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ABSTRACT 
A description lo presented of a study of the photodis

sociation dynamics of molecules in a molecular beam. Photo-
fragmentation translational spectroscopy has been utilized 
to observe the photodissociation dynamics of ozone. Using a 
supersonic molecular beam and a 10 nanosecond pulsed laser 
at A = 266 nm, the velocities of the fragment products are 
measured by the method of time of flight. 

The resolution of the time of flight spectrum of ozone 
is sufficiently high that the electronic and vibrational 
states are clearly resolved and identified. Above the 
threshold (X < 310 nm), the quantum yield for the production 
of 0( D) has been estimated in the past to be unity for the 
process 

0- (-"-A.) + hv)X < 300 nm)->0_(1Bo)^0o(1An,) + 0( 1D) 
J 1 J c e! g 

•3 _ -3 

However a small production of 0„ ( £ ) + 0( P) has been 

observed in this study. 
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I. INTRODUCTION 
The study of the dynamics of photodissociative pro

cesses has been an active field of research for many years. 
Yet, there is still little detailed information about the 
dissociation states of polyatomic molecules, and the dynamics 
of the dissociation process. Simple systems such as linear 
triatomic molecules are still ambiguous as to their actual 
dissociative mechanism. In order to further understand the 
nature of photodissociation dynamics, it is desirable to 
study small systems, i.e. quasidiatomic and triatomic, where 
it is possible to compare the results of experiments with 
advancing theory. For this reason we have chosen to study 
the photodissociation dynamics of the nonlinear triatomic 
ozone molecule. 

Photofragment translational spectroscopy, which is con
ceptually very simple, has in principle all the attributes 
necessary to study the dynamics of photodissociative events. 
The probability for a molecule to absorb light is dependent 
on the orientation of the molecule with respect to the E 
vector of the excitation source. If the photofragments 
that are formed recoil in a nonrandom fashion, the spatial 
anisotropy of the products gives information about the dis
sociative transition. Information about the energy parti
tioning of the excess energy among the electronic, vibra
tional, rotational, and translational degrees of freedom of 
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fragments yields details of electronic curve crossings, 
vibrational couplings, rotational interactions, and all 
other factors associated with the time dependence in the 
fragmentation event. Thus by measuring the anisotropy 
in angular distribution and energy partition of the frag
ments from photolyzed molecules, photodissociative 
mechanisms can be determined. 

Design Criteria for Photofragment Spectrometer 
Figure 1 shows the basic features of a photofragment 

spectrometer. A molecular beam is crossed with short pulses 
of linearly polarized light and generally a quadrupole mass 
spectrometer is used to selectively detect relative fluxes 

p of the fragments. By varying the polarization angle of 
the light pulse, one can measure the angular distribution of 
fragment products. Also by measuring the flight time from 
the photolyzing pulse, the velocity of the products can be 
obtained. Invoking energy conservation, 

ETrans = EPhoton " EBond - EInter:ial (1 

one obtains an energy distribution for the products. 
Several instruments of this type have been used in the 

study of photofragmentation in the past; however, each has 
encountered some difficulties in obtaining high resolution 
spectra for a large variety of molecules due to various 

2 3 H reasons. »-" If one uses an effusive molecular beam, the 
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translational energy of the beam is thermally distributed. 
If the fragment translational energy is not in excess with 
respect to this Boltzmann energy distribution of the beam, 
the product state distributions will be severely broadened 

•5 6 in the time of flight spectrum. ' Utilization of equation 
1 assumes that all absorptions originate in a single 
rovibronic state of the parent molecule. This, however, is 
not the case for a thermal beam. By using a "seeded" 
supersonic nozzle, the velocity distribution can be reduced 
to less than 10 percent of the most probable velocity, and 
rotational temperatures of less than 10°K can be easily 
obtained. 

Figure 2 shows the velocity distribution of a thermal 
source, and a supersonic expansion of an ideal gas. The 
reduced velocity spread and the enhancement of the velocity 
of the supersonic beam due to the conversion of thermal 
energies to translational energy are immediately apparent. 
Another advantage in using a supersonic expansion source is 
the increase in number density at a greater distance from 

7 the source which is theoretically given by: 

I(r,x) - n , , r B
2 ( ^ ) 3/2zf0 *xp '[?$ 

(C-u1Cos 0 2 ) 2 + u2sin 2QJ J x C 3dC C o s ^ -2 ( 
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where an effusive source yields a cos(6) angulard dis

tribution. Comparing the intensity of a supersonic beam 
Q 

to that of an effusive beam, one finds that 

nozzle 
effusive 

where y is the ratio of the specific heats pnd M is the 
mach number, defined by 

M ' = <Vmost probable^ 0' <*> 
where C is the speed of sound in the expansion. Thus 
employing supersonic nozzle sources in a photofragment spec
trometer can greatly enhance the signal and the resolution 
of the time of flight spectrum. 

If the translational energy of the product states is 
high and the length of the ionizer is short compared with 
the flight path, the resolution of the spectrum can be 
limited to the minimum channel width of the multichannel 
analyser. Typical multichannel scalers permit sampling 
times per channel as small as 1 microsecond. If, however, 
the fragment product reaches the detector in 10 micro
seconds, then one can only expect 10 percent resolution. 
This problem can be minimized by employing a "seeded" 
supersonic nozzle. By observing the fragments which are 
scattered backward from the direction of the beam, the lab
oratory velocity of the fragment is reduced. By expanding 

(i M exp (1.5) (3) 
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a light gas such as Hp or He which contains a few per
cent of the molecule of interest, one finds that the 
molecule to be studied is forced to attain the velocity 
of the light gas in the lsentropic limit. Thus beam 
energies of several eV can, in certain case3, oe achieved 
in this fashion. Figure 3 shows the difference in labor
atory fragment velocity for one arbitrary center of mass 
fragment energy seeded in Hp and in Xe. By choosing an 
appropriate seed gas, it is possible to obtain suitable 
flight times for a given experiment. 

If the translational energy of a fragment is small 
compared to the beam velocity, it is possible that the 
fragment will never reach the detector in an off axis 
geometry. As seen in Figure 4, utilization of a detector 
at 30° from the beam accepts translational energies of pro
ducts not seen at 90°. It is therefore desirable to use a 
rotating detector which can be placed at small laboratory 
angles for low energy fragmentation and moved to backward 
scattered angles for high energy fragmentation. 

As mentioned, the angular distrlbucion of bhe fragments 
gives information about the excitation process and the life-

q time of the dissociative state. The probability for photon 
absorption from an initial state 1 to final state f is pro
portional to |E-ufi| where yfi = <f |u| i> and v is the 
electric dipole operator. Using a classical picture, the 
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transition amplitude is proportional to the projection of 
the electric field on the direction of the transition 
moment of the molecule and the transition probability is 
proportional to the square of the absolute value of the 
amplitude. One finds then that the photon absorption prob-
ability is proportional to cos (a) where a is the angle 
between E and wfi. 

10 11 12 1? It can be shown from spherical trigonometry ' ' > -"> 

that the center of mass angular distribution for fragment 
recoil with respect to E can be generalized for the CM. 
angular distribution for an arbitrary recoil distribution 
P(3) by 

W (0) =fQ (I*) - 1 [l + 2P2(B)P2(Q)1 P(B) dB (5) 

= (In)" 1 [l + 2bP2(0)] (6) 

where b = J* P2(B)P(f3)dB 

Here 0 is the angle between E and the center of mass angle, 
and g is the angle between uf^ and the axis of fragmenting 

recoil as shown in Figure 5. p p ^ a n d p ? ^ 0 ^ a r e t h e s e c o n d 

degree Legendre polynomials in cosine. Thus 

P 2 ( B ) - -O Cos2(0) -1) 

We see t h a t the angular dependence of the photofragment 

process r e g a r d l e s s of the dynamics i s given by equation 6. 
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The information of the dynamics is contained in b. 
, g 

Figure 6 shows three dissociating models. If 
b = P 2(B), then the process is impulsive, and the axis of 
recoil fragmentation will lie in a cone with half angle g. 
If rotation of the molecule during the dissociation is 
significant then b = P2(a)P2(B) as shown in 6b. If the 
excited state of the parent molecule has a finite lifetime 
before fragmentation, then b can be expressed by 

b = 
-2 P 2 ( a ) + i|) - 3i|/sin a cos a 

1 + 4<|> 
P 2 (B) (7) 

where ty is the angle through which the molecule will rotate 
(i|i = OJT). Employing these models, values of b can be 
obtained which best fit the angular distribution data. Such 
angular distributions can best be obtained where E is rotated 
using a half wave retardation plate. To obtain all angles 
(0) the geometry of the apparatus should be such that the E 
vector can generate all angles, from 0 to 90° with respect 
to the detector. 

The energy and angular distributions thus far described 
assume a collision free environment. To estimate the vacuum 
necessary to achieve this criteria, it is simple to calculate 
the number of collisions from the interaction region to the 
detector. 
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Much more serious vacuum criteria are encountered, how
ever, when considering the method of signal detection, and 
the nature of the evolution of background. The most fre
quently utilized mass selective fragment detector is the 
quadrupole mass spectrometer. For general purpose fragment 
detection, electron impact ionization followed by ion 
detection is presently the most desirable choice. One finds, 
however, using this technique that only one fragment in a 
thousand that enter the ionizer is detected. Further com
plications arise from background gas having the same mass as 
the fragment. In a 5 per cent seeded nozzle, one might expect 
10 molecules/cc of the dissociating species. If the irra-

•z diation source interacts with a 0.1 cm volume of the mole-
9 cular beam, it would then be possible to dissociate 10-̂  

molecules assuming saturation for the photoabsorption. In 
order to achieve the desired resolution in the time of flight 
spectrum, the in plane collection angle should be small, typic
ally less than 2 degrees. If the fragments are scattered in 
4TT steradians, a collection efficiency of 6 x 10 J is 
obtained, and the final fragment number density at the ionizei 
(1 Cm volume) is 6 x 10 fragments per cm , which corres-

-12 ponds to a partial pressure of 2 x 10 torr. Thus the 
background gas which generates particles with the same mass 
as the photofragments must have a partial pressure comparable 
to that of the photofragments during the detection interval. 
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Using the criteria stated above, a general purpose crossed 
molecular beam facility used as a photofragment spectrometer 

14 15 was constructed and is shown m Figure 7. ' Details of 
the apparatus can be found elsewhere, and features relevant 
to the experiments are described in the experimental section. 
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FIGURE CAPTIONS 
Pig. 1 Schematic diagram of a molecular beam photo-

fragment spectrometer. The E field is varied to 
obtain the fragment spatial distribution for 
horizontal in plane scattering. 

Fig. 2 Velocity distribution of a thermal effusive beam, 
and the velocity distribution of a supersonic 
nozzle beam using a source temperature of 298°K, 
mass of 40 a.m.u. and a mach = 20 nozzle. The 
distributions have been scaled to total intensity 
(area). The effect of equation 3 is omitted. 

Fig. 3 Newton diagram for a single energy fragment using 
a light molecular weight gas (helium) and a heavy 
gas (xenon). 

Fig. M Schematic of fragmentation dynamics for various 
laboratory detector angles. The advantage of 
using a rotating detector is thus illustrated in 
that all fragments can be detected. 

Fig. 5 Diagram of angles defined in equations 5 through 7-
Fig. 6 Pseudo diatomic molecules, and the dissociation 

processes used to derive equations 5 through 7-
These diagrams are obtained from Ref. 9. 

Fig. 7 Crossed molecular beam facility adapted for use as 
a photofragment spectrometer. 
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II. PHOTODISSOCIATION OF OZONE 
A. Introduction 

Since the dynamics of photodissociation are poorly 
understood for systems other than diatomics, we have chosen 
ozone as a suitable molecule to study. Extensive theor
etical efforts have been made on ozone from ab initio 
approaches, ~ and semiempirical studies. Also de-

17-24 tailed spectroscopic information is available as well 
25-40 as photolytic data which renders an extensive base of 

complimentary information to the studies described here. 
With such a collection of data, more detailed models for 
photodissociation can be formulated which address the com
plexities of nonlinear systems. 

The photolysis of ozone is not only important from a 
theoretical view, but is also an important source of meta-
stable 0( D) atoms in the atmosphere. 0( D) reacts rapidly 
with water to produce OH. The OH radicals oxidize CO to 
C0„ as well as affect the concentration of important atmos
pheric trace quantities. Consequently a measure of the 
0( D) product formation with respect to other possible 
product states is important. 

The quantum efficiency for production of 0( D) has 
been estimated to be unity for the process 

0 3( 1A 1) + hv(A< 300 nm>*0 ( 1B 2>*0 2( 1A ) + 0( 1D) 

Despite the extensive investigations of this process, 
whether the excited 0_ really dissociate exclusively 
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to Op(*A and 0( D) is still subject to question. Demore 
42 

and Raper photolyzed ozone in liquid nitrogen at wave
lengths between 248 and 334 nm. The production of N-0 
decreased by a factor of 2 between 300 and 302 nm. At 334 
nm, a further decrease in NpO production occurred. Thus 
three different mechanisms seem present at the various wave
lengths. No absolute yield for the 0(^D) + 0 2( 1A ) dis-
sociation channel was measured in this work. Demore and 

4^ Raper J later photolysed 0 in liquid argon where they 
measured the consumption of 0_ upon radiation of 253-7 and 
313-3 nm. Extrapolation to zero concentration of 0^ yielded 
an intercept from which one may infer the products to be exclu
sively 0(D) + 0 2 (1A ). The precision in the data however could 
not give an accurate determination for this quantity. Gas 
phase photolysis studies have been made by observing the 

25 44-48 depletion of 0., in various buffer gasses. J The lack 
of consistency in these measurements is difficult to assess 
since the mechanisms for chain reactions in these experiments 

4<3 are still in question. Lin and Demore have studied the 
relative efficiency of 0( D) production by monitoring the 
insertion of 0( D) in isobutane. Arnold, Comes, and 

•3il 

MoortgatJ have used the chemiluminescence of N0„ from the 
reactions 
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0 3 S v 0 2 ( 1A g) + 0( 1D 2) 

0( 1D 2) + N 20 —2N0 

NO + 0.. +NO* + 0 2 

to measure the wavelength dependence of the 0( D) yield. 
This technique has been used by others >3<>5 us±ng 

laser flash photolysis at various temperatures and wave
lengths. All results show a constant relative yield of 
0( D) in the wavelength range 250-300 nm. Amimoto, Force, 
and Wiesenfeld have photolyzed ozone at 248 nm. using a 
KrF excimer laser, and monitored the temporal production 
of 0( P) using an oxygen resonance lamp. They found no 
direct photolytic production of 0( P) and concluded that 
the absolute quantum yield of 0( D) is unity at 248 nm. 
Thus from the relative quantum yields, and this measurement 
of an absolute quantum yield at 248 nm., it has been con
cluded that the absolute quantum yield of 0( D) is unity 

from 248-300 nm. This is in contradiction, however, with 
40 the recent work of Fairchild, Stone and Lawrence who 

find the quantum yield for 0(3P) to be 0.10 at 27^ nm. us
ing a molecular beam technique. The accuracy of their 
method is hard to estimate but the presence of 0(~T) + 0 2 

•3 

( E -) is clearly seen. 
Table 1 gives the relative 0( D) production as a 

function of wavelength from varioua research groups. 
Complications in the bulk type measurements can result 
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from collisional effects which may seriously alter the desired 
results. The motivation to employ a molecular beam technique 
is, therefore, obvious. 

