. 

That is to say, the TOF spectra are measuring the relative amounts of 

dissociation from S 1 and T l' and from So, and from this it can be said 

that the relative rates of dissociation from S 1 and T I, and ISC to So 
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are being measured. Figure 7 provides a graphic description of the 

competing dissociation pathways. A measure of the non-radiative 

lifetime from fluorescence studies: caimot distinguish among the 

various processes taking place. 

What can give rise to these observed differences in the relative 

rates of dissociation. and electronic relaxation among the three 

isomers? The major difference between the three isomers is their 

symmetry. The ortho and meta isomers are of low symmetry, 

belonging to the Cs class. The para isomer has higher symmetry, 

belonging to the class C2V ' How the symmetry of the molecules can 

affect the branching ratios as observed will be discussed next. 

molecular symmetries and T 1/S0 branching ratios 

A large body of theory has been developed? to address the 

interesting phenomenon of electronic relaxation and non-radiative 

transitions generally. In principle, if the Franck-Condon factors and 

energy gaps between the states involved in the non-radiative 

transition are known, then the relative rates of non-radiative 

transitions may be calculated. In practice, however, the Franck

Condon factors are not known for molecules with negligible 

fluorescence yields like the chlorotoluenes. 

The results of several experiments have been attributed to 

symmetry effects8, but again, most of these involve measurements of 

non-radiative lifetimes from fluorescence data, rather than 

measurements of the rates of the "non-radiative" processes 

individually, e.g., dissociation and intersystem crossing. One study on 
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chlorotoluenes did seek to determine photodissociation and triplet 

quantum yields following excitation in the range of 250 nm to 280 

n m 6, and dissociation rates were estimated from these data. It was 

concluded that the triplet state was responsible for some of the 

dissociation products, but further ISC to the ground state with 

subsequent dissociation could not be ruled out. This study also 

revealed that when excited to the 0-0 level in S 1, o-CT dissociates 

somewhat faster than m -CT which, in turn, dissociates somewhat 

faster than ll-CT following ISC to T 1. These differences were ascribed 

to the different symmetries of the molecules. It should also be 

pointed out that the 0-0 levels of the three molecules are at 271.5 

nm for o-CT, 273.0 nm for m-CT, and 275.5 nm for 12-CT. The small 

differences in dissociation rates could be merely the result of the 

slight excess of available energy from the different 0-0 energies. 

These slight excesses would not be very important in the dissociation 

of ground state molecules but might prove important in dissociation 

on the triplet surface and the excited singlet surface, with their 

relatively fewer vibrational levels. 

The different Franck-Condon factors which result from the 

different shapes of these molecules can probably account for some 

differences in rates of electronic relaxation, ISC i,n this case. 

However, the rate is largely determined by the spin-orbit coupling of 

the CI substituent alone9 . 

Differences in the dissociation yields from two different 

electronic states have been observed. Since ISC rates are largely 

determined by the heavy atom substituent, let us assume that the TI 

to So ISC rates are similar. Then, since the amounts of energy 
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available to each isomer are slightly different, it would seem that 

perhaps the differences in branching ratios can ,be ascribed to 

differences in the rate of dissociation from the upper electronic 

states. Our observations are consistent with the studies that 

estimated dissociation rate constants for the chlorotoluenes: the 

largest amount of dissociation from the triplet state occurs for o-CT, 

which has the largest triplet dissociation rate constantS, and the 

smallest amount of dissociation from the triplet state occurs for p-CT, 

which has the smallest triplet dissociation rate constant. It certainly 

suggests that photodissociation experiments should be performed on 

other "families" of isomers, especially the isomers of difluorobenzene 

where fluorescence studies already indicate differences in the rates 

of non-radiative transitions8 . All of the dihalobenzenes are 

attractive candidates because of their intersystem crossing abilities 

One could perhaps "tune" the ISC rate by using mixed 

dihalobenzenes, e.g. C6H4CIF, which should have a faster ISC rate than 

the chlorotoluenes, and in which the C-CI bond is still weaker than 

the other C-X (X = halogen) bond, and thus will break preferentially. 

Then, the branching ratios obtained for these isomers could be 

compared with those obtained for the chlorotoluenes. 

