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T he focused beam of a pu lsed CO2 TE:A laser was used to photod issociate eth yle ne gas at tota l pressures 
of 100-300 torr. The laser pulse induces molecular hydroge n elimination to yield primaril y C2Hz and H2 in an 
la rge excess of heliu m to e liminate heatin g. An invesigati on was mad e of the de pe nde nce of product yield on 
wavele ngt h, ine rt gas pressure, et hyle ne pressure a nd inte nsit y. Photoc hemi ca l yie ld was followed over a 10,000 
fold range. It s depe nde nce was investi gated emp loying alt erna te methods of foc us ing the laser beam , one of whic h 
resu lt s in a consta nt vo lu me geometry . A photom etri c method of c haracte ri zing thi s focal zo ne is desc ribed. 

A "stru ctureless" com pute r model of the laser pump ing process involving coupled ra te equations and 
phe nomenological absorpti on a nd sti mulated em iss ion coe ffi c ie nts is desc ribed. The model assumes rapid 
intramolecular energy tra nsfer between the vari ous vibrati ona l modes th roughout the e ntire vibrationa l manifold , 
a nd rapid eq uilibra tion of rotational states. The model includes sti mu lated emi ssion a nd deac tiva tin g colli sions, 
and pred icts a product yie ld versus intensity depe nde nce tha t does not exhibit thres holrl behavi or in agreeme nt 
wit h experim ent. Calcu lated de pe ndences of product yield on lase r power for va rious parameters are give n in orde r 
to re late the mode l to vari ous photolysi s e xperime nts. 

Key word s: Infrared: kineti cs ; lasers; model ; multiphoton; photoc he mistry. 

1. Introduction 

Since it was first shown that molecules can be dissociated 
by multi photon absorption of high intensity CO2 laser radia­
tion [1], 1 this process has been shown to be molecular 
specific by demonstration of isotopic selec tivity [2 , 3]. There 
have followed a cons idered number of pape rs di scussing 
mec hanisms of th e process and advocatin g reasonable phys­
ical models [4- 15]. To test any model ,. detai led experimental 
studies are required to determine the influence of parameters 
such as substra te pressure, total pressure, laser wavelength 
and laser intensity on the photodissoc iation process . The 
present investigation was primarily concerned with th e pho­
tofragment yield and its dependence on the inc iden t laser 
intensity. A know ledge of the overall chemistry of the system 
is required leading to both primary and secondary products. 
In add ition, a knowledge of the photolysis zone geometly and 
the intensity di stribution in the laser beam is required. 

The present paper reports results on the photodissociati on 
of C2H4 in a high intensity, focused CO2 laser beam in whi ch 
the photolys is involves direc t dissociat ion into C2H2 and H2 
via molecular hydrogen elimination. This is the " thermal" 
channel for the dissociation of the C2 H4 molecule which has 
the lowest ac tivation ene rgy . The e thylene photolysis follows 
the ge ne ral pattern for dissociation of molec ules which was 
outlined in a pre vious study [16]. There are no secondary 
recti ons occurring in thi s system, so that measure me nt of th e 
C2H2 yield provides a direct measure of the dissociation of 
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C2H4 • The pho tod issoc iati on yield was measured as a fun c­
tion of several para mete rs, in particular, the lase r intensity. 
Two focusing configurations were used in th ese experimen ts 
pe rmitting us to characterize the magnitude of the photolysis 
volume. We have developed a kin e ti c model desc ribing the 
photolysis mechanism as a stepwise pumping process and 
present th e results of calcula tions of produ ct yield as a 
fun cti on of laser intensity. The experime ntal results are then 
compared with th e pred icti on of the model. The model serves 
as a gu ide to predic t the sensi ti vi ty of various experimental 
an d molecular parameters, details of the pu mping and 
coll isional deac ti vati on processes . 

2. Experimental Procedure 

The general experimental arrange ment was desc ribed 
previously [16, 17]. A CO2 TEA laser beam, (- 0.5 joule) is 
e ither focused d irectly into a 1 cm3 sample photolysis cell 
using a 10 c m focal length NaCl lens , or is di rec ted at an 
acute angle toward a 30 cm focal length spheri cal mirror and 
the emerging reflec ted beam is then focused through a 10 c m 
focal length lens into the pho tolysis cell. In the first focusing 
configuration the photolysis volume is conical , in the second , 
the image in the cell is astigmatic. The sample cell is 
co nnected through a two posit ion , six port gas chromatograph 
sampling valve to e ither a gas handling system, or to a flame 
ionization gas chromatograph. 