From spectroscopic measurements it is found that ozone 
has an ultraviolet spectrum commonly referred to as the 
Hartley band which is a continuum between 34,000 cm and 
48,000 cm - centered at 39,000 cm" as shown in Figure 1. 
The structure on the long wavelength tail known as the Huggins 
band has been attributed to the same electronic state as the 
Hartley band from the analysis of ab initio calculations. This 
absorption band is the B?-*-X A, transition ' which has an 
unusually high photoabsorption coefficient of k = 108 cm" 
base 10 with a 2?°C gas temperature at 266.2 nm. Both SCF-C1 
and generalized valence bond calculations show the B„ state 
has an unsymmetrical equilibrium geometry with as much as 0.7 
eV energy lowering when distorting to C symmetry. These cal-
culations also show that the equilibrium bond angle is much 
smaller than the ground state ( 1B 2 = 108° and X 1A 1 = 117°). 
Details of the B ? surface are still sparse since only a 
limited number of points have been generated and the surface 
has not been optimized for all parameters. Thus it is not 
certain whether this state has a minimum in the potential, 
or whether it is totally repulsive. Nothing is known about 
the nature of curve crossings with this state which most 
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likely exist. Thus it is possible for ozone to be 
initially prepared in the Bp state and then cross to 
another surface which correlates to different, final fragment 
states. Also avoided crossings could give rise to a pre-

1 dissociative Bp system. Low temperature absorption 
studies of the Huggins band show definite mode structure. 
This band has been analysed by several workers. 7'- J J •JJ 

The band structure ends abruptly at 28,1(50 cm~ in the 
i it 

absorption at 195°K and is assigned the v Q 0 Q -<-v000 

transition. This band is diffuse and degraded toward the 
red which indicates a system where the bond lengths of the 
upper state are greater than those of the lower state. 
This is consistant with the theoretical analysis of the 
B„ state. Also found in the analysis is that only sym
metric modes are present. The asymmetric stretch mode is 
the mode which is expected to mix most strongly with per
turbing states giving rise to curve crossings or predis-

29 sociation . The structure of the Huggins band becomes 
less pronounced, and disappears entirely in the vicinity 
of 32,000 cm" . This corresponds exactly to the onset of 
0(D) + 0 p( A ) production from flash photolysis experiments, 
Thus it appears that the ozone B state has a dissociation 
limit or barrier of 10.1 Kcal. 

In order to study dissociation dynamics,information 
on both the lower state and the excited electronic state 
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is necessary. Detailed ground state information can be 
obtained by microwave and infrared spectroscopic, studies. 
From the microwave absorption of ground state osone, it 
is found that the X A 1 state has C~ symmetry with a bond 
angle of 116.78 ± .03 degrees, and an equilibrium bond 
length of 1.2717 + .002 angstroms. Prom the spectro
scopic data of the X A, and 1 B„ state, it is likely that 
ozone undergoes absorption via a non vertical transition 
(transition takes place outside the Pranck-Condon region) 
in the region of the B- minimum. In the Pranck-Condon 
region, the transition proceeds to a state which is quite 
high on the repulsive wall of the B„ surface, and is well 
above the dissociation limit. The wavelength with maximum 
absorption cross section corresponds to 20.2 Kcal. above 
the asymtotic limit of the O^D) + 0„ ( A ) products. 

*- g 
Figure 2 shows the energy levels available for the 0„ 

molecule and 0 atom. The Op-0 bond energy used is 23.9 
Kcals;/molecule. The threshold energy (minimum photon 
energy) for various fragment pairs is shown in Table 2. 
Although twelve states are accessible with the photon energy 
used in these experiments (107-5 Kcal.), only four of these 
states give spin allowed processes. The accessible vibra
tional energy levels for the 0( D ?) + 02(a A ) and the 
0( 1D ?) + Opfb̂ Ig"*") products are tabulated in Table 3. 

Prom the data available, complemented by the results 
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of photofragmentation beam spectroscopy, it should be 
possible to extend our understanding of the dynamics of 
ozone photodissociation. With this detailed knowledge 
more refined models for photodissociation in general can 
be developed. 

B. Experimental 
Ozone was produced by passing 99.99$ pure oxygen 

through a high voltage discharge. The ozone produced was 
collected in a 3 liter glass reservoir with teflon stop
cocks which contained silica gel. The reservoir was 
maintained at constant temperature ( -80°C) using a dry 
ice-ethanol slush bath. 

A supersonic ozone beam was constructed as shown in 
Figure 3. An inert gas was passed over the ozone reservoir 
with a range of backing pressures between 600 and 1000 
torr. The reservoir was kept at constant pressure using 
a dry ice-ethanol slush bath. The exact pressure of the 
gas mixture obtained was monitored using an MKS Inst. Inc. 
Baratron Model 221AS 1000 torr head capacitance manometer. 
The gas mixture then passed through an all glass line with 
teflon stopcocks to a 10 cm. absorption cell contained 
in a Beckman model DU spectrophotometer which was used to 
monitor the partial pressure of ozone. The partial pressure 
of ozone varied from 8 to 15 torr over extended time 
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intervals. Corrections for partial pressure variations of 
the ozone could be made utilizing the monitor output from 
the spectrophotometer. Due to this variation in ozone 
partial pressure, argon was chosen as the inert carrier gas 
since the beam velocity is dependent upon the average mass 
of the beam as previously described. By using argon whose 
atomic weight is similar to the molecular weight of ozone, 
small variations in the partial pressure of ozone would 
not appreciably affect the average mass. All experiments 
of ozone were therefore performed with an argon carrier 
gas. The argon-ozone gas mixture then entered a quartz 
nozzle which contained a 0.003 inch diameter hole and the 
nozzle tip to skimmer distance was set at .24 inches. The 
reservoir and nozzle design permitted all measurements to 
be obtained with a single ozone charge. 

The velocity distribution of the beam was obtained by 
constructing a chopping wheel which contains a photodiode 
to monitor the slot position. The wheel was assembled 92 
centimeters from the electron impact ionizer of the mass 
spectrometer and the ions produced were mass analyzed at 
80 eV using a quadrupole mass spectrometer. The total 
flight time from the chopping wheel to the detector was 
measured using a 255 channel multichannel scaler which has 
a variable sampling time per channel from 1 to 99 micro-
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seconds. The scaler was interfaced to a Digital Equipment 
Corporation LSI-11 microcomputer to allow ensemble averag
ing of the data. 

Figure H shows the time of flight spectrum of ozone 
with a partial pressure of 12 torr seeded in 980 torr of 
argon. The velocity distribution obtained is fit to the 
equation 

|| . c v a e x p (._5_) ( v _ v 2 ( 1 ) 

Time of flight measurements were obtained for several argon 
backing pressures. A suitable beam was obtained using 580 
torr argon and 10 torr ozone. This produced a translational 
temperature Ts of 2°K, and a most probable velocity, V s 

of 55,800 cm/sec. This corresponds to a beam mach number 
of 19.8. 

By utilizing defining slits in the beam, a well-defined 
spatial distribution of the beam can be obtained. Using 
the geometry shown in Figure 5 S a beam width of 0.50 cm was 
obtained with an angular distribution of 2 degrees. 

The photoexcitation source was based on a Quanta-Ray 
Corporation Nd YAG laser which produced 1x10" second 
pulses in a Q switched mode. 200 mjoules were obtained 
for the laser oscillator which was increased to 700 mjoules 
by employing an amplifier. Laser output power was measured 
using a Scientec Corporation Model 362 thermopile detector. 
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The output beam consisted of an annular ring profile (due 
to the unstable resonator design)with an intensity profile 
as shown in Figure 6, having a beam divergence of <1.0 m 
radians, and diameter of 6mm. 

In order to obtain the desired ultraviolet radiation, 
the X = 1064 nm. laser beam was directed onto a 3 centi
meter potassium dihydrogen phosphate (KDi) frequency 
doubling crystal. Phase matching conditions for frequency 
doubling were obtained by angle tuning. 0.200 joules per 
pulse of 532 nm radiation was obtained in this fashion. 
The 532 nm radiation produced was frequency doubled with a 
2 centimeter KDP crystal in a similar manner to produce 

—8 lxl0~ second pulses of 266 nm radiation with 0.05 joules 
per pulse. The primary, doubled, and quadrupled output 
frequencies were separated using a fused silica prism so 
that only the ultraviolet source crossed the ozone beam. 
To obtain optimal overlap of the laser beam with the ozone 
beam, a 2 meter focal length quartz lens was employed. 
Unfortunately, the focal point coincided with the back wall 
of the crossed beam facility and generated copious 
quantities of background products. (See Figure 7) Various 
focusing schemes were tried but the most reliable results 
were obtained using an unfocused laser beam. 
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In this final arrangement, background runs were 
obtained with the molecular beam blocked to insure that 
no signal was obtained which was time correlated to the 
laser pulse. A similar and redundant experiment was 
performed by blocking the laser beam to verify that no 
electrical noise gave rise to false signals. In both 
cases, no time correlated signal was obtained. 

Due to self absorption in the KDP quadrupling crystal, 
the laser power tended to vary during the course of an 
experiment. The self absorbed radiation caused crystal 
heating which in turn changed the refractive indices of 
the birefringent crystal. The optical phase conditions 
were therefore altered. An uncoated piece of quartz was 
therefore used to split a small fraction of the light for 
constant power monitoring using the thermopile detector. 
The power was manually adjusted to maintain the power level 
to within 5% of the maximum. 

The vacuum window was made of optical quartz. Since 
diffusion pumps were used in the vacuum chamber, it was 
necessary to construct a shielt for the window so that oil 
residue did not accumulate. The shield consisted of a long 
tube with a shutter at the end, enclosing the window when 
experiments were not in progress. Even with this precaution, 
photodeteriorization of the window due to traces of oil was 
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present, although minimal. 
The photofragment time of flight spectrum was obtained 

using the same multichannel analyser used in the beam vel
ocity distribution measurements. The synchronization of 
the laser pulse was achieved using a fast photodiode and 
amplifier. The pulse obtained, however, did not generate 
an amplitude compatible with the multichannel scaler which 
required +5 volts. The amplified pulse was sent to a Data 
Pulse Corporation Model 101 pulse generation unit which 
supplied the required pulse amplitude and pulse width. 
The delay time of the pulse was measured with a Tektronics 
585 oscilloscope with a 1A1 plug in amplifier and was 
determined to be 100 nanoseconds. Since this is only 10% 
of the smallest time interval possible per channel, we have 
disregarded this delay. The shortest dwell time per 
channel in the ozone measurements was 3 microseconds and 
the shortest flight time observed was 140 microseconds-
hence,only a.3% error in flight time is introduced in the 
first channel, and less than 0.1% error is introduced for 
observed fragment from this propogation time. 

Since the fragments were measured with an ion 
detector, it was necessary to study the effect o& the ionizer 
on the velocity distribution. At lower ion extraction 
energies, due to ion trapping, one finds that the fragments 
are delayed, thus introducing a broadening effect. By 
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applying a higher extractor voltage to the ionization 
region, the ions are removed more efficiently. With a 
higher extractor voltage, the electrons are confined to a 
smaller region near the front of the ionizer. The result 
gives a smaller flight time with a narrower time distri
bution; however, this advantage is offset by a loss in 
signal. 

When utilizing a supersonic nozzle, it is extremely 
important to determine whether van der Waals molecules are 
contributing to the measurement. When the photofragment 
spectrum of ozone was obtained (mass 32 detected) using 
1000 torr argon backing pressure, a large signal was ob
served which peaked at the minimum observable velocity at 
the laboratory angle used (see Figure 8). By adjusting the 
mass spectrometer to mass 48, we tried to determine if any 
ozone van der Waals complex was the source of this peak. 
Figure 9 shows that ozone is indeed scattered in the photo-
dissociation process, implying that van der Waals complexes 
are present in the beam. By decreasing the argon pressure 
to less than 600 torr, the slow velocity component of the 
time of flight spectrum is eliminated. Figure 10 shows 
the time of flight spectrum of ozone using 13 torr partial 
pressure of ozone and 580 torr of argon. Normal operating 
parameters are summarized in Table 5. In order to achieve 
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the desired signal to noise ratio, 100,000 laser pulses 
were used and the data was ensemble averaged in the LSI-11 
microprocessor. The averaged data was then stored on mag
netic disks for future data, processing. 

To obtain the dependence of the angular distributions 
in the E vector of the radiation field, a half wave retar
dation wave plate obtained from Karl Lembrecht Corporation 
was used to rotate the polarization of the input radiation. 
The polarization angle rotates twice as rapidly as the half 
wave plate. 