Finally, one must discuss the observed differences In the fast 

P(E)s used to fit these data. This is most likely due to the fact that 

the exit impact parameters (b) for dissociation are different. For the 

para isomer, b is 0; therefore, no rotational excitation of the 

departing fragments occurs, and energy is only partitioned between 

translational and vibrational degrees of freedom. By virtue of their 

geometry, the exit impact parameters for the ortho and meta isomers 

8 1 



are identical: 0.44 angstrom. A rigid radical impulsive modepo of 

the dissociation process predicts that the amount of energy 

partitioned to translation, Etrans/Eavailable," is a function of b, namely 

[1 + ~b2/I]-1, where ~ is the reduced mass for the dissociation 

products, b is the exit impact parameter, and I is the moment of 

inertia about the axis perpendicular to the molecular plane. The 

quantities ~ and I are 25.278 a.m.u. and 259.541 a.m.u.A2, 

respectively. These are derived from the equilibrium structures of 

the molecules. For ortho and meta-chlorotoluene, the model predicts 

that 98% of the available energy appears in translation. This says 

that the ortho and meta isomers should have at most 18.6 kcal/mole 

in translation, versus 19 kcal/mole in translation for the para isomer, 

excluding the internal energy of the parent molecules. Such a small 

difference in the translational energies is beyond the resolution of 

these experiments. What is actually observed is that the ortho and 

para isomers apparently have products with translational energies 

slightly greater than the available energy as defined, 20 kcal/mole 

and 22 kcal/mole, respectively. As beam conditions were virtually 

identical for the three isomers, it is not possible to attribute the few 

extra kcals/mole to differences in the internal energies of the parent 

molecules. Such small shifts in the leading edge of the spectra may 

be the result of other experimental parameters, such as the ion flight 

time constant which is strongly affected by any fluctuations in the 

"doorknob" ion target voltage. However, it does appear that the 

three isomers yield products with all of the available energy in 

translation, so that the rigid radical model is probably appropriate 

here. 
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v. CONCLUSION 

Photodissociation of the chlorotoluenes at 248 nm reveals that two 
I 

dissociation pathways, both involving loss of the CI atom, exist. 

These two channels have been assigned to dissociation from the T 1 

state, and dissociation from the So state, following intersystem 

crossing. It is known that the molecules are excited to approximately 

3000 to 4000 cm-l above the Sl origin at 248 nm, and undergo rapid 

intersystem crossing to T 1 before dissociating. The average 

translational· energy released is the same for each of the isomers, 9 

kcallmole for the triplet dissociation, and 2 kcallmole for the ground 

state dissociation. However, the branching ratios for dissociation via 

these two channels are different for the three isomers: o-CT, T 1/S0 = 

3.3; m -CT, T 1/S0 = 1.4; ll-CT, T 1/S0 = 0.3. The branching ratio 

differences are interpreted as being differences between the relative 

rates of dissociation from T 1, and intersystem crossing to and/or 

dissociation from So' and may result from the different shapes, and 

hence symmetries, of the molecules. 
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TABLE 1 

ortho meta 

fast <Etrans> 10 9 1 1 

(kcal/mole) 

slow <Etrans> 2 2 2 

(kcal/mole) 

branching ratios 3.3 1.4 0.3 

(TtlSo) 



Figure 1: o-CT TOF spectra, monitored at mle 35 and 91, 

respectively, 20°, 248 nm, with CMLAB2 simulations. 

Figure 2: Appropriately weighted translational energy 

distributions, P(E)s, used to fit the TOF spectra in Figure 1 . 

. Figure 3: m-CT TOF spectra, monitored at mle 35 and 91, 20°, 248 

nm, with CMLAB2 simulations. 

Figure 4: Appropriately weighted P(E)s used to fit the TOF spectra 

in Figure 3. 

Figure 5: 12-CT TOF spectra, monitored at mle 35 and 91, 20°, 248 

nm, with CMLAB2 simulations. 

Figure 6: Appropriately weighted P(E)s used to fit the TOF spectra 

in Figure 5. 

Figure 7: Schematic of the competing dissociation channels which 

give rise to the two observed TOF distributions in the case of each 

isomer. 
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CHAPTER 4 

1 + 1, VUV + UV, RESONANT IONIZATION OF Cl ATOM 

I. INTRODUCTION 

Resonantly enhanced multiphoton ionization (REMPI) is a 

highly sensitive and selective method of detecting molecules and 

atoms 1. Detection limits as low as a single atom have been 

reported 2 . In our case, we were interested in detecting chlorine, 

hydrogen and bromine atoms resulting from secondary dissociation 

and overtone induced dissociation of such species as 2-chloroethyl 

radicaP, and 2-bromo-2,2-difluoroethyl radical4 . Because of the 

difficulty in making large amounts of such radical species for 

investigation, and thus, in making the atoms to be detected, a 

sensitive technique such as REMPI is attractive. 