After one or more laser pulses, the sample, usually 
consisting of about 50-200 torr (1 torr = 133.3 Pa) total 
pressure of a 1 percent solution of C2 H4 in helium, was 
adm itted into the chromatograph column and the di ssociation 
product , C2H2 , analysed. Total sample decomposition was 
usually maintained at about 5 percent or less by varying the 
number of laser Dulses . The laser pulse rate was 1 Hz. The 
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sensItIvIty of the instrument toward C2H4 and C2H2 was 
determined such that accurate percentage decompositions 
could be measured. Mixtures were prepared using calibrated 
Bourdon gauges . Laser power measurements were made 
using a thermopile detector. The laser wavelength was 
monitored using a spectrum analyser. Laser intensity was 
varied by using calibrated wire screens as attenuators. These 
screens were calibrated with respect to total transmittance , 
determined using a visible radiation spectrophotometer. The 
screens were then calibrated with respect to transmittance in 
the zero and higher diffraction orders [18-20]. This was done 
by using cw CO2 laser radiation in Fraunhofer diffraction 
geometry: A screen was placed in front of a convex lens and 
a detector with a 1 mm2 active sensor area was mounted on a 
translation device and positioned at the focus. The intensity 
of the zero order diffraction maximum could be measured and 
the first order intensity maximum could be measured by 
translating the detector. 

After focusing, the intensity in higher diffraction orders at 
the respective focal spots is considerably less than the 
intensity in the zero order focal spot, thus only radiation in 
the zero order diffraction maximum results in appreciable 
photolysis in the reaction cell. To test this hypothesis and to 
demonstrate that there is no overlap between the zero order 
maximum and higher diffraction orders in the focal region, a 
number of screens with the same total transmittance but 
different zero order transmittance were used to attenuate the 
beam. Product yields always followed the zero order trans­
mittance; screens with the highest zero order intensity always 
yielded the highest product yields. 

An attempt to characterize the focal spot size using 
combinations of screens was also made. The separation of 
the zero and first order focal spots is given by the divergence 
multiplied by the focal length of the lens. The divergence is 
A/d, where A is the laser wavelength and d is the distance 
between the wires in the screen. It is, in principle, possible 
to increase the screen spacing to a point where first order 
and zero order spots overlap. When this condition is 
achieved, product yields should follow the total screen 
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FIGURE 1. Multiple bleached images on exposed and developed film 
produced by a focused laser in the vicinity of the focus (30 em focal length 
spherical mirror in astigmatic configuration); Left vertical sequence of shots 
at lower laser intensity than right sequence. 

From lop to bottom different focus ing positions roughly centered about the circle of least 
confusion, labeled 0.0 em. 

transmittance rather than the zero order transmittance. It was beam was incident to the mirror at an oblique angle. The 
not practical to achieve this condition because spacings reflected focused image can be seen from figure 1 to be 
between the wires would have had to have been too wide to highly astigmatic. The position labeled 0.0 cm is approxi-
accommodate a sufficient number of wires in the laser beam mately at the circle of least confusion. This position is about 
in the present experimental arrangement. midway between the principal and secondary focal ellipses 

Photometry was performed in order to evaluate the inten- which are about 1. 5 cm from the nearly circular image 
sity distribution in the laser beam, the image size at the focus position. From calibrations of film bleaching versus known 
and the depth of the focal region of the astigmatic image. It relative laser intensity in several series of exposures, it can 
was found that exposed and developed photographic film be seen that the laser intensity is approximately constant 
could be reproducibly bleached by the focused laser beam. within 1. 5 cm of the central circular image and decreases by 
If the intensity of the beam is varied by means of calibrated a factor of over two between 1. 5 and 2.5 cm. 
screens a wide range of intensity can be recorded on film By measuring the size of the bleached image on the film. 
covering the range from saturation (complete bleaching) to a using a magnifier it is seen that below some laser intensity 
faint, barely discernible image. The useful range of laser the image size is independent of the laser intensity. Although 
intensity over which changes in intensity can be clearly figure 1 appears to show that the weaker exposure of the 
observed is somewhat more than one order of magnitude. central image (on the left) is smaller than the brighter central 
This range can be extended by varying the density of the image (on the right), this is an optical illusion. By observing 
exposed film. All intensity estimates were made visually by the two images under a measuring microscope it is seen that 
comparing the intensity of an image against a set of images of the two central images are equal. . 
known relative intensity obtained through the use of cali- The measured focal volume of 30 X 7T {1.2/2)2 = 34 mm3 