To determine the absolute orientation of the optical 
axis, a UV polarized filter was placed after the polariza
tion rotator. The polarization angle was varied until a 
minimum intensity was observed through the UV polaroid 
filter. The absolute orientation of the polarization angle 
was determined to within +_ 5°. This was found to be 
adequate for these studies. The anisotropy data were then 
taken at 6° intervals of polarization in the LAB frame as 
shown in Figure 11. 

To insure that saturation effects did not obscure the 
anisotropy data, it was also necessary to determine that 
the quantity of dissociation products was still linearly 
dependent upon the laser input power. The power depend
ence was obtained by integrating the values of 10 channels 
around v = 0 of the 0„ ( A ) (as described later). 



-35-

The laser power was varied between 13 and 45 mjoules per 
pulse. The results are shown in Figure 12 which verifies 
that the photon saturation level has not been reached. 

C. Results 
To determine the distribution of the rotational energy 

in each vibrational state, it is first necessary to eval
uate the resolution of the time of flight spectrometer. 
Using the parameters of Table 4, a Fortran IV computer 
program was developed to simulate the photofragmentation 
process. A listing of the program is included in Appendix 
A. Included in Figure 13 are single energy fragments of 
equal probability at 2, 5, 10 and 15 Kcal which have been 
convoluted with the various distribution functions of the 

apparatus with the proper transformation Jacobian applied. 
57 58 

J Tho results show the non uniform response of 
equally partitioned energy as it is measured in time space. 

In order to conserve flux in the transformation from 
center of mass velocity, u, to laboratory velocity, v, 

2 
I L A B (B,v)du = \ ^.m. ( 9» u> d u 

57 58 is used. ' The analysis is most convenient in the center 

of mass energy coordinate frame. Thus we desire 

Zo.m. ( 9 > v ) d u " ^.m. ( e > E ) d E 
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Since E = 1/2 mu , and du = dE/mu, substitution for 
2 du yields the desired Jacobian v /u. The efficiency of 

the electron impact ionizer is proportional to 1/v. 
After compensating for this factor, the final flux con
serving transformation becomes 

ZLAB ( 6 > v ) d u " IT V m . ( 8 > E ) d E 

An additional factor arises if "delta functions" are used 
as energy input. When the transformation is made to time 
space, an unequal density is obtained for the histogrammed 
result at different energies. After compensating for 
this factor, the synthesis of time of flight spectra can 
be generated using the program described in appendix A. 
Prom Figure 13 one also observes the inherent resolution 
of tho apparatus. 

If the time of flight data are transformed 
to center of mass coordinates using a direct inversion 
process from a single Newton diagram, the results of this 
transformation gives an improper weighting of the energies. 
For an accurate estimate of the center of mass energy 
distribution, it is necessary to deconvolute parameter 
distributions of the apparatus which degrades the experi
mental resolution. The process of deconvolution is 

59_64 inherently an ill conditioned mathematical process 
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and is not a viable approach. Convolution, however is a 
numerically stable process. In order to obtain the center 
of mass energy distribution, a trial energy distribution 
can be generated which is convolved using the convolution 
integral generated as described in Appendix A. After trans
formation to a time distribution, the results are compared to the 
original time of flight data. The trial distribution is 
modified until a reasonable fit is obtained. The fit 
obtained is not unique, but other distributions obtained 
which fit the data well can be ruled out as physically un
realistic such as distributions containing negative energy 
probabilities. Alternatively, one can generate the energy 
distribution by means of a multiple linear regression 
technique. One finds that complications arise from the non 
uniform spacing of data after the transformation from time 
to energy space. Hence if an equal spacing in energy is 
assumed in order to generate the convolution distributions 
in time, one finds that there are more coefficients 
sought than time of flight variables at high energies where
as many data points exist with relatively few energy co
efficients at low energies. The consequence of this situation 
is that the regression gives reasonable coefficients at low 
energies with large residual root mean squared error, and 
unreasonable coefficients at high energies with little or no 
residual root mean squared error. The trial and error fit
ting procedure was therefore used for these studies. A 
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comparison of the direct inversion to center of mass 
process, and the center of mass energy distribution 
obtained by a trial and error fitting procedure is shown 
in Figure 14. The fit obtained with respect to the 
original data is shown in Figure 15. 

The center of mass distribution obtained shows an 
appreciable continuous signal at low recoil energies, the 
existence of which is difficult to rationalize from the 
standpoint of photodissociation dynamics. Since ozone is 
a bent triatomic molecule, when significant energy is 
released as translation it is necessary that a considerable 
portion of the excess fragment energy be partitioned into 
rotation based on the conservation of angular momentum. 
Since the initial angular momentum of ozone is small, in 
the fragmentation process large orbital angular momentum 
L' should be compensated by the molecular angular momentum 
of 0 5 ( A ), namely, J = j = L' + J' = 0. Consequently, 
L' = ygb1 = J'Jfi where v is the reduced mass, g is the rela
tive velocity of the fragments, and b is the exiting impact 
parameter. Since the range of exit impact parameters is 
limited by the nuclear orientation of the parent molecule, 
only a narrow distribution of J values for the diatomic 

fragment are permitted. The energy in each vibrational state 
6 "5 is calculated by 
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E..., =o) (V + 1/2) - oi X (V + 1/2) 2 + a) y (V + 1/2) 3 

Vib e e e e e 
The rotational energy for each J state was obtained from 

E- . = J (J + 1) B where B = B - a (V + 1/2) KOT v v e e 
All higher order terms are negligible. By simultaneous 
conservation of both energy and momentum, the exiting impact 
parameter for each rovibrational state of the 0„ fragment 
can be obtained from 

b _ LHI 2 ( EPhoton " EBond " EVib ~ ERot 
V [ y 

Figure 16 gives the impact parameter vs. J for the four 
accessable vibrational states of 0p( A ) in these experi
ments. From conservation rules again, the most probable 
J for each vibrational level is obtained for the 0^{ A ) 
manifold, v = 0, 1, 2, and 3 yield most probable J's of 
23, 16, 14 and 14 respectively. The corresponding exit 
impact parameter for each is also shown in Figure 16. The 
rotational energy distribution for each vibrational state 
should show a corresppndence to the distribution of nuclear 
configurations found in the excitation process. For v = 0 
and v = 1, this correspondence is observed to be reasonable. 
The large continuous signal from 3 to 5 Kcal of kinetic 
energy gives exit impact parameters of approximately 2.0, 
1.4 and 1.2 angstroms for v = 0, 1, and 2 respectively at 
3 Kcal. A distortion to C symmetry is required as well 
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as fragmentation deviating considerably from the inter-
nuclear bond axis. This would not be likely in an impul
sive dissociation which is verified from the polarization 
dependent data. It is therefore likely that the large 
continuous feature from 3 to 5 Kcal is due to an artifact. 
The existance of an artifact is further supported if one 
analyses the slow decay of the low energy tail. The 
phase space configuration of the fragmenting molecule 
for these energies should have low probability which is not 
consistant with the center of mass distributions obtained. 
This type of tail has been observed by other authors and 
also in our CH_I photodissociation studies. The possible 
cause is photofragment trapping in the ionizer. By fitting 
the data for the 20°, 30°, and 50° runs and scaling with 
respect to the polarization results, one finds that the 
most probable energies for each vibrational level exhibit 
large anisotropic scattering whereas the continuum from 3 
to 5 Kcal., and the low energy tail contain little or no 
anisotropy which supports the premise of particle trapping. 
(see Figure 17.) 

The slowly decaying tail was fit to an exponential form, 
and the lifetime found to be 375 microseconds. This 
exponential function was then convolved with a set of four 
gaussian functions which closely approximate the distribu
tion of the four vibrational states observed. The resulting 
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function was scaled to the original data in the region of 
the slow tail, as shown in Figure 18. This result was 
then subtracted from the original data to yield a close 
estimate of the actual time of flight form. Figure 19 
shows the time of flight distribution obtained after 
correction of the underlying artifact. 

The corrected time of flight data for Q LAB = 20, 
30, and 50 degrees was transformed to center of mass 
energy space as described earlier with no polarization 
dependence incorporated in the simulation program. The 
intensity of each of these distributions has been normaliz
ed using the polarization data from Figure 11 since the 
center of mass angle is different for all of the runs. The 
intensity normalized results are shown in Figure 20. It 
is now necessary to correct this distribution due to the 
different rate of change in polarization angle as a function 
of energy. Since the center of mass angle (in this case 
equivalent to the polarization angle) does not vary rapidly 
over a single vibrational distribution, and since the 

p polarization dependence (cos 9) is a slowly varying function, 
it is possible to apply a single polarization correction 
factor over an entire vibrational peak without appreciable 
error. This process was performed for all vibrational states, 
for each laboratory angle. Using the polarization dependent 
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scattering form 

W(0) = A |l + 2b(E) P 2 (0)1 
the value of b, and the product ratio for each vibrational 
state is obtained. It is found that b(E) varies from level 
to level with no apparent trend. Due to the uncertainty 
in obtaining b(E), it is not possible to obtain a func
tional dependence for b(E). b(E) was found to be 0.46, 
O.38, 0.55, and 0.53 for V = 0, 1, 2, and 3 respectively. 
An average value is obtained of 0.48 To check the consis-
tancy of the fit, the simulation process was repeated 
incorporating polarization factors using the average value 
of b obtained. One energy distribution should thus give a 
good fit to any lab angle time of flight spectra. The 
polarization corrected energy distribution is shown in 
Figure 21, and the quality of the fit for the 30° lab angle 
is shown in Figure 22. It can be seen that b is not a 
constant value. 

It is now possible to obtain the relative energy 
partitioning for the four vibrational levels by integrat
ing the area under each product peak obtained using the four 
separate values of b. The results of this integration 
give 57%, 2h%, 12SS, and 1% for v = 0, 1, 2 and 3 respectively, 
which corresponds to an average thermal vibrational temper
ature of 2700°K. 

As seen in Figure 10, a small signal is observed with 
a 150 microsecond flight time which yields 45 Kcal of 
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fragment energy. The only means of obtaining fragment 
energies of this magnitude is by the formation of ground 
state electronic fragments 0( JP) + ( L' )• This reaction 

S 
channel has been unobservable in every experiment except 

/in the recent results by Pairchild et al who employed a 
beam technique similar to that described here, whereby 
they observed 10$ product yield to the ground state. In 
their studies, a chemiionization detector was used from 
the reaction 

0 + Sm -«• SmO + 

The relative efficiency of 0( 3P) to that of O^D) for 
chemiionization is not totally characterized, and thus the 
absolute quantum yield is still uncertain. The result 
obtained in the present study, by integrating the polari
zation adjusted energy distribution from the direct 
inversion process, (Figure 23) yields 12$ product formation 
to 0(3p) + CM^j; - ). The accuracy of this result is pre-
dicated on the assumption that the efficiency for electron 
impact ionization is constant for all internal states. To 
verify this hypothesis, one can repeat these experiments 
and detect the oxygen atom product (although the back
ground signal is higher). The only internal state factor 
then present would be the relative efficiency of 0( P) + 
e~ -> o + + 2e~ and 0( 1D) + e~ ->- 0 + + 2e~. Until these 
measurements are made, precise absolute values for the 
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energy partitioning both for the electronic and vibra
tional states cannot be made. Thus no error limits are 
reported here although a highly non uniform ionization 
efficiency factor and/or fragmentation ratio (02+/0 ) is 
not likely at the ionization energies used (200 eV) since 
the vibrational excitation energy is small compared to the 
dissociation energy . 

Discussion 
Theoretical models of photodissociation processes 

have ranged in complexity from purely classical descrip
tions to complete three dimensional quantum dynamic 
descriptions. Early photodissociation models, both 
semiclassical, ' and quantum mechanical y~'-3 utilized 
a quasidiatomic picture. In this model, the dissociative 
state coordinate is assumed to be a normal mode of 
vibration of the initial electronic state (In this work 
the ground state of the ozone molecule). Thus interactions 
due to the recoil fragments are the only mechanism to promote 
distribution changes other than Franck-Condon factors in 
the internal energy in the quasidiatomic model. More recent 
models have utilized a polyatomic Franck-Condon approach 
V f\ — 7fl 
""' and have treated effects of multiple coupled continua. 

'" The formalism is completely described. A detailed 
theoretical description of HCN and ICN has been made by 
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evaluating multidimensional bound-continuum Pranck-Gondon 
amplitudes between the initial bound state wavefunction 
and wavefuncticns for the repulsive surface. Further 
refinements have been made on IGN by treating continuum-
continuum interactions which were found to be significant 
only for high vibrational states, and the results agree 
well with experimental results. A full treatment of this 
type has not as yet been carried out on a nonlinear 
triatomic molecule where a complete three dimensional 
analysis is necessary. 

Due to the computational complexity of the full quantum 
dynamics approach, alternative methods have been proposed to 
elieidate qualitatively the dynamical processes in a photo-
dissociation event. Semiclassical approximations have been 

R?—Rh op used, ' and a comparison of these approaches has been 
carried out to test the validity of the approximations used. 

These semiclassical techniques can be useful in calcu
lations of large molecules where the potential surface for 
the repulsive electronic state is seldom well known. Such 
approaches would be quite suitable for the analysis of ozone, 
when further data on the wavelength dependence for photo-
fragment energy partitioning is available. An exact time 
dependent formulation of the photoabsorption process has 
been developed ^' which is analogous to the Pranck-Condon 
approach. The results of this study showed that the 
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influence of short time effects permits a purely class
ical expression to be used for the photodissociation 
cross section. Classical photodissociation models have 
been used for a long time in the analysis of continuous 
spectra by means of a classical Pranck-Condon, or reflec
tion method. ' A more sophisticated classical approach 
using a Wigner distribution of classical particles has 
been used for dissociative attachment studies. J The 
reflection method and these variations are based on a 
diatomic or quasidiatomic model which cannot be applied 
to bent triatomics. Recent analysis of quantum corrections 
to classical photodissociation has shown, however, that 
the classical reflection method can be generalized to 
polyatomic molecules. 