Two photon resonances sufficiently close to the ionization 

threshold for the Br atom fall into the wavelength range easily 

accessible to the doubled output of a dye lasers. The same 

transitions for the Cl atom appear at somewhat shorter wavelengths, 

where mixing of the output of a doubled dye laser with the 

fundamental of a Nd:YAG laser would be necessary6 to attain 

sufficient laser power. Strong single photon resonances close enough 

to the ionization theshold occur in the vacuum ultraviolet (VUV) for 

these halogen atoms, and for the hydrogen atom. In general, it 

appears that despite the lesser amount of laser power available 1D 

the VUV7, the enhanced cross section for a one-photon versus a two

photon transition8 warrants using a resonant ionization scheme in 

94 



which the first photon is in the VUV, and the second photon is 

energetic enough to ionize the electronically excited atom. Figure 1 

depicts the important energy levels in the CI atom, and the laser 

energies used to ionize the atom in our experiment. 

The two simplest means by which VUV light of the desired 

frequency could be generated both rely on four-wave mixing in rare 

gases? In the first method, to be described in this chapter, light at 

118.877 nm, for exciting the single photon transition in CI atom, was 

generated by tripling light at 356.6 nm in Xe. In the second 

method 8, currently being utilized, light at 594.4 nm and 297.2 nm IS 

mixed in Kr to produce the desired 118.877 nm radiation. In the 

first case, residual UV radiation at 356.6 nm is sufficient to ionize the 

excited atoms, while in the second case, the residual 297.2 nm light 

ionizes the atoms. 

The molecular beam apparatus used in these experiments was 

originally designed and constructed by Dr. Timothy K. Minton (TKM), 

and later modified. It is described in detail in the experimental 

section. 

II. EXPERIMENTAL 

The MPI Machine 

The MPI machine, shown schematically in Figure 2, consists of 

a single source region where the sample molecule is introduced into 

the machine and a molecular beam is formed, a main chamber region 

where the molecular beam may be intersected at right angles by 
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laser beams during the course of an experiment, a time-of-flight 

(TOF) tube open to the main chamber region when ion products are 

to be detected, and a beam catcher region where the molecular beam 

IS pumped away after leaving the main chamber. 

Originally, the source was configured to produce a continuous 

molecular beam. The sample molecule, typically seeded In a rare 

gas carrier at a total pressure of 100 to 150 torr (13.3 to 20.0 kPa), IS 

introduced through a 5 mil (.127 mm) nozzle and the resulting 

molecular beam is skimmed 0.22 inches (.559 cm) downstream by a 

20mil (.508 mm) electroform skimmer. The tip of the nozzle can be 

heated up to several hundred degrees Celsius using thermal coaxial 

heating cable and a Variac. An iron-constantan thermocouple is used 

to measure the nozzle temperature. The sample inlet tube may also 

be heated when using low vapor pressure liquid samples or solid 

samples. The nozzle is at the end of a stainless steel inlet tube and 

is surrounded by a stainless cage which keys into the narrow end of 

a 14" reducer flange. The skimmer then fits neatly into the reducer 

flange and is bolted to the reducer and the nozzle cage. The 

background pressure in the source region is maintained at 10-4 torr ( 

"" 10-2 Pa) by a water trapped 10" diffusion pump (Varian MI0, 

2200 lIs). 

In TKM's original assembly, the reducer flange is separated 

from the main chamber housing by a 1" spacer. This is to prevent 

the reducer from approaching too closely to the ion optics which are 

located in the main chamber, directly below the time-of-flight tube. 

Thus the molecular beam is intersected by the laser beams 3.32 

inches (8.43 cm) downstream from the nozzle. In 1987, the foreline 
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for the source was redesigned and a 0.5 inch spacer replaced the 

original 1" spacer. Now the intersection point between laser beams 

and the molecular beam is 2.81 inches (7.14 cm) downstream from 

the nozzle. This decreases the molecular beam diameter in the 

interaction regIOn from approximately 0.30 inch (0.76 cm) to 0.26 

inch (0.66 cm), based on a simple geometric calculation. 