brated screens. Screens do not change the image size at the obtained from the 3.0 cm range of focus and 1.2 mm 
focus but do produce resolved multiple images from the diameter (measured diameter of the circular image) can be 
higher order diffraction maxima at high laser intensities. used to calculate the focal volume in the photolysis cell 
Figure 1 displays images of the laser beam at the focus of a which results from focusing the converging beam from the 
30 om f"",[ leo,lh m;'ffi'. To obla;o Ih", ;m'ge', Ih, I,~, 'ph,ri,[ m;=, w;lh a cooca" 10 em local leogth ['"~ 
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measured focal length of the mirror and lens combined is 6 
cm. The 34 mm3 focal volume measured with the spherical 
mirror alone is therefore reduced by a factor of (30/6)3, i.e., 
by the cube of the ratio of the focal length of the mirror to the 
focal length of the combined optic. This results in a focal 
volume in the photolysis cell of - 0.27 mm3 and an effective 
cross-section of - 0.045 mm2 == 5 X 10- 4 cm2 for the 
astigmatic images obtained in these experiments. This mea­
sured cross-section can then be used to determine the laser 
energy fluence . The maximum laser energy used in these 
experiments was about 0. 5 joule per pulse, so that the energy 
f1uence is about 0 .5/5 X 10- 4 - 1000 joules/cm2 • As a 
point of referen ce thi s e nergy f1uence is about two orders of 
magnitude larger than required to disociate SF6 as recently 
reported by Ambartzumian et al. [9] and by Campbell, 
Hancock, and Welge [21]. The photon fluence at 1040 cm- I 

equivalent to an energy flu ence of 103 joules/cm2 is 5 X 1022 

photons/c m2 in each pulse. 
Figure 2 displays the relative product yield per laser pulse 

as a fun ction of rela tive laser intensity in two distinc tly 
different focusing configu rations. In the first, the TEA lase r 
is focused directly by impinging th e laser beam perpendicu­
lar to a 10 c m focal length NaCllens which focuses the laser 
at the center of the photolysis cell. This " tight" focusing 
results in a product versus (intensity)3/2 dependence which is 
well known to be purely a conseq uence of conical focusing 
geometry and has been discussed recentl y [22]. Because of 
the changing photolysis volume this "peIfec t" focusing gives 
no information about the " true" dependence of photol ysis 
yield on the laser intensity. 
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FIGURE 2 . Dependellce of percent decompositioll of C2H. per laser pulse 
on the laser intensity Jor direct focusing, ami for astigmatic geometry. 
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CO2 laser line. 

The situation is quite different if astigmatic focusing is 
employed (see fig. 2). At low intensities the product yield is 
a strongly increasing function of the laser intensity in a zone 
of approximately uniform intensity while at high laser inten­
sity all of the reac tant molecules in thi s zone are converted to 
products. The approximate saturation level is shown in figure 
2. At intensities greater than the saturation intensity the 
photolysis volume extends to e ither side of the central 
constant intensity zone. Thi s extended volume is conical and 
the observed product dependence on intens ity closely follows 
the [3 /2 dependence. 

The "saturation volume" can be ca lculated from the 
measured percent decompos ition/pu lse and the total photo­
lysis cell volumle, V T = 1000 mm3 from the following 
expression: (% decomposition/pulse) X (1/100) X V T = 0. 30 
mm3. This value is in excellent agreeme nt with the value of 
0 .27 mm3 obta ined from the size of the photolysis volume 
obta ined from the photometri c measurements. Astigmatic 
focusing in th e region below the saturation intens ity leads to 
a "correct" dependence of product yield on laser intens it y 
provided tha t the laser intensi ty is uniform in the beam, i. e . , 
that there aJ'e no " hot" spots in the beam. 

A third focus ing mode was a ttempted which was s imilar to 
that employed by Campbell et al. [21]. A long focal length 
lens was used to focus the laser beam dow n to a small 
diameter with approx imately uniform intensity throughout the 
length of photolysis cell. It was not possible to achieve an 
intensity high enough to effect detectable photolysis of 
ethylene in thi s focusing mode. This fac t is not surpri s ing in 
view of the present observation than an in tensity two orders 
of magnitude hi gher is required to di ssociate apprec iable 
amounts of C2H4 compared to that required to photod issociate 
SF6· 

3. Results and Discussion 

3.1. Mechanism of C2 H4 Photolysis 

The photolysis of ethylene yields primaril y acetylene and 
molecul ar H2 by the process (1): 

There is no s ign ificant H atom eliminati on by process (2). 

(2) 

Products such as C2H6, CH4 , C3H6, or C4H lO are ex pected to 
result through processes (3) and (4) followed by various 
rad ical and H a tom combination steps. These products were 
not detected. 

(4) 
C2H6* ~ 2 CH3 

Excited ethylene C2H4*, similar to tha t produced by 
process (1) , can also be prepared chemically through reaction 
(chemical activation) [23, 24], as in process (5), or in a high 
temperature environment such as that produced in a shock 
tube. Ethylene, produced by chemical activation is known to 
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di ssociate by a molec ular hydrogen elimination process. 
Dissociati on via process (1) therefore represents the chann el 
having the lowest ac tivation energy for thermal dissoc iati on 
of C2H 4 • 

Evidence in support of product formation by photodisso­
ciation rather than through a laser heating is primarily the 
following: photolysis of a mixture of ethylene and a second 
substa nce when photolysed by the same i. r. laser pulse 
yields a product di stribution which is the sum of produc ts 
obtained from each substance photolysed separately. This 
diagnostic has been applied previously [16] and is also 
discussed in more detail in a recent report [25]. 