The information on the B„ surface of ozone is sparse, 
although it seems feasible to obtain a suitable accurate 
potential surface if further theoretical work is done so 
that dynamics, calculations can be obtained. In lieu of such 
studies, some qualitative features of the photodissociation 
dynamics can be developed. If continuum-continuum coupling 
is small, then the formulation of a reasonable photo
dissociation description should be possible for ozone using 
Pranck-Condon arguments. Recent analysis of AB 2 systems 
has been done in this way to describe the structure in 
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photoabsorption spectra of AB~ molecules. If no vibra
tional coupling exists, then such an analysis should also 
explain the vibrational product state distribution. 

To describe the photodissociative absorption process 
for a symmetric AB ? molecule, a typical ground electronic 
state surface as shown in Figure 24 is expected. The upper 
electronic surface is described as shown in Figure 25. 
Shown in both these figures is the direction of the normal 
vibration coordinates of the ground state (symmetric and 
asymmetric stretch). The line Z represents the reaction 
coordinate, and X describes vibrational motion perpendicular 
to Z. X yields the vibration coordinate for AB (0„ for 
ozone) in the asymtotic limit. At the top of the barrier, 
X and Z are found to lie parallel to the symmetric and 
asymmetric coordinates of the ground state even though the 
saddle point may be displaced outward from the ground state 
minimum. Assuming that the absorption process is vibra
tional^ adiabatic and one obtains the absorption cross 

section from the product of Pranck-Condon factors, then 
2 

o(to) » C ^ |<X(z,E f ) x(x,v f)* f | u| * 1x(x,v 1) x(z,n i) > | 
vf 

where v. and v f are the initial and final quantum numbers 
in the x direction, n. is the initial asymmetric stretch 
vibrational quantum number, and E „ is the energy available 
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for the unbound motion along the Z direction. The sum is 
over all v„ accessible with photon frequency w. This may 
be simplified to 

a(u>) = Co) (u f i) x E|< x (z,E z f) |x(z,n1)><x(x,vf) |x(x,vi)>| 
if the completely symmetric coordinate has a negligible effect 
on the dipole matrix element. Since the wavefunction for the 
ground state surface is localized near the potential minimum, 
strong Franck-Condon overlap will occur only in this spatial 
region. Figure 26 shows a cut through the X (symmetric) 
axis at the barrier of the upper surface. If the saddle 
point is displaced as shown, a maximum overlap will occur 
for some vibrational state (v = 4 in this example) and 
diminish as one moves away from the ground state maximum. 
Thus v = 0 in the upper state for this example has a small 
overlap integral and would not be expected to possess a high 
absorption probability. Figure 27 represents cuts along 
the reaction coordinate Z with S = 0 and X = 0. The ampli
tudes of three vibrational continuum wavefunctions are shown. 
If to is small, one finds that negligible overlap occurs, and 
if ui is large, the upper state wavefunction contains rapid 
oscillations and cancellation occurs. In the region of the 
barrier, however, large overlap is found to occur. The 
transition probability is shown in Figure 28 as a function 
of energy using the example shown. One finds that the 

./ 
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transition probability is therefore sharply peaked at the 
potential barrier. If the distribution of Figure 28 were 
infinitely narrow, then the photoabsorption spectrum could 
be interpreted as a one-dimensional, bound-bound Franck-
Condon absorption in the symmetric stretch coordinate. The 
reaction coordinate would serve as a line broadening 
mechanism. Since the distribution of Figure 28 is so 
sharply peaked, this one-dimensional Franck-Condon 
description should give a reasonable picture of the B„ 
surface of ozone for the symmetric coordinate in the case of 
a vertical transition if the photon energy exceeds the 
barrier height. The photofragment experiments were carried 
out on the low frequency side of the absorption maximum and 
show a monotonic decrease in product yield with increasing 
vibrational level. This would indicate that the saddle 
point is not displaced from the position of the ground state 
minimum, if no V-T mixing occurs in the fragmentation 
dynamics. If wavelength dependent photofragment results 
are obtained, the exact position of the saddle point can 
be obtained. This qualitative analysis explains both the 
structure in the photoabsorption spectrum and the trend in 
the vibrational energy distribution of the 0„ photofrag
ment. Since the barrier height is not known it is possible 
that the photon energy is below that which is required to 
reach the top of the barrier. In this case, the transition 
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must occur away from the barrier and thus creates 
circumstances favorable for a non vertical transition. 
The Franck-Condon factors will thus be dominated by the 
wavefunction of the asymmetric (reaction) coordinate of 
the upper surface, and the classical reflection method 
would produce a profile more representative of the 
repulsive reaction coordinate. This view is also con-
sistant with the product vibrational distribution as 
shown in Figure 21. Presently the distinction between 
a vertical and non vertical transition cannot be made 
without more detailed information. It should be 
mentioned that this model may also be extremely over 
simplified. If the reaction coordinate has sharp curva
tures then little resemblance will exist to the initial 
asymmetric mode. A double minimum type potential would be 
expected which exhibits grossly different vibrational 
wavefunctions from those of Figure 27- Finally the 
assumption that the half reaction is vibrationally adia-
batic may be invalid. Quantitative theoretical analysis 

to address these Questions will be possible only after the 
1 B„ surface has been reasonably characterized. 

The rotational distributions of the fragment diatomic 
can be treated using a classical model. Since the photo-
dissociation experiments were performed with a cold (less 
than 10°K) source, neglecting the residual rotational 
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motion of the ozone is insignificant compared to the 
contributions from excess recoil energy. The fragment 
rotational energy can be calculated as described on page 39 
if vibrational coupling is negligible. Neglect of vibra
tional mixing has been used in the analysis of N0C1, and 

NO „ using a modified impulsive model and has given good 
agreement with experimental results. This model assumes 
that all of the available energy 

EAVL = EPhoton " EBond " Electronic ~Evib 
appears at the beginning of the dissociation as repulsive 
potential energy between atoms of the fragmenting bond. 
It is assumed that the force is impulsive on the time scale 
of rotation but will not allow energy transfer to vibra
tional modes. Thus partitioning between rotation and 
translation is dependent on E -, , reduced masses, and angle 

by 
E„ = sin 2 x |~(l-u /u,,) - 1 - cos 2 x l " 1 E . r L' a f J avl 

E, = E - E t avl r 
where E is the rotational energy of the 0„ fragment, Efc is 
the relative translational energy of the two fragments, x 
is the 0-0-0 bond angle, u is the reduced mass of the 0 
'and 0 atoms, and u- is the reduced mass of the 0 and 0„ 
fragments. If the bond lengths of the 0 molecule are fixed 
at their equilibrium distance, the classical turning point 
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for the bending motion can be obtained from 

V = I fr U r l + A r 2 2 ) + f r r ' & r > A r 2 + f r 0 ( A r l + 

Ar2)A© + 1/2 f QA0 2 

where f r = 2.99; f r r = -1.68; f r 0 = 0.417; and f 0 = 

7.66 mdyn/A. for ozone. This gives turning points of 
114.8°, and 118.7° since the equilibrium angle is 116.78°. 
The rotational energy has been calculated for various 
nuclear configurations for each vibrational state as 
well as the equilibrium geometry and the results are 
tabulated in Table 5. If the translational energies 
calculated from this impulse model are compared with the 
experimental results (Figure 21), one finds that the most 
probable energy for each vibrational level is in good agree
ment. The width of the energy distribution obtained from 
the impulsive model is much narrower than the experimental 
results, however. Such spreading can be attributed to effects 
such as variations in bond lengths, transverse velocity 
(perpendicular to the fragmenting bond) due to vibra
tional motions, finite lifetime of the B„ state, and 
coupling of vibrational energy. Regardless, the impul
sive model is capable of predicting the major features of 
the 0- fragmentation process. 

Since the impulse model agrees well with experiment for 
the energy partitioning of the photofragments of ozone, an 
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impulslve description of the polarization dependence 
should also hold true. The anisotropic scattering in 
this case would be given by 

W (0) = A 1 + 2bP2 (0) 

where b = Pp ( 6 ). 
Substituting P 2(B) f o r b S l v e s 

„„=2n a. sin 2B cos 9 + W (0) = A 
2-3 sin 

where g is the angle of the axis of the fragment recoil 
with respect to the transition moment. Prom the polari
zation data (see Fig. 11) a value of .^6 is obtained for 
b which corresponds to 36.9° for p. Thus in an impulsive 
treatment, the upper state bond ahgle is found to be 106.2° 
which compares well with the results of ab initio calcu
lations. A 106.2° bond angle gives reasonable agreement 
with experimental results for the energy distribution when the 
impulsive model is maintained. Prom an impulsive approach 
then, evidence for a non vertical transition to the upper 
state surface might exist. 

Prom the above analysis, one finds that a good 
qualitative description of the ozone photodissociation 
dynamics can be obtained from simple classical models which 
require little detail about the upper state potential 
surface. More refined details will require a complete 
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thrae dimensional analysis at which time treatment of 
the product branching to ground state products can also 
be addressed. Measurements of the wavelength dependence 
for product energy distribution will certainly aid in the 
analysis of this photofragmentation system. A detailed 
potential surface can then be constructed, curve cross
ings established, and questions can be resolved on the 
relative importance of continuum-continuum coupling vs. 
Pranck-Condon factors. 
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Table 1 - Quantum Yields of 0('D) from the 
Photolysis of Ozone 

Wavelength 
313.0 ran 

312.0 

311.0 

310.0 

305.0 

300.0 

295.0 
29-I.0 
295.0 

290.0 
285.0 
280.0 
275.0 
270.0 
266.0 
260 .0 
255.0 
250.0 

Quantum Yield 
0 .75 
1.00 
0 .53 
0 .21 
0 .35 
0 .32 
0 .29 
0 .29 
0 .22 
0 .11 
0 .10 
0 .08 
0.120 + 0.029 
0 .193 + 0.008 

0.242 + 0 .051 

0.154 + 0.024 

0.406 + 0.055 
0.224 + 0.032 

0.344 + 0.068 
0.567 + 0.035 

1.016 + 0.005 
0 .871 + 0.086 

0.966 + 0.078 
1.004 + 0.065 
0.580 + 0.160 

1. ,054 + 0, , 095 
1. ,050 + 0. ,090 
0. ,870 + 0. ,070 

0. ,880 + 0, ,030 
1, , 020 + 0, , 090 
1 . ,000 + 0. ,070 
0, ,970 + 0, .020 
1, . 080 + 0, . 120 
1, . 060 + 0. , 050 
1. . 050 + 0, , 100 
0. • 950 + 0, .060 
1, . 060 + 0, . 150 

Reference 
(32) 
(32) 
(38) 
(38) 
(33) 
(52) 
(36) 
(35) 
(35) 
(35) 
(26) 
(49) 
(37) 
(34) 
(34) 
(37) 

(34) 
(37) 
(37) (34) 
(34) 
(37) 
(34) 
(37) 
(50) 

Comments 

(34) 
(37) (50) 
(50) 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

248°K 
298°K 
313°K 
198°K 
298°K 
298°K 
298°K 
293°K 
258°K 
221°K 
298°K 
235°K 
298°K 
298°K 

Normalized to 
1 at 305 nm. 
Normalized to 
1 at 300 nm. 

Normalized to 
average 
quantum yield 

Exceeds unity 
within error 
limits 
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Table 2 - Threshold Energies for 0_ Dissocia t ion 

Bond Energy = 23.9 Kcal./Mole (8359 cm - 1 ) 

Oxi gen Atom Oxygen Mol e c u l e Energy ' rhreshold 

S t a t e Energy S t a t e Energy cm" Kcal . 
O ( 3 P 2 ) 0 . 0 o 2 (x 3

S g -) 0 . 0 8359 23.9 

O C ^ ) 158.5 °2«\-> 0 . 0 8517 24.4 

0 ( 3 P v 0 226.5 o 2 (x 3

2 g -) 0 . 0 8585 24 .5 

O ( 3 P 2 ) 0 . 0 0 2 ( a 1 A g ) 7882.4 16241 46.4 

O ( 3 P 1 ) 158.5 0 2 ( a \ ) 7882.4 16400 46.9 

0 ( 3 p o ) 226.5 0 2 ( a 1 A g ) 7882.4 16468 47 .1 

O ( 3 P 2 ) 0 . 0 O . C b 1 ^ ) 13120.9 21480 61.4 

O ^ ) 158.5 ° 2 ( b V } 13120.9 21638 61.9 

0 ( 3 P Q ) 226 .5 V^V* 13120.9 21706 62 .1 

0 ( 1 D 2 ) 15867.7 o2a\ -> 0 . 0 24226 69 .3 

0 ( ^ 2 15867.7' 0 2 ( a \ ) 7882.4 32109 91.8 

0 ( 1 D 2 ) 15867.7 °2< bV } 13120.9 37348 106.8 

Q ( \ ) 33792.4 o 2 (x 3

I g - ) 0 . 0 42151 120.5 

0 ( \ ) 33792.4 0 2 ( a 1 A g ) 7882.4 50034 • 143 .1 

0 ( \ ) 33792.4 o2(t\ + ) 13120.9 55272 158.0 

*Spin forbidden p rocesses . 
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Table 3 - Excess Kinet ic Energy of Vigra t iona l S t a t e s 

0 C 3 ^ ) + 0 2 (a1A ) 

Vibr. Q.N. 
(E - E ) v v. v ' 

1 O Threshold 
Excess Energy 
(107.5-Threshold) 

0 0.00 91.81 15.69 
1 4.24 96.05 11.45 
2 8.42 100.23 7.27 
3 12.52 104.33 3.17 
4 16.56 108.37 Not accessible 

0 ( X D „ ) + 0„(b 

0 0.00 106.78 0.71 

1 4.01 110.79 Not accessible 
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Table 4 - Operating Parameters for Ozone 
Photofragment Experiment 

Ozone partial pressure 
Argon partial pressure 
Nozzle diameter 
Nozzle to skimmer distance 
Expansion region pressure 
Differential pumping region pressure 
Main chamber pressure 
First region - detector pressure 
Second region detector pressure 
Ionizing region, pressure 
Ionizing emission current 
Ion energy 
Extractor voltage 
Quadrupole exit lens #1 
Quadrupole exit lens #2 

Ion target 
Phototube cathode 

—10 torr 
—580 torr 
.003 inches 
.24 inches 

-4 2 x 10 torr 
5 x 10" 5 torr 
2 x10"' torr 
1 x 10~ 8 torr 

<10" 9 torr 
<10~" torr 
10 ma. 
+80 volts 
-580 volts 
-366O volts 
-750 volts 
+27 K.V. 
-1800 V 
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Table 5 - Modified Impulsive Model 
Translational Energy of 0„ Fragment 
Calculated for Certain Bond Angles. 
Recoil is assumed to be along the 
fragmenting axis. 