The main chamber region contains the ion optics which send 

ions produced by the laser beams up the time-of-flight (TOF) tube 

toward the detector. The detector will be described shortly. The ion 

optics, shown in Figure 3, were designed by Dr. Carl C. Hayden based 

on the ideas of Wiley and McLaren9• The assembly, from top to 

bottom, consists of the following electrostatic lenses: left and right 

beam steerers, front and rear top einzel lenses, a middle einzel lens, 

a bottom einzel lens, an accelerator lens, an extractor lens, the top 

and bottom plates which span the region where the ions are 

produced, referred to as the ion region lenses, and a spacer ring. The 

bottom ion region lens was originally used to mount an electron gun 

for electron impact ionization. However, the spacer ring was 

modified by TKM so that an electron gun was not required. The 

spacer now has two holes drilled through its sides to allow one to 

send a laser beam through the spacer, perpendicular to, but well 

. below the molecular beam. In the center of the spacer ring, a small 

metal plate is mounted at a 45° angle with respect to the laser beam. 

By focussing a laser. onto the metal plate, and by applying 

appropriate bias voltages to the plate and to the bottom ion region 

lens, photoelectrons are produced and sent through a 3/8" hole in the 

lens to ionize molecules in the beam. This photoelectron source was 
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used in the initial molecular beam diagnostics and in testing the TOF 

detector. Naturally, each of the other lenses also has a 3/8" hole in 

its center to allow passage of the ions to the TOF tube! In general, 

sufficient signal is obtained when only the ion region lenses and the 

extractor are used. Typically, this three lens assembly was used with 

the following voltages: ion region, bottom at 1300V and the top at 

1l00V; extractor voltage 1000 to 1050V. In order to increase the 

mass resolution, one must give the ions less kinetic energy or in 

other words, reduce the voltages applied to the ion region and 

extractor lenses. However, increased mass resolution brings about a 

decrease in the absolute signal magnitude and thus for most 

applications, resolution has been sacrificed to afford a higher count 

rate. The mass resolution is on the order of 5 to 10 a.m.u./e when 

the ion region and extractor lenses are used at the potentials given 

above. 

The mam chamber has two laser entry flanges, symmetrically 

disposed about the molecular beam axis. This allows one to align two 

laser beams, both orthogonal to the molecular beam, in an anti

collinear fashion through the center of the ion optics. One can then 

easily perform pump and probe experiments in which one often 

wishes to focus the laser beams independently, and in which the 

pump and probe wavelengths might be similar, making colinear laser 

beam recombination lossy or difficult. The laser entry flanges 

contain fused silica windows, 2" in diameter and 0.25" thick. The 

mating flanges on the main chamber housing have scribe marks to 

allow placement of cross hairs for accurate and reproducible 

alignment of the laser beams in the center of the ion optics. 
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The background pressure in the main chamber is typically at 

10-6 torr (::::: 10-4 Pa) or less. A Sargent Welch TurboTorr 

turbomolecular pump, (Model 3133,1500 I/s) provides the maIn 

pumpmg. A 6" liquid nitrogen (LN2) trapped diffusion pump 

(Varian M6, untrapped 1500 1/s) is also available for pumpIng on the 

maIn chamber during the course of an experiment. 

The time-of-flight (TOF) tube is connected to the mam chamber 

region directly above the ion optics via a 3/8" hole, which is closed 

with a gate valve when the machine is not in use, or when the main 

chamber needs to be opened. The TOF tube is perpendicular to the 

plane formed by the molecular and laser beams, and is 40.75 inches 

(1.035 m) long. The distance from the region where the laser beams 

and molecular beam intersect is 7.00 inches, so that the ions must 

travel approximately 47.75 inches (1.213 m) before reaching the 

detector. The TOF spectrometer is calibrated using a simple molecule 

which does not give fragments differing by less than 5-10 a.m.u./e 

such as NO, which does not fragment under these mild 

photoionization conditions. Located at the top of the TOF tube IS the 

detector. The detector consists of three parts: the ion target 

or" doorknob", a scintillator and a photomultiplier tube. The 

"doorknob" is a doorknob-shaped piece of stainless steel coated with 

aluminum, and biased at a potential of -30kV by a Hipotronics HVDe 

0-50kV supply. The ions are rapidly accelerated toward the target 

and electrons are released by the target following ion impact. Each 

ion produces between 6 and 8 electrons depending on the size of the 

IOn. These electrons then experience a large repulsive force and are 

acelerated away from the doorknob, toward the scintillator. The 
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scintillator is an aluminum coated piece of PILOT U or PILOT B, a 