3 .2. Characterization of Photolysis Volume 

It is important to characterize the photolysis zone in order 
to allow determination of the photon fluence and the satura­
tion volume , the volume in which complete dissoc iation 
occurs. These parameters are necessary to compare experi­
mental results with any theoreti cal predictions . As indicated 
above, our approach to thi s problem was to use a photometric 
calibration scheme. 

The results of the experiments lead to the followin g 
conclusions. 

(1) Direc t focusing leads to an experimental produc t yield 
dependence proport ional to the 1. 5 power of the laser 
intensity. This corresponds to complete dissociation of the 
e thylene in some portion of the focal cone, the volume of 
which increases in a manner predictable by geometrical 
considerations. 

(2) Astigmati c focusing leads to a photolysis zone of 
essentially constant volume, and at high intens ity, apprec ia­
ble p hotolysis in the conical region outside of thi s zone. 

(3) The volume of the photolysis zone obta ined by photom­
e try is 0 .27 mm3 . The transition [rom the 3/ 2 power law for 
photolysis yie ld provides an independent estimate of the 
unifo rm photolys is volume of 0.30 mm3. 

(4) The dependence of product yield versus laser intensity 
as the intensity is reduced below the saturation level char­
acterizes the effect of intens ity on yie ld in a constant volume 
region. The photometric experiments do however reveal 
variations of intensi ty in the astigmatic focal region. The 
effec t of intensity variation is disc ussed below. 

(5) There is no evidence for threshold behavior in these 
experiments . The detection sens iti vity limits the amount of 
photolytic produc t observed at low laser flu ence. 

4. Kinetic Model for Photolysis 

A kinetic model for the laser pumping photolysis was 
developed wh ic h provides qualitative agreement with the 
dependence of photolysis yield upo n laser intensi ty in the 
uniform photolysis zone. Thi s model has been useful in 
planni ng furth er experimental work . 

The physical bas is [or the model is inco rporated in the 
following assumptions: 

(1) At the inert gas pressures used in these experiments, 
the ro tational sta tes are equilibrated by colli s ional energy 
trans fer (R-T) in times short compared to the laser pulse. 

(2) The vibrational states of the molec ule are in rapid 
communication with each other, i.e., there is fast intramolec­
ular vibrational energy transfer, in times much shorter than 
the laser pulse . Unimolec ular rate studies require thi s idea. 

(3) The density of states access able to laser pumping 
increases with ene rgy proportional to (nh V) S-- I . This is an 
approximation formula which has been used in unimolecular 
rate theOlY [26]. 

(4) There are no exact coincidences of the laser emission 
frequency and the molec ular absorption line. Some small 
adsorption probability is associated with the pressure broad­
ened tail of a rota ti onal-vibrational absorption profile. 

(5) Absorption cross-sec tions have not been measured for 
most of the spec troscopic transi tions required for the multi­
photon process. We therefore have taken them to be equal. 
The predictions of this model are relatively insensitive to 
absorption cross-section. Changing absorption c ross-sections 
can be incorporated in a phenomenological way as required 
to best fit the experimental data. 

(6) The absorption process is treated by coupled rate 
equations for the time depend ent population of all of the 
exc ited states , i. e ., the optical pumping is a stepwise 
process. 

(7) Highl y exc ited molec ules lose ene rgy via V-T energy 
transfer collisions . We have assumed that the probability of 
an energy loss process is proportional to the density of states 
at the lower energy . V-V (intermolec ular) processes are not 
included, therefore this model d escribes experime nts where 
V -7 R, T processes domin ate over V -7 V. This is probably 
a good approximation if low pressures of substrate are 
photolysed in the presence of high pressures of inert gas. 

(8) The N th stage in the absorption process is taken as 
irre versible and leads to dissociation. The produc t yield is 
determined by the population in the N th energy state after 
the laser is tu rned off. Dissociation terminates at the end of 
the laser pulse. Thi s is cons istent with ass umption (7) above. 

The set of co upled equations, cons idering only optical­
pumping and stimulated emission is 

dZJdt = cI>(t)Ei- l[Zi- l - BiZi] - cI>(t)Ei[Zi 
- Bi+ 1Zi-l] , 1 < i < N 

(I) 

where Z; is the concentration of molecules in all states at the 
ith energy level , cI> (t) is the li ght intens ity , photons S-1 cm2 , 

g; is the ith level degeneracy