V, E R = sin2 X [u - -J*) - 1 - cos 2x] _ 1 
EAVL 

E T = EAVL " ER 

Translational Energy (Kcalories/mole) 

V = 0 V = 1 V = 2 V = 
X 

(Deg) EAVL " 1 5 - ^ EAVL = 1 : L- 5 0 EAVL =7-32 EAVL = 

128 13.04 9.53 6.06 2. 
126 12.92 9.44 6.01 2 
124 12.81 9.36 5.96 2 
122 12.70 9.28 5.90 2 
120 12.59 9.20 5.86 2 
118 12.49 9.13 5-81 2 
116 12.40 9.06 5.77 2 
114 12.31 9.00 5.73 2 
112 12.23 8.94 5.69 2 
110 12.16 8.88 5.66 2 
108 12.09 8.84 5.62 2 
106 12.03 8.79 5.60 2 
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PIGURE CAPTIONS 
Fig. 1 Ultra violet absorption spectrum of ozone from 

Ref. 17. Absorption is given in (liter-moles)/ 
cm using log base 10. The cross section for 
irradiation at 2660 is indicated. 

Pig. 2 Energy levels for the possible asymptotic frag
ments of ozone. Op levels are taken from Ref. 65, 
and 0 levels from C. E. Moore NBS monograph 
35 (U. S. Government Printing Office, Washington 
D. C. 1962). 

Fig. 3 Schematic diagram of ozone source . 
Fig. 4 Time of flight data for ozone source using a 92 

cm. flight path and a scale dwell time of 5 x 
—6 10~ sec per channel. 

Fig. 5 Source dimensions used in ozone photodissociation 
experiments. 

Fig. 6 Spatial profile of laser source in near and far 
field conditions. Experiment was performed at 
1.5 meters from laser amplifier. From Laser 
Focus Magazine, July, 1978 . 

Fig. 7 Background signal produced when laser is focused 
so that focal point is coincident with vacuum 
chamber wall. 

Fig. 8 Time of flight spectrum of the photodissociation 
of ozone using 10 torr ozone in 1000 torr argon 
for source expansion conditions. Van der Waals 
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complexes are evident. Scaler dwell time of 9 x 
10" seconds. Mass 32 detected. 

Fig. 9 Time of flight spectrum of the photodissociation 
of ozone with same conditions as Figure 8. Mass 
U8 detected. 

Fig. 10 Time of flight spectrum of ozone using 10 torr 
ozone in 580 torr argon. Mass 32 detected. 
Scaler dwell time 3 x 10" seconds. 

Fig. 11 Angular distribution of photofragment product with 
respect to E. The direction of recoil and the 
electric field vector in the center of mass refer
ence frame define the polarization angle. 

Fig. 12 Dependence of photofragment signal with laser 
power. Mass 32 detected for this study. 

Pig. 13 Simulated time of flight spectrum for five mono-
energetic photofragments. The output shows both 
the variation in intensity and peak width as a 
function of energy. 

Fig. 14 Transformation of time of flight data (see Pig. 
10) to center of mass energy coordinates. 0 
represents a direct inversion process. Ogives 
the transformation obtained by the pr • . 'e 
described in Appendix A. 
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Pig. 15 Quality of data fit using energy distribution 
shown in Figure 1*1. 

Pig. 16 Plot of J vs. 0 atom exiting impact parameter. 
This graph illustrates the kinematic constraints 
placed on the photodissociative event. 

Fig. 17 Transformation of raw time of flight data to 
center of mass energy coordinates using trans
formation described in Appendix A. •20°; 0 30°; 
A 50° laboratory angles. Relative scaling between 
the 20°, 30°, and 50° data is performed using data 
from Figure 11. 

Fig. 18 Background model generated and subtracted from 
time of flight data. 

Fig. 19 Corrected time of flight data after artifact is 
subtracted. 

Pig. 20 Transformation as described for Figure 17 after 
background artifact subtraction. 

Pig. 21 Energy distribution of the vibrational levels 
of Op ( A ) from the photodissociation of ozone 
at x = 266 nm. 

Pig. 22 Data fit using an average anistropy coefficient. 
Illustration shows the significant variation in 
b (E) among vibrational levels. 



-69-

Fig. 23 Direct inversion of raw time of flight data 
(see Fig. 10). Ratio of ground state to excited 
state is obtained after correction for polariza
tion dependence. 

Fig. 2k Ground state potential surface for symmetric 
ABp molecule. Taken from Ref. 9k. 

Fig. 25 Excited state repulsive potential surface for 
AB~ molecule as given in Ref. 9k. 

Fig. 26 Cut along symmetric coordinate of dissociation 
surface at the saddle point Z = 0. 

Fig. 27 Cut along reaction coordinate centered at Z = 0 
and X = 0. 

Fig. 28 Transition probability as a function of energy 
for the potential shown in Fig. 27. 
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III. INFRARED ABSORPTION SPECTROSCOPY OP MOLECULAR IONS -
A PHOTODISSOCIATIVE TECHNIQUE 

A. Introduction 
Molecular ions are known to play a major role in a 

large variety of chemical and physical phenomena. Many 
of these processes, such as electrical conductivity and 
ion transport in biological systems, occur in condensed 
phases where the concentration of ions is usually quite 

20 ? 
substantial. The presence of 10 ion molecules/cmJ in 
solution is commonplace to all chemists ( ~1 molar), and 
techniques to study the effects and properties of ions in 
solution are well established. In particular, visible and 
IR absorption techniques have been used with great utility 
due to the high ion concentrations possible. Ions are 
also important in the gas phase. Upper atmospheric chem
istry is greatly affected by complex ion molecule reactions, 
and one also finds ion molecular reactions in events such 
as combustion where ionb are generated in flames. 

Study of the chemistry of ions is presently hindered 
by the scarcity of physical data available. Data commonly 
available for gas phase neutral molecules such as structure, 
electron distribution, energy levels, etc. are commonly 
obtained from spectroscopic data. Chemical structure for 
neutral molecules is commonly obtained from infrared and 
microwave data. Similar data for gaseous ions is largely 
unavailable. 
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The difficulty in obtaining these data lies primarily 
in generating an adequate number density of the ions of 
interest in a given quantum state. At high source 
pressures, unwanted ion-molecule reactions often deplete 
the ions of interest and give products which are not intend
ed to be studied. Only in a limited number of cases are 
the ions inert enough so that this does not occur. At low 
pressures where ion molecule reactions are not significant, 
the ion density decreases to the point where absorption or 
emission techniques become extremely difficult. Where 
neutral molecule absorption spectroscopy is performed with 

12 1*5 densities of typically 10 to 10 J molecules/cc, ion sources 
c o 

may at most expect to generate 10 -10 ions/cc. They are gener
ally much lower. The difficulty in obtaining absorption data 
on gaseous ions is therefore apparent. Emission techniques 
which have been successfully applied to electronic transi
tions are complicated in the infrared by low sensitivity 
of detectors and long lifetimes of excited states. Due to 
low sensitivity obtained with these methods, researchers 
have developed alternative techniques for obtaining spectra 
of ions. Photofragmentation spectroscopy has been success
fully used for electronic transitions due to the high sensi-

1 R tivity obtained from ion detection. " Direct application of 
this technique fails for vibrational transitions because one 

quantum of vibration energy is insufficient to fragment a 
chemical bond. 
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Since photoabsorption techniques are not feasible, 
infrared spectroscopy is more appropriately obtained by 
measuring; a physical quantity which is sensitive to 
the vibrational state of the ion molecule. The difference 
in charge exchange cross sections with respect to vibra
tional levels has been utilized for diatomic ion 
molecules with reasonable success although such a 
technique relies on a small change in a large measured 
signal (typically 1 part in 10 ). '•" Alternately, 
multiphoton absorption-dissociation has been utilized 
in an ion trap to measure low frequency vibrations in 
polatomic ions. This technique (with one laser source) 
relies on the existence of a quasicontinuum of energy 
;.evels such that a single photon frequency can propogate 
an' excitation sequence to the dissociation limit. This 
approach has thus been limited.to ion molecules with more 
than 11 nuclei. 

As mentioned, one quantum.of vibrational energy 
(100-4000 cm -") will not dissociate most chemical bonds. 
However, such energies are far in excess of the bonding 
energy of a van der Waals bond of ions with a He atom 
which arises from ion induced dipole interactions. If a 
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molecule absorbs a quantum of vibrational energy, it is 
possible for this energy to migrate to the van der Waals 
bond and cause a dissociation of this weakly bonded 
complex. Thus by tuning the infrared frequency, absorption 
of this radiation can be observed via the fragmentation 
process. Helium is a logical choice for the van der Waals 
aduct due to its high ionization potential and small polar-
izability. The weak charge induced dipole interactions 
should largely unaffect the vibrational states of the ion 
of interest. Since these van der- Waals interactions are 
so weak, it is necessary to produce them at extremely low 
temperatures. By using a supersonic nozzle, it is possible 
to obtain rotational temperatures of less than 2°K, thus 
allowing the formation of the desired complex. Although 
vibrational absorption features are expected to be affected 
only slightly by the van der Waals adduct, one would cer
tainly expect the rotation-vibration transitions to be 
totally altered. The emphasis of this approach, however, 
is to obtain survey spectra since nothing Is known about 
the structure of most ion molecules. The obscuration of 
the high resolution features due to the van der Waals 



-102-

host is, therefore, of no concern here. After such low 
resolution survey spectra are obtained, it is then possible 
to obtain the ultimately sought-for high resolution data 
by techniques such as that described later. 

B. Experimental - Vibrational Predissociation of 
Van der Waals Ions 

A tandem mass spectrometer has been constructed in 
order to study the photodissociation of ion molecules. 
Figure 1 shows the apparatus. The nozzle, shown in detail 
in Figure 2, consists of a flow tube containing a 
Scandium tritide foil from the U. S. Radium Corporation 
which produces a 4 curie 3~ source. The 6~ particles 
produce ions via the following mechanism; 

3~ + He-* He + + 2e~ 

He + + M-> He + M + 

The ions produced along with the neutral gas are expanded 
through a .001-.004 inch orifice, producing the desired 
supersonic expansion. The orifice is biased at +_ 500 
volts which fixes the reference voltage of the system. A 
skimmer is placed approximately 0.2 inches from the nozzle 



-103-

in order to eliminate the expansion gas which emanates 
off axis. It too is held at + 500 V. Utilizing a 
series of accelerating lenses (Pig. 3), the ions are given 
sufficient energy to minimize space charge effects, and 
allow for easy focusing. The accelerating region is 
differentially pumped by a 6 inch diffusion pump with 
Convalex 10polyphenol ether pump oil. The pump is trapped 
with a liquid nitrogen cooled baffle. This region maintains 
a pressure of 10~ torr during the expansion process. 

The ions are separated from the neutral species using 
a parallel plate deflector which directs the ions 15 
degrees off axis into an aperture to a 60°sector magnetic 
mass spectrometer. The flight tube of the mass spectrometer 
is held at ground potential giving 500 eV ions during the 
mass analysis. The mass spectrometer is also differentially 
pumped using a four inch diffusion pump with a liquid nitro
gen cold trap. The pressure in this region is maintained 

—8 at 2 x 10~ torr during an experiment. It is now possible 
to mass select the desired van der Waals ion of interest 
and direct this species into a photoirradiation chamber. 

The photoirradiation region is designed for ultra high 
vacuum operation so that collisional dissociation of the 
van der Waals complexes is kept to a minimum. This region 
contains a 220 liter per second ion pump as well as a 
liquid nitrogen cooled titanium sublimation unit. After 
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extended pumping, it is possible to obtain a vacuum of 
5 x 10~ torr in this region. 

The ions are trapped in the photoirradiation region 
using a complex radio frequency trapping scheme . A 
stacked plate design is used in conjunction with an 
octupole trap as shown in Figure 4. The effect of RP 
field is complex near the poles, however, the effective ' 
field attenuates rapidly by the sixth power of the 
distance from the central axis. 

The amplitude of the RF applied to the poles is typically 
less than 20 volts. The RP frequency used is 15MHz. By 
utilizing an impedance matching coil inside the vacuum 
chamber, the total power dissipated is less than 10 watts. 
Thus a small RF power supply is adequate for trapping the 
ions. With this configuration, ions can be collected and 
stored for several seconds without significant ion loss. 
Consequently, the ion "bottle" can be filled slowly, and 
a high power laser pulse can be applied at any convenient 
time. With this technique the lifetime of the metastable 
0 3 + (air) state has been measured. The ions were prepared 
in the trap, and allowed to radiate for a specified time 
interval. A pulsed laser at 532 nm was used to photo-
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dissociate the remaining 0 ? ( TT) molecules. Thus by 
measuring the quantity of fragmentation product as a 
function of storage time, the lifetime is obtained. This 
scheme is advantageous for van der Waals ion photodis-
sociation experiments since the ion flux is small, and 
energy transfer times into the van der Waals bond may be 
long as described below. 