plastic scintillator. The photons from the scintillator are detected by 

a photomultiplier tube (RCA 8850). The PMT is external to the 

vacuum, and is coupled to the quartz window behind which the 

scintillator sits with optical coupling grease. The ion pulses from the 

PMT are sent to a constant fraction discriminator, and the positive 

going pulses from the discriminator are used to trigger a level 

adaptor. The TTL pulses from the level adaptor are finally sent to a 

multichannel scalar, designed and built at Lawrence Berkeley 

Laboratory, with a resolution of 150 nsf channel. The scalar is 

triggered by the laser to record these ion counts as a function of 

arrival time at the detector. Typically, thousands of the time-of

flight mass spectra obtained in this way are stored and averaged by 

a dedicated DEC LSI11/73 computer which is CAMAC interfaced to 

the scaler. Alternatively, in the case of large signals, the output from 

the PMT may be sent directly to a boxcar integrator. The TOF tube is 

maintained at a pressure of 10-7 torr ( :::: 10-5 Pa) by a Pfeiffer TPU-

110 turbomolecular pump (110 1/s). In the event of a power failure, 

the TOF tube is automatically vented by a Pfeiffer TSF-OIO automatic 

switch, on the low pressure side, to prevent oil from the turbo pump 

from contaminating the the surface of the "doorknob" and scintillator. 

The last distinct section of the machine is the beam catcher 

region. The beam catcher region is separated' from the main 

chamber by a steel wall with a I" hole at its center. On the main 

chamber side of this wall is a very smooth, polished tube which 

approaches the ion optics to within 0.5 inch. Here the molecular 

beam begins to enter the beam catcher. This tube extends to the . 
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other side of the wall. The beam catcher region is pumped by a 6" 

LN2 trapped diffusion pump (Varian M6) and is at a pressure of 10- 7 

torr ( =:: 10-5 Pa) during operation. The beam catcher serves to 

prevent molecules from colliding with the back wall of the machine 

and returning to the main chamber where collisions between these 

background molecules and the molecular beam could occur. Also, 

when using a pulsed molecular beam, one can detect time-dependent 

signals from pulses of molecules which re-enter the interaction 

region after having made the round trip to and from the back wall of 

the machine. The beam catcher wall prevents this from occurring. 

To cut down on spurious background of this nature even further, one 

could cool the beam catcher wall with LN2 to condense the molecules. 

The MPI machine is actually very flexible in its design. The 

source can be easily altered to install a pulsed nozzle and a skimmer. 

The source, continuous or pulsed, may also be attached to the beam 

catcher end of the machine. By removing the differential wall 

separating the beam catcher and the main chamber, the reducer may 

be brought to within approximately 0.5 inch of the interaction region. 

The beam catcher plate may be installed where the source reducer 

normally keys into the main chamber, and the extra 6" diffusion 

pump from the main chamber assumes the role of the beam catcher 

pump. Finally, two small flanges exist on the beam catcher end of 

the machine. The source can be reconfigured using a pulsed nozzle 

fitted with an extension that has a small transverse hole drilled 

through itlO. A laser beam could enter the source region through a 

window in one of these flanges, and be made to intersect the 

molecular beam via the small hole. In this way, one may use the 
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machine to prepare cold free radicals by dissociating an appropriate 

precursor molecule in the nozzle, and allowing the stable radical 

species to be collisionally cooled. 

VUV Generation 

In order to generate the vacuum ultraviolet (VUV) radiation 

needed to detect CI atom, the MPI machine has been fitted with a 

small gas cell at the entrance window for the laser. The cell has a 

Suprasil entrance window, and a LiF exit window. The transmission 

of LiF at 118.877 nm is estimated at 50% or betterll. To generate 

the VUV light at 118.877 nm, a 356.6 nm beam is focussed at the 

center of the cell using a 10 cm Suprasil lens. The cell is evacuated, 

and then filled with an optimized pressure of Xe gas. The cell 

extends into theMPI machine in order to minimize the use of LiF 

optics required to refocus the UV and VUV light which diverges 

after exitting the cell. With this configuration, the UV spotsize is 

measured to be 0.3 cm at the interaction region of the laser with the 

sample. Figure 4 is a schematic of the machine and laser 

configuration used. 

The UV light is generated by doubling the ouptut of a Quanta

Ray PDL pulsed dye laser, pumped by the second harmonic of a 

Quanta-Ray DCRIA Q-switched Nd:YAG laser. The dye laser is 

operated with Exciton LDS 698 dye, and its visible output is doubled 

in a Type I KDP crystal (lNRAD). The visible and UV beams are 

separated using a Pellin Broca prism, and the UV radiation is directed 

into the cell and the machine with a pair of 45° 355 nm reflectors 
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(CVI Laser Corp.). The UV laser energy, as measured after the LiF 

output window of the gas cell, is typically 5 rnJ in these experiments. 

The number of VUV photons produced is estimated by performing a 

one photon ionization on a known quantity of benzene molecules, and 

detecting the number of ions produced. Benzene was chosen for this 

measurement because it has a known photoionization cross-section, 

and because this cross-section is relatively insensitive to wavelength 

in the region of interest I 2. In this way, it is estimated that 106 VDv 

photons are produced in the interaction volume per laser shot. The 

spectral width of the dye laser light is measured to be about 0.5 cm- 1 

using a Fabry-Perot etalon. The UV wavelength is calibrated using a 

Ne optogalvanic cell I3 for each experiment to facilitate detection of 

the CI signal. 

CI Atom Source 

The CI atoms to be detected are produced in situ by 

photodissociating Cl2 with the residual 356.6 nm light. The 

absorption IS to a state which correlates to two ground state CI 

atoms 14. It is estimated that 10L 1 0 8 CI atoms/laser shot are 

produced in an interaction volume of _ 0.1 cm3 . Thus, production 

and detection of the atoms is effected by a single laser pulse. Due to 

the corrosive nature of the C12 , a continuous Source, constructed of 

stainless steel, is used. A C12/ Ar gas mixture is bled through the 

nozzle, and into the machine, through' a Monel needle valve, and the 

background pressure in the source region, measured intermittantly 
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by a Bayert-Alpert ion· gauge, is used to estimate the amount of CI 

ultimately produced in the interaction region. 

III. RESULTS AND ANALYSIS 

The Xe pressure in the VUV gas cell is optimized by 

varying the gas pressure, and monitoring the amount of benzene IOn 

produced in the one-photon ionization of this molecule. A plot of 

benzene ion signal versus Xe pressure is shown in Figure 5. 

In searching for the CI atom 2D f- 2p transition, ion signals are 

monitored at both mle 35 ± 5 a.m.u./e and 70 ± 5 a.m.u./e as a 

function of laser wavelength. The spectra for CI and Cl2 are shown In 

Figures 6 and 7. The spectral region of interest, i.e. where the 2D f-

2p transition occurs, is shown in Figure 8 for both Cl2 and Cl. Finally, 

the CI spectrum is "normalized" by dividing it by the Cl2 spectrum, 

and normalizing this ratio to 1. The normalized ratio is plotted 

versus wavelength in Figure 9, the peak coresponding to 84,103 ± 3 

c m -1, according to the optogalvanic calibration. The transition is 

reported at 118.877 nm, or 84121 cm-1 15 

IV. DISCUSSION 

The purpose for attempting to detect CI atoms with VUV and 

UV light generated by a nanosecond laser was to begin to optimize 

the MPI machine for the task of detecting CI and H at'oms, produced 

in the overtone-induced decomposition of 2-chloroethyl radical for 

example, using a picosecond light source. In so far as VUV radiation 
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has been generated, and a transition in the CI atom has been 

observed, the attempt has been successful. However, there are many 

areas of improvement. These will be outlined in the following 

discussion. 

A. CIAtom Source 

At the time this experiment was conducted, a single laser was 

available for use, and so the "one laser generation-detection" scheme 

was born. It happens' that the chlorine molecule has, an abundance of 

states in the region of the VUV spectrum of interest to us, and at 

least one of those accessible is an ion pair state16 . Thus, it is not 

unlikely that some portion of the CI+ generated in our experiment IS 

the result of the dissociation of this ion-pair state. A worst case 

estimate of the number of CI+ formed via the ion-pair state is made 

by assuming that all Cl2 molecules which absorb a photon dissociate 

on this potential surface. This leads us to an estimate of 10 ions/shot 

in the interaction volume. This is roughly a factor of 3 more than the 

anticipated signal for the desired CI atom ionization. Another source 

of CI+ in the experiment is from the cracking of Cl2 +, produced by 

absorption of the VUV, and then the UV photon. Again, assuming 

that all of the Cl2 + crack to form CI+ and CI, roughly 10 ions/shot are 

expected. Both these processes would create chlorine ions whose 

spectra are identical to that of the chlorine molecular ion, and as' can 

be seen, this is very nearly the case. One way to get rid of the' 

extraneous CI+ signal would be' to use a thermal CI atom source17 . 