In order to detect the absorption of incident 
radiation, the following mechanism is utilized: 

M + He h ^ (M+) He+ M + + He 

For this process to be useful, it is necessary for the 
energy in the (M )+ moiety to transfer to the van der Waals 
bond. The rate at which this process takes place is pre
sently in question. Experiments on the vibronic excitation 
of Hel„and HeN02 indicate rapid enerpy transfer with sub-
nanosecond dissociation lifetimes. Theoretical studies 
on the dissociation of ArHCl, however, show dissociation 

T C TO 

lifetimes as slow as several seconds. Ions have a 
stronger interaction than neutral species which may enhance 
the energy transfer rate. Also, by using the ion trap, 
long lived excited stute complexes can be stored for a 
convenient time after irradiation to allow for the energy 
transfer time. 
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The photofragments are contained from their recoil 
trajectory and directed into a quadrupole mass spectrometer 
for analysis and detection. Since all the ions are con
tained after fragmentation, the sensitivity of the method 
is far greater than the dissociation experiments for ozone. 
Whereas the ozone detection efficiency was one part in one 
million, here the collection efficiency approaches unity. 
A further advantage arises since an electron impact ionizer 
is eliminated. Thus background signals are virtually non
existent. Photofragment production signals as low as one count 
per minute are possible for these reasons. 

The ions are detected using a Daly detector which per
mits high count rates with large noise discrimination. Even 
if the total number of counts is small, it is desirable to 
use a fast counting detector to accommodate burst mode 
operation when a pulsed laser is used. 

The pump laser in these experiments is the same as 
that used in the ozone experiments. The Nd-Yag laser is 
directed into an Optical Parametric Oscillator1" in 
order to obtain tunable infrared radiation. The 1.06y 
output radiation from the Nd-Yag laser is sent through a 
Faraday Polarization Rotator which keeps, retroreflected 
light from the parametric oscillator from damaging the 
pump laser. The pump beam is reduced to 3 mm using a 
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X0.5 telescope. Care must be taken so that secondary 
reflections from the curved optics do not focus onto the 
oscillator optics and cause damage. The beam is then 
sent through a dichroic mirror which has a transmittance 
of greater than 99% at 1.06y, and is highly reflective 
at the output wavelengths. The 1.06u radiation interacts 
with a birefringent LiNbO- crystal which yield parametric 
gain with output radiation at two frequencies, W and W T, 

S -L 
such that 

w D = w T + w = 

P i s 
and the proper phase matching conditions must be met. Us
ing either the signal frequency (W ) or the idler (W T) 
output it is possible to obtain tunable radiation with 
wavelengths between 1.5 and 4.3 microns. Output power of 
20 millijoules per pulse are obtained at 1.8 microns. Vibra
tional modes of C-H, N-H and similar groups are possible 
with this frequency range. 

Each component of the molecular ion infrared spectro
meter has been assembled separately» and performance tests 
made. Pinal assembly is now underway and preliminary 
spectroscopy experiments of supersonically cooled ions 
should be possible shortly. The vibrational spectrum of 

+ + 
He-HCl is proposed since HC1 is one of the few molecular 

9 fl — 9 K 

ions for which vibrational information is avaiable, and 
the vibrational energy spacings allow the use of the 
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optical parametric oscillator. 
C. Infrared - Ultraviolet Double Resonance 

Photodissociation Spectroscopy of Molecular Ions 
A description has been given for an infrared molecular 

ion spectrometer which relies on the intramolecular energy 
transfer in van der Waals compleses. It was noted that in 
such a scheme, the detailed features of the rovibrational 
levels will be obscured by the presence of the van der Waals 
host. It is, therefore, desirable to devise a method which 
will allow one to obtain the gas phase infrared spectrum 
of a molecular ion free of perturbations. The photo-
dissociation technique exhibits many advantages in terms 
of high sensitivity and low noise, however, it is still 
necessary to provide enough energy for bond rupture. 

Consider a molecular system where a molecule in its 
ground electronic and vibrational state,undergoes a 
transition to an excited state with a photon which is 
slightly energy deficient to reach the dissociation 
limit of the excited electronic state. If the mole
cule is optically pumped to an excited vibrational level 
of the ground state surface, the system now has enough 
energy to dissociate using the UV photon which was pre
viously energetically shy of the dissociation limit. No 
dissociation occurrs with the UV photon until a tunable 
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infrared source achieves a resonance transition to an 
excited rovibrational state. Such a scheme would yield 
optimum results if an upper state surface is available 
and the Pranck-Condon factors from the lower electronic 
surface are favorable. This method thus relies on the 
fortuitous existence of electronic states with dissocia
tion energies commensurate with current photon sources. 

The application of this technique can also be 
extended to upper state potential surfaces which are 
totally repulsive. Utilizing this type of approach is 
less ideal than using the onset into a continuum from a 
bound surface, although it may be the only method avail
able for some molecules. In this case, one relies on a 
significant change in Pranck-Condon factors from the ground 
vibrational level to the excited state. 

A favorable molecular ion for testing this technique 
+ 

is HC1 . The large vibrational spacings allow one to use 
the optical parametric oscillator for the infrared transi-

2 + tion, and the A £ state is energetically accessible using 
tunable ultraviolet radiation obtained from nonlinear 

27 28 doubling and mixing of dye laser radiation. '' 
2 + 2 + 

The A £ - X n emission spectrum of HC1 has been 
measured and analyzed for four isotopic combinations. 
This analysis gives both vibrational and rotational 
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constants for the v = 0,1, and 2 levels of the ground 
state, and for the v = 0-9 levels of the excited state. 
The calculated vibrational transition of the ground state 
is 2568.4 cm which corresponds to A = 3.89 microns. The 
dissociation energies are also available. For the X IT 

2 + 3 state the dissociation products are H( S) + CI ( P). Thus 

D o( 2n) = Do(HGl) + 1P(C1) - IP(HCl). 

For the A E + state the products are H + + Cl( P). Here 
one obtains: 

D o( 22 +) = D Q (HC1) + 1P(H) - T Q ( 2E 2TT)-IP (HC1) with 

Do(HCl) = 4.431eV,29 I.P.(HCl) = 12.7486V30, I.P.(CI) = 

13.017eV31, I.P.(H) = 13.597eV,32 and T Q (2£-2ir) = 

3.484eV.26 

The energy to photodissociate is 

EPhoton = To ( 2 s- 2*> + Do { h ) = 5 ' 2 8 0 e V ' 
min 

o 
This dissociation energy corresponds to 2348 A radiation 
from the ground vibrational state. When a vibrational 
excitation is made to the v = 1, (E = 2569 cm" ) then the 
photodissociation energy becomes 4.96leV which corresponds 

o o 
to 2499 A radiation. (KrF laser yields 2480 A ) One finds 
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o o 

then that any intense source between 2350 A and 2490 A 
is suitable for the photcdissociation source. 

Extensive studies have been made on the production 
20-21 of tunable UV radiation using a Nd-Yag pump laser. 

Sun-frequency generation from the second harmonics of 
rhodamine and coumarin dyes allows frequency upcon-
version to the 208-234 nm range by mixing with the 1064 nm 
fundamental of the Nd-Yag laser. The dye lasers can be 
pumped by the second and third harmonics of the Nd-Yag 
laser. Using the Nd-Yag laser described previously, it 
is reasonable to expect 1 mjoule of tunable radiation in 
the UV with no sacrifice in power to the optical para
metric oscillator. By using 90° phase matching, greater 
conversion efficiencies are expectedj however, a temper
ature controlled crystal holder is necessary to obtain the 
proper phase matching conditions. A thermostat of this 
type has been developed^3 a n (j this design has been 
incorporated into the Nd-Yag tunable radiation system. 

Using the ion trapping methods previously described, 
and the UV-IR laser system, generation of infrared spectra 
of dissociation ions should be readily achieved. If the 
ion trap can accommodate 10 ions/cm , with a cylindrical 
volume of 25 cur accessible to the laser, then one can 
irradiate 2.5 x 10 molecules. By allowing the ions to 
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stagnate in the trap for many millisiconds, it should be 
possible to obtain at least 1% of the molecules in the 
ground to vibrational state. If saturation, or near 
saturation is achieved for the bound-bound infrared 
transition, the signal produccion is dependent primarily 
on the UV photodissociation cross section. 

Both the van der Waals ion and the two photon exper
iments are being actively pursued. After the successful 

+ 
demonstration of the HC1 ion it should then be worth-
while to study small polyatomic systems such as H 20 , 
NH, +, and C H * 
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PIGURE CAPTIONS 

Pig. 1 Schematic Diagram of tandem mass spectrometer 
with supersonic ion nozzle source. 

Pig. 2 Supersonic nozzle source for the production of 
ion molecules. 

Pig. 3 Ion dense system for first differential pumping 
region. 

Pig. 4 R. f. ion trap and octupole trap 
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APPENDIX A 

Simulation Studies of Photodissociation 
The following Fortran IV program is designed to 

simulate the dynamics of a photodissociation event in a 
crossed molecular beam facility. The use of such a 
program allows one to determine the resolution of a 
photofragment spectrometer, and can be used to determine 
which parameters of the apparatus degrade the experimental 
resolution. Thus by studying the effects of each beam 
parameter, one can design an optimal experiment. 

Input 

The program first accepts parameters relevant to the 
desired experiment. 

Card Group I 
I Card 1. BMASS, PMASS 

I Card 2. ENGION, IONLGT 

2F7.2 Format 
BMASS is the mass of 
the parent molecule 
in A.M.U. 
FMASS is the mass of 
the observed fragment 
in A.M.U. 
2F7.2 Format 
ENGION is the energy 
of the ion in eV. 
which is analyzed by 
the mass spectrometer. 
It is assumed the 
have constant velocity 
over the entire region. 
IONLGT is the flight 
path of the ion formed 
in centimeters. 
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I Card 3- ANGLE 

I Card H. BLONG 

I Card b. PGPATH 

I Card 6. FDWELL 

I Card 7. PANGL 

I Card 8. POLA POLC 

PPROB = POLA 

P7-2 Format 
ANGLE is the angle of 
the detector with 
respect to the mole
cular beam, and is 
given in degrees. 
F7.2 Format 
BLONG is the distance 
from the nozzle tip 
to the center of the 
interaction region 
in cm. 
F7.2 Format 
FGPATH is the distance 
from the center of 
interaction region to 
the center of the 
ionizer, in cm. 
12 Format 
FDWELL is the time 
interval (in microseconds 
for integration 
of each channel of 
the multichannel 
scaler used for 
time of flight. 
F7.2 Format 
PANC-L is the angle 
(degrees) of laser E 
vector with respect 
to the molecular 
beam. It is assumed 
that the molecular 
beam, laser beam, 
and detector are all 
in the same plane, 
and that the two 
beams are orthogonal. 
2F7.2 Format 
POLA and POLC are two 
factors in the 
equation: 

cos2(v) + POLC 
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where PPROB Is the 
relative transition 
probability at a 
given polarization 
angle in the center 
of mass frame (v). 
This equation applies 
to parallel transi
tions. For isotropic 
fragmentation, this 
statement may be 
extracted from the 
programj or POLA = 0 
and POLC = 1 

Card 9. BVMIN, BVMAX 2P10.2 Format 
BVMIN and BVMAX are 
the minimum and 
maximum velocities 
desired for the beam 
velocity distribution. 
They are given in 
cm/sec. 

Card 10. BVINC F7.2 Format 
BVINC specifies the 
incremental velocity 
in which to convolute 
the beam velocity 
distribution.(cm/sec) 

Card 11, TS F7.2 Format 
TS is the transla-
tional temperature 
of the beam in 
degrees Kelvin. 

Card 12 AVMASS 57-2 Format 
AVMASS is the average 
mass of the molecular 
beam gas mixture in 
A.M.u. 

Card 13. VS 

I (V) = C 

F10.2 Format 
VS is the most prob
able velocity of the 
molecular beam. The 
velocity distribution 
of the beam is gener
ated by 

u
2
 e X p ( A V M A S S> u e x p K 2kTS (V-VS)' 
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Card Group II. Beam Angular Distribution Function 
BMANGL(I), BMAPRB(I), JDONE 2F6.2, 13 Format. 
BMANGL(I) is the angular distribution (degrees) of the 

beam. Both positive and negative angles are permitted. 
0 degrees is the beam axis. 

BMAPRB(I) is the beam intensity corresponding to 
each beam angle. 

JDONE is an indicator that the last beam angle has 
been given. If JDONE is non zero, the reading of beam 
angles and intensities is terminated. 

Card Group III - Detector Angular Distribution 
DTANGL(I), DTAPRB(I), JDONE 2F6.2, 13 Format. 
DTANGL(I) is the angular deviation (degrees) from 

the angle given in ICard 3- Both positive and negative 
angles are permitted. 

DTAPRB(I) is the detecting probability corresponding 
to each deviation angle. 

JDONE indicates last detector deviation angle to be 
read. If JDOME is non zero, detector angles are terminated. 

Card Group IV - Ionizer Spatial Distribution 
IONIZR(I), IONPRB(I), JDONE 2F6.2, 13 Format 
IONIZR(I) is the distance from the center of the 

ionizer (cm.). Negative distances yield a smaller fragment 
path length. 
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IONPRB(I) is the ionization probability as a function 
of ionizer spatial distribution. 

JDONE indicates last ionizer card. If JDONE is not 
equal to zero, reading of ionizer cards is terminated. 

Card Gf6up V - Laser Spatial Distribution 
LASER(I), LSRPRB(I), JDONE 2P6.2,I3 Format 
LASER(I) is the deviation of the laser (in cm.) from 

the laser beam axis. Both positive and negative values are 
permitted where the axis Is zero. 

LSRPRB(I) Is the laser intensity associated with a 
given spatial point 

Sample Input 
PHOTOPRAGMENTATION SIMULATION 

INPUT DATA 
48.00 32.00 
80.00 24.00 
20.00 
5.45 
34.11 
3 
00.00 
00.00 

Experimental Parameters 3 
00.00 
00.00 1.00 Card Group I 
48000. 00 62000.00 
200.00 
2.00 
40.00 
55800.00 
-1.00 1.00 
-0.75 1.00 
-0.50 1.00 
-0.25 1.00 
0.00 1.00 Beam Angles (Deg.) 
0.25 1.00 Card Group II 
0.50 1.00 
0.75 1.00 
1.00 1.00 1 
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-1.00 1.00 
-0.75 1.00 
-0.50 1.00 
-0.25 1.00 
0.00 1.00 Detector Deviation An 
0.25 1.00 Card Group III 
0.50 1.00 
0.75 1.00 
1.00 1.00 1 
-1.00 0.10 
-0.80 0.50 
-0.60 0.80 
-0.40 0.99 
-0.20 0.80 Ionizer Position (cm) 
0.00 0.60 Card Group IV 
0.20 0.40 
0.40 0.20 
0.60 0.10 
0.80 0.05 
1.00 0.02 1 
-0.60 0.50 
-0.40 1.00 
-0.20 0.75 Laser Position (cm) 
0.00 0.20 Card Group V 
0.20 0.75 
0.40 1.00 
0.60 0.50 1 
1.60 
1.40 
1.20 Energies to Simulate 
1.00 
0.80 
0.60 1 

Details 3 of Simulation 
The convolution of beam distributions is performed by 

selecting an energy (ENGDIS(JJ)), and calculating the 
components of a Newton diagram for in plane scattering 
(vertical scattering has been ignored in this program) by 
generating all presentations of the beam angle, detector angle, 
detector angle, beam velocity, laser, and ionizer specified 
from the above input. A laboratory velocity is calculated 
for both forward and backward scattered products, thus a 
flight time is obtained which is histogrammed from all the 
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presentations of a given energy. The final histogram is 
saved as a time of flight spectrum for a single fragment 
energy. This process is repeated for a new energy until 
all input energies have been processed. The matrix 
generated can then be used either to observe the spread in 
time at any given energy, or can be used in data fitting 
routines to obtain energy distributions in the center of 
mass coordinate frame, via least squares or trill and error 
fits. 

Calculation of Laboratory Angle and Fragment Plight Path 
The geometric details for calculating the laboratory 

angle and fragment flight path are shown in Figure 1. The 
angle and distance labels correspond to the variables in 
the program. Using the geometry shown, a raaii'x is formed 
for the interaction region, and ionizer region from the 
various combinations of beam angle, detector angle, ioniza
tion point, and excitation point. The angle calculated is 
used for the calculation of the Newton triangle shown in 
Figure 2. 

Coordinate Transformation Calculations 
As shown in Figure 2, the forward and backward 

scattered laboratory velocities of the photofragment are 
obtained from the input data. During this calculation, 
checks are made for maximum possible laboratory angle, and 
flight times which exceed 256 channels with the specified 
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integration time. No account has been made in this program 
for momentum transfer from the photon, to the molecular 
beam. 

Since the ionizer is linearly responsive to number 
density, and the variable of interest is flux, a velocity 
factor must be Incorporated into the intensity expression. 
The Jacobian for the transformation from center of mass 
to laboratory coordinates must also be incorporated, thus 
the response as a function of laboratory velocity is 
weighted by (V L A B) 3/(Vcm). See page 33-

Polarization Dependence of the Angular Fragment 
Distribution 
The polarization dependence for anisotropic scattering 

is described in the introductory chapter. The theory 
described, however, is applicable only for single energy 
fragemnts. Thus the polarization dependence should actually 
have energy dependent coefficients. This can be easily 
incorporated into the program, although presently omitted, 
by vectoring POLA and POLC in the polarization dependence 
coding for both forward and backward scattering. Thus 

PPROB = POLA(JJ) * (COS(GAMMA) ** 2) + POLC(JJ) 
It should also be mentioned that COS(GAMMA) in the above 
equation is applicable only for parallel transitions and 
should be changed to SIN(GAMMA) for the perpendicular 
case. 
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Output 
The mode of output is dependent on the program card 

which specifies the actual output device for each logical 
device. The logical device outputs are as follows: 

Logical Unit 6 outputs all the input data 
Logical unit 20 outputs the simulated time of 
flight data 

For each energy to be simulated, the program outputs the 
energy used (Kcal).in FlO.il format. 256 intensities 
follow for a simulated time of flight in 1P6E13-5 format. 
A sample of logical unit 20 output is: 

OUTPUT FORMAT OF PHOTOFRAGMENT 
TIME OF FLIGHT SIMULATION 

1.2000 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 

1.31528E+13 1.87998E+14 1.01699E+15 3-21517E+15 

0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
0. 0. 
7.28665E+15 1.33119E+16 
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2.08746E+16 
7.00582E+16 
6.49317E+16 
2.73669E+16 
5.83780E+15 
7.45833E+14 
1.28713E+14 
3.56433E+13 
7-73900E+12 
3.64305E+12 
9.90685E+12 
1.5>1l70ilE+13 
3.48783E+13 
5.28472E+13 
7-85^77E+13 
1.0000 

0. 
0 . 
0. 
0. 

2.96792E+16 
7.J4894lE+l6 
5.84799E+16 
2.25074E+16 
4.05615E+15 
5.36469E+14 
1.09206E+14 
2.45048E+13 
5.98313E+12 
5.68572E+12 
1.21299E+13 
2.45467E+13 
3.67848E+13 
6.16233E+13 
9.48299E+13 
0. 
0. 
0. 
0. 

3.91219E+16 
7.82517E+16 
5.27965E+16 
1.81865E+16 
2.93043E+1I5 
3.83708E+14 
7.56838E+13 
1.70478E+13 
5.38M96E+12 
4.90136E+12 
1.56762E+13 
2.39082E+13 
3 .95H3E+13 
6.27105E+13 
1.01436E+14 

0. 
0. 
0. 
0. 

4.78295E+16 
7.86293^+16 
4.58198E+16 
1.40097E+16 
2.04841E+15 
2.97576E+14 
e.s^neE+is 
1.71444E+13 
4.515HE+12 
8.16731E+12 
1.26215E+13 
2.60103E+13 
4.32157E+13 
7.02403E+13 
0. 
0. 
0. 
0. 
0. 

5.57954E+16 
7.65663E+I6 
3.89773E+16 
1.05904E+16 
1.44817E+15 
2.20564E+14 
5.28204E+13 
1.44203E+13 
3.994i(7E+12 
7.76951E+12 
1.63679E+13 
2.88882E+13 
4.67046E+13 
7.26526E+13 

0. 
0. 
0. 
0. 

6.34358E+16 
7.13219E+16 
3.26740E+16 
7.93230E+15 
1.01822E+15 
1.71301E+14 
4.28887E+13 
1.08700E+13 
4.76000E+12 
9.32472E+12 
2.20b20E+13 
3.08104E+13 
5.08105E+13 
8.b7310E+13 

0. 
0. 
0. 
0. 
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PROGRAM U J101 ALOG,TAPE7> 01ALOG, PARAMETERS, TAPEE>PARAME TERS, 
I 0ATACMLAB.TAPei3-0ATACULAB.BMANGLE.TAPEm-BMANGLE. 
£ DTANGLE.TAPEI5-DTANGLE , IONIZER. TAPE 16-IONIZER, 

. 3 FLASER.TAPE17-FLASER,ENGPR0B.TAPE1B»ENGPR0B. 
i» CONVDATA.TAPESO-CONVDATi!) 

C 
c • ••• •• c 
C PHOTOFRAGMENTATION SIMULATION PROGRAM c c c • • • • • » • • 

REAL IONLGT 
REAL VELDISI25S),VPROB(S56I,TFHIST(1QOQI 
REAL BMAPRBI50I .BMANGLISD), IONIZRI50I,LA5ER(50>. ION> RB150) 
REAL 0TANGLI50) .DTAPRBI50I ,ENGDIS(256) .LSRPRBC50I 
INTEGER FCHAN.AV.FOWELL 

C 
C THIS PROGRAM PERFORMS A CENTER OF MASS TO LAB TRANSFORMATION 
C FOR A SINGLE BEAM PHOTOFRAGMENTATION PROCESS. 
C 
C INPUT 
C THE INPUT PARAMETERS TO THE PROGRAM ARE: 
C I. CENTER OF MASS FRAGMENT TRANSLATIONAL ENERGY DISTRIBUTION 
C 2. VELOCITY DISTRIBUTION PARAMETERS 
C 3. ANGULAR DISTRIBUTION OF BEAM 
C 1. ANGULAR DISTRIBUTION OF DETECTOR 
C 5. POLARIZATION FUNCTION OF MOLECULE—EG. B PARAMETER 
C 6. IONIZER PROBABILITY DISTRIBUTION 
C 7. LASER DISTRIBUTION 
C 
C FILE NAMES--LLL VERSION ONLY 
C THE FOLLOWING FILES MUST EXIST BEGORE PROGRAM EXECUTION: 
C 1. ENERGY OISTRIBUTION'ENGPROB 
C S. ANGULAR INTENSITY OF BEAM-BMANGLE 
C 3. ANGULAR FUNCTION OF OETECTOR=DTANGLE 
C "». IONIZATION PROBABILITY-IONIZER 
C 5. LASER SPATIAL DISTRIBUTION'FLASER 
C 6. INITIAL CONDITIONS-DATACMLAB 
C 
C 
C READ THE EXPERIMENTAL PARAMETERS FROM DISK 
C SET UP CONDITIONS FOR PROGRAM RUN 
C 
C 
C DATA OBTAINED FROM OATACMLAB FILE ARE: 
C 
C I . MOLECULAR HEIGHT OF MOLECULE CAMU1 
C 2. MOLECULAR HEIGHT OF FRAGMENT I AMU) 
C 3. ION ENERGY (EV) 
C H. ION FLIGHT LENGTH (CM) 
C 6. DETECTOR ANGLE (DEGREES FROM PRIMARY BEAM! 
C 5. DISTANCE FROM NOZZLE TO INTERACTION REGION 
C 7. FLIGHT PATH LENGHT OF FRAGMENT (CM) 
C 10. OHELL TIME FOR CALCULATED TIME OF FLIGHT (X E-6) 
C II. A COEFFICIENT IN PPROB-A>COS(POLANGLE)*B 
C IB. B COEFFICIENT IN ABOVE EQUATION 
C 13. POLARIZATION ANGLE WITH RESPECT TO BEAM. 
C It. INITIAL VELOCITY (CM/SEC) 
C 15. FINAL VELOCITY (CM/SECI 
C 16. VELOCITY INCREMENT (CM/SECI 
C 17. TRANSLATIONAL TEMPERATURE OF BEAM 
C IB. AVERAGE MASS OF BEAM 
C 19. MOST PROBABLE VELOCITY 
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c c c •• • c 
C SET UP TO READ FILE DATACMLAB 
C THIS FILE READS EXPERIMENTAL CONDITIONS 
C 
C 
C READ DATA IN ORDER LISTED ABOVE 
C 

RtADI 13,tOOOI6NASS,FMASS 
REAOU3,t000>ENGION,IONLGT 
READ!13.H0051ANGLE 
READ(I3.M005)BLONG 
READI13.MOD5IFCPATH 
READU3.40I0IFDUELL 
READUS.IOOSIPANGL 
READI13,4000>POLA,POLC 

C 
READI 13.>«0E5>BVMIN.BVMAX 
READI13.H0051BVINC 
READU3,<*005)TS 
READII3.M0D5IAVMASS 
REA0(I3,40301VS 

C ALL DATA FROM DATACMLAB IS READ 
C 
C 
C • • 
C COMPUTE VELOCITY DISTRIBUTION ARRAY VELDISCI) FOR 
C A THEORETICAL BEAM. 
C 
C 
C CALCULATE THE NUMBER OF VELOCITIES—LIMITED TO 356 FROM DIMENSION STATEMENT 
C 

RVEL-<BVMAX-8VH1N> /BVlNt 
NVEL-INTIRVEL>*1 
IF(NVEL.LT.E56>G0 TO 55 
NVEL-256 

55 VELCTY-BVHIN-3VINC 
DO 60 l-I.NVEL 
VELDISUI»VELCTY«BVINC 
VELCTY-VELDISU) 

60 CONTINUE 
C 
C c c 
C CALCULATE VELOCTITY PROBABILTY DISTRIBUTION VPROBID OF THEORETICALLY 
C GENERATED BEAM. 
C 
C I(VI IS CALCULATED HERE IN NUMBER DENSITY 

DO 65 I-I.NVEL 
CI-AVMASS/<BM|.3906E-161»TS'<6.0e3ES3>) 
VPROBIII-VELOISI1I " a ' E X P t - C l • < (VELOISl 11-VSI"B> > 
VPROB<I>-VPR09<II/1E6 

65 CONTINUE 
C • • • • • 
C GENERATE BEAM ANGULAR DISTRIBUTION FUNCTION 
C THE DATA IS READ FROM FILE BMANGLE 
C 

l-l 
160 READI It. I70IBHANGLI11 .BMAPRBII). JDONE 

HANDLE-1 
M * l 
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IFIJDQNE.EQ.OIGO TO 160 
170 F0RMATI2F6.S.I3) 
C 
C • • • • • • t . . t 
C GENERATE DETECTOR PROBABILITY FUNCTION 
C THE DATA IS READ FROM FILE OTANGLC 
C 

l-i 
BBS READI I5.300IDTANGL111 .OTAPRBl 11, JDONE 
300 F0RMAT(2F6.2,13I 

NDTANG-I 
I'M 
IFCJOONE.EQ.OIGO TO 285 

C • • • t • • . . « . . « . it • . . . » . . . . 
c 
C GENERATE IONIZER FUNCTION 
C THE DATA IS READ FORM FILE IONIZER 
C 

1*1 
310 READI 16,3501 IONIZRII). IONPRBI 11. JDONE 

N10NZR-I 1»M 
IFIJOONE.EQ.OIGO TO 310 

350 F0RMAT<2F6.3,I3) 
C 
C 
c 
C READ LASER FUNCTION 
C THE DATA IS READ FROM FILE FLASER 
C 

l - l 
360 READI 17.370ILASERI 11 .LSRPRBI11, JOONE 

NLASER-I 
1 — 1*1 
IFIJDOKE.EOOIGO TO 360 

370 FORMAT12FC'.3. ill 
C 
C • 
c 
C READ ENERGY DISTRIBUTION 
C DATA IS ENTERED >.S CENTER OF MASS TRANSLATIONAL FRAGMENTATION ENERGY 
C 

l-l 
390 READ! 18.HOOIENGDIStt). JDONE 

NENG-l 
1-1*1 
IFIJDONE.EQ.OIGO TO 390 

HOD F0RMATIF7.B.I3I 
C 
C c « c 
C ALL DATA IS ENTERED AT THIS POINT 
C 
C . • • i t . i i i • c 
C PRINT PARAMETERS 
C DATA IS OUTPUT TO FILE PARAMETERS 
C 
c • • 

HRITEI6.5000) 
HRITEI6,50051 
HRITEI6.50101 
HRITEI6.S0I5IBHAS5.FMASS 
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HRITE!6,5020>ENG10N.FGPATH 
RDWELL»FDHELL 
URITE (6.505511ONLGT , RDWELL 
HRITE(6.l.'035)VELDIS(l) 
WRtTE(6,5040IVELDlS(NVEL> 
WRITE(6,50H1IAVMASS 
WRITE(6.50"21TS 
WRITEI6.5045IANGLE 
MRITEI6.5046IPANGL 
WRITE(6.5047IPOLA,POLC 
WRITE 16,50501 
WRITEI6.50551 
HRITE(B,50B0) 
DO 450 IM.NENG 
WRITE(6.449)ENGDIS(I! 