This source would also yield as many as 105 more CI atoms than the 

dissociative source. This would give a more comfortable signal 

margin over the present detection limit of _106/cm 3. 
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B. VUV Generation 

It has been previously estimated 18 that by using a picosecond 

laser, a factor of 2 x 102 improvement in VUV laser energy will be 

realized. In practice18 , it is actually found that the picosecond VUV 

source produces roughly 102 times more ions per laser shot than the 

nanosecond source, in accordance with the estimate. It appears that 

the limiting factor in increasing the peak power in the non-linear 

medium (Kr in this case) is the four photon ionization of the gas. As 

stated above, the choice of tripling radiation at 356.6 nm was made 

in part because this wavelength could also be used to dissociate Cl2 

into two ground state atoms. Due to the limited tuning range of the 

picosecond dye laser, two photons at 297.2 nm will be "mixed" with a 

photon at 594.4 nm in Kr to generate the 118.877 nm photons 

required for CI atom detection, rather than using the tripling process. 

Recently the LiF exit window on the gas cell was replaced by a 

quartz capillary 18. The UV and visible beams were tightly focussed 

through the tube and entered the machine. The conductance of the 

rare gas through the tube is negligible. This affords about a factor of 

2 improvement of laser throughput into the vacuum chamberll . 

C. Wavelength Calibration 

While the optogalvanic cell IS a good means of calibrating the 

frequency of the visible and UV laser, it would also be helpful to 

generate a VUV spectrum, using the MPI machine, of some molecule, 

preferably with a known spectrum, with sharp features in the 

wavelength range of interest. This could be used as a standard for 

future calibration. 
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Obviously, a peak has been observed in the CI atom spectrum, 

but it does not coincide precisely with the reported transition. Either 

the wavelength calibration is incorrect, or the 2D t- 2p transition is 

not responsible for the observed peak. With the new picosecond 

laser, and an improved source of CI atoms, the transition will be 

observed with fewer ambiguities. 

V.CONCLUSION 

A first effort has been made at detection of CI atoms usmg a 

resonant ionization method which involves absorption of a VUV 

photon, followed by absorption of a second UV photon of an energy 

sufficient to ionize the atom. The atoms are detected in a TOF 

spec trometer. 

In this particular experiment, there are other sources of CI+ 

background which make it necessary to extract the desired signal 

from the rather noisy data. This, coupled with a low CI atom number 

density in the beam, and a low VUV photon flux make it difficult to 

assess whether the desired 2D t- 2p transition at 118.877 nm 

(84,121) has been observed. A peak in the CI atom spectrum IS 

observed at 84,103 ± 3 cm- 1, 18 cm- 1 lower in frequency than 

reported. 
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Figure 1: CI atom energy levels, and photon energIes used In the 

resonant ionization scheme described. 

Figure 2: Stylized schematic of the MPI machine: 1, nozzle; 2, 

skimmer; 3, VUV cell; 4, ion optics with intersecting laser and 

molecular beams; 5, "doorknob" ion target; 6, plastic scintillator; 7, 

photomultiplier tube. 

Figure 3: Ion optics: 1,9, mounting plates; 2, spacer ring; 3, bottom 

ion region; 4, top ion region; 5, extractor; 6, accelerator; 7, einzel 

lenses; 8, beam steerers. 

Figure 4: Schematic of laser setup used: S H G, second harmonic 

generation; PHS, prism harmonic separator(Quanta Ray); P, quartz 

right-angle prism; PB, Pellin-Broca prism; BS, beam stop; L, lens; C, 

VUV cell; ve, vacuum chamber. 

Figure 5: Plot of benzene ion signal observed versus Xe pressure 10 

VUV cell. 

Figure 6: CI ion signal as function of VUV frequency. 

Figure 7: Cl2 ion signal as function of VUV frequency. 

Figure 8: Blowup of spectral region where CI transition is expected; 

CI and Cl2 ion signals as function of VUV frequency. 

Figure 9: CI ion signal, normalized by dividing by the Cl2 IOn signal. 

Error in signal level indicated by dots. 
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