449 FORMATIF7.2) 
450 CONTINUE 

WRITE16.50701 
DO 455 I'l.NDTANG 
HRITE16.5075IOTANGLI I1 .DTAPRBl I) 

455 CONTINUE 
HRITE16.507I) 
00 456 1'I.NANGLF 
HRITE(6.5075>BMANGL( I) .BMAPRB1I) 

45S CONTINUE 
WRITEIB.50801 
DO 457 I'l.NlONZR 
WRITE(6.50751IONIZRII).10NPRBII1 

457 CONT1NUE 
WRITEC6.5090) 
DO 45B i'l.NLASER 
WRITE(6.5075)LASER(I).LSRPRBI11 

458 CONTINUE 
HRITEI6.51001 
00 460 IM.NVEL.4 
0=1*1 
K«i*a 
L»l*3 
WRITE<6,5105IVELDIS( I) .VPROBI I ) .VELDIS(J) ,VPROBI Jl 
1 ,VELDIS(K>.VPROBIK).VELDISIL).VPROBILI 

460 CONTINUE 
C 
C CONVERT UNITS ECT. BEFORE ENTERING CONVOLUTION DO LOOPS. 
C 
C CONVERT ANCLES TO RADIANS 

00 465 I - 1 , MANGLE 
SMANGL! I )=BMANGL( 11/57.E95B 

465 CONTINUE 
00 470 l-I.NDTANG 
OTANGL (11 -OTANGL111 / 57.2953 

470 CONTINUE 
PANGL-PANGL / 57. 3959 
ANGLE-ANGLE/57 .S95B 

C CALCULATE THE ION FLIGHT TIME 
C CONSTANT ION ENERGY OVER ENTIRE LENGTH IS ASSUMED 
C V-S0RTI5E/MI 
C 

VSaRT(S.MI.60209E-IS)'ENGION«<6.0BEa3l/FMASS> 
TMION-IONLOT/V 
MI-BMASS-FMASS 

C CALCULATE REOUCFO MASS 
RMASS- (HI 'FMASS I /BMASS 

C 
C 
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C THE FOLLOWING IS THE MAIN CONVOLUTION ROUTINE 
C IT CONSISTS OF NESTED LOOPS FOR ALL PARAMETERS WHICH 
C AFFECT THE NEHTON TRIANGLE. THE PROCEEOURE IS AS FOLLOWS: 
C 
C I. CONSTRUCT NEWTON TRIANGLE USING 
C VELDISMII .ENGDISUJ1 .OTANGLIKK1 .BMANGLILLI 
C ALSO USED ARE BHASS. FMASS. AND ANGLE. 
C 
C 2. THE PARAMETER CALCULATED IS LABORATORY VELOCI.Y. 
C FROM THIS A FLIGHT TIME IS CALCULATED 
C 
C 3. THE EVENT PROBABILITY IS THE PRODUCT OF 
C VPROBI111 •DTAPRBIKKI •BMAPRBILD • IONPRBI11 • 
C PPROB»LSRPRB(BBI 
C 
C 4. THE EVENT INTENSITY IS THEN HISTOGRAMMED USING 
C SPECIFIEIO TIME INTERVALS TO GENERATE A SYNTHETIC 
C TIME OF FLIGHT SPECTRUM. 
C 
C • 
C ZERO THE HISTOGRAM BUFFER 
C 

DO 510 1-1,256 
TFHISTUI-0.0 

510 CONTINUE 
C 
C 
C 

DO 900 JJ-I.NENG 
C CONVERT KCAL.S TO ERGS. 

ENERGY-ENGD1S1JJ)«4IB40000000. 
V-SQRT<2.•ENERGY/RMASSI 

C V2CM IS CENTER OF MASS VELOCITY OF OBSERVED FRAGMENT 
V2CM=M1«V/BMA5S 
DO BOO II«t,NVEL 
VELCTY-VELDISUI) 
DO 700 KKM.NDTANG 
GM"ANGLE+DTANGL(KK> 
DO EDO LL>I.NANGLE 
DO 597 HM»I .NLASER 
BL-BLONG+LASERIMMI 
AL"BL«TAN(BMANGL(LLI I 
DO 595 NN-I.NIONZR 

C 
C CALCULATE LAB ANGLE 
C 

HL-(FGPATH«I0NIZR(NNI)»SIN(GM1 
XL-(FGPATH>IONIZR!NN)>»COS(GM> 
DL"XL-LASER(MM> 
RL-HL-AL 
XBETA»ATAN(RL/DLI 
ANGL'ABSCXBETA-BMANGLILL) I 
RPATH-SGRT(DL» »2*RL » »2) 

C TEST IF THERE IS NO BACKSCATTERED PRODUCT. THIS IMPLIES 
C THAT ALL LAB ANC-'.ES ARE ALLOWED. AND TEST FOR SUCH IS 
C UNNECESSARY. 

IFCV2CM-VELCTYIS50.585.525 
525 NOBACK'I 

00 TO 555 
550 N09ACK-0 
C TEST FOR LARGEST LAB ANGLE POSSIBLE WITH THE GIVEN 
C BEAM VELOCITY AND FRAGMENT VELOCITY. IF THE LAB 
C ANGLE IS GREATER THAN MAXIMUM ANGLE. IGNORE THIS 
C SCAN AND CONTINUE. 
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c 

STHETA-V2CH/VELCTY 
C SINCt SOME COMPUTERS 00 NOT HAVE ARC SIN FUNCTIONS. 
C IT IS GENERATED HERE 3Y X/SQR"( l-(X"2l 

THETA=ATAN(STHETA/;SQRT( I .-ISTHETA»»ai) 11 
IFCANGL-THETAI555.595,595 

555 A>VELCTY«COS(ANGL) 
B»VELCTY«SlNtANOLI 
C-SQRTI(VaCM»V2CMI-(B»B)) 
FORVEL«A»C 
BCKVEL-A-C 

C 
C CALCULATE THE POLARIZATION DEPENDENCE 
C REF. BUSCH AND K. WILSON J. CHEH, PHYS, 56, 363B 11973) 
C CALCULATE CENTER OF MASS ANGLE. 

VH»FORVEL»SIN<ANGLI 
STHETA-VH/V3CM 
THETA-ATANISTHETA/ISORT(I.-ISTHETA»«3I)I) 

C CALCULATE ANGLE BETWEEN POLARIZER AND CENTER OF MASS ANGLE. 
GAMMA-2.«ASINUSORTtB.-e.»C0S<THETAI«C0S(PANGLI))/2.l 

: FOR ISOTROPIC DISTRIBUTION LET POLA-O. AND POLC-1. 
C NOTE: COS(GAMMA 1 SHOULD BE SINIGAHMAI IF PARELLEL 
C TRANSITION IS HADE. 

PPROB>P0LAMCOS<GAMMA)"B)+POLC 
C 
C CALCULATE FLIGHT LENGTH TO IONIZATION POINT 
C 
C RPATH IS THE ACTUAL DISTANCE TO IONIZATION POINT 
C 
C 

TLAB-(RPATH/FORVEL)»TMION 
CHANL»TLAB/<FDWELLME-6>*1 .0 

C GET RIO OF ABSURD FLIGHT TIMES 
IFICHANL.GT.356.IG0 TO 576 
ICHAN-INT(CHANL) 

C CALCULATE EVENT PROBABILITIES 
EVENT-VPROBl 11) •DTAPRBIKK) •BMAPRB1LL) • IONPRBINNI • 
1 PPROB'LSRPRBIMH) 

C 
C TRANSFORM EVENT PROBABILITY INTO AN INTENSITY 

RINTEN-EVENT• IFORVEL• • 3) / VSCM 
C 
C HISTOGRAM THE FORWARD SCATTERED RESULT. 
C 

TFHISTIICHANI-TFHISTIICHANItRlNTEN 
576 CONTINUE 
C 
C NOW TREAT THE BACKWARD SCATTERED RESULT 
C 
C 

IF INOBACK 1595,579,595 
C CALCULATE POLARIZATION PROBABILITY FOR BACK SCATTERED PRODUCT. 
579 VH"BCKVEL«SIN<ANQLI 

STHETA'VH/VBCM 
THETA»ATAN1STHETA/(SQRT( I ,-CSTHETA"B. Ill) 
GAHMA'B.'ASINUSQRTie.-a.'COSnHETAMCOStPANQLDWB.) 
PPROB'POLAMCOSIOAMMA) "31 «POLC 

C 
TLAB-(RPATH/0CKVEL)*TMION 
CHANL-ILAB/lFDWELLME-6)*! .0 
lFtCHANL.GT.S56.IG0 TO 598 
JCHAN'INT(CHANL) 

C CALCULATE AN EVENT PROBABILITY 
EVENT>VPROB( 111 •DTAPRBCKKI •BMAPRB(LL) • IONPRBINN) • 

http://lFtCHANL.GT.S56.IG0
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1 PPROB'LSRPRBIMH) 
C 
C TRANSFORM EVENT PROBABILITY TO AN INTENSITY. 

RMTEN»EVENTMBCKVEL"3WV5CH 
TFHISTIJCHANLTFHISTIJCHANHRINTEN 

C 
C GET NEXT LASER POSITION. 
595 CONTINUE 
C GET NEXT IONIZER POSITION. 
597 CONTINUE 
C 
C GET NEXT BEAM ANGLE. 
EOO CONTINUE 
C GET NEXT DETECTOR ANGLE. 
700 CONTINUE 
C GET NEXT BEAM VELOCITY 
BOO CONTINUE 
C 
C 
C CONVOLUTION COMPLETE FOR ENGDISCJJ1 
C WRITE THE DISTRIBUTION ON DISK 

WRITE(50,8101ENGDISIJJI 
BIO FORMATtF\0.4> 

WRITE(S0,Ba0IITFHIST(ll,l=.l,25B) 
820 F0RMATIIPEEI3.5) 
C CLEAR THE BUFFER AND CONTINUE 

00 830 1-1.356 
TFHISTI1>=0.0 

830 CONTINUE 
C 
900 CONTINUE 
C 
c 
C FORMA) STATEMENTS 
C 
HOOO F0RMATISF7.S) 
4005 F0RMATIF7.SI 
4010 FORMAT!121 
4025 FORMATI2FI0.2) 
4030 FORMAT(F10.3) 
C 
c 
5000 FORMATItHI.//) 
5005 F0RMATI5IX.I9H INITIAL CONDITIONS) 
5010 FORMAT!IHO.//) 
5015 FORMAT! IBH MASS OF MOLECULE: .F6.S.5H AMU.. 

1 IIX.IBH MASS OF FRAGMENT: ,F6.a.5H AMU.) 
5020 FORMAT! 12H ION ENERGY: ,FB.3.5H E.V.. 

I I7X.24H FRAGMENT FLIGHT LENGHT: .F6.E.4H CM.) 
5025 FORMAT! 19H ION FLIGHT LENGHT: .F6.2.4H CM.. 

I I1X.33H DWELL TIME OF GENERATED T.O.F.: ,F7.4. 
3 I3H MICROSECONDS) 

5035 FORMAT 133H BEAM INITIAL VELOCITY: .FB.2.9H CM./SEC. I 
5040 F0RMATI2IH BEAM FINAL VELOCITY: ,FB. 3, 9H CM. /SEC.) 
5041 FORMAT!14H AVFRAGE MASS: .F6.2.4H AMU) 
5043 FORMAT 11BH BEAM TEMPERATURE: ,FS. 3,1 IH DEGU-ES K.) 
5045 FORMATI30X.I6H DETECTOR ANGLE: .F6.3.8H DEGREES) 
5046 FORMAT 130X.30H ANGLE OF POLARIZER: ,F6. a. 8H DEGREES) 
5047 FORMAT(30X.3BH POLARIZATION FUNCTION COEFFICIENTS: .2F6.3I 
5050 FORMAT! IHO.//> 
5055 F0RMAT(55X,BH D A T A ) 
5060 FORMATtlHO.IBH FILE ENPROB ) 
5070 F0RMAT(|Ht)..'//,|6H FILE DTANOL ) 
5071 FORMAT! IH0.I6H FILE BMANGL > 
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50T5 FORMAT (eFS.B) 
5080 FORMAT! I HO. 1BH FILE ICNIZR 1 
5090 FORMAT! I HO, 15H FILE LASER 1 
5100 FORMAT!1HO,25H VELOCITY DISTRIBUTION—I 
5105 FORMAT13X.MIFI0.S.IPEIH.4.7X)) 

CALL EXT 
END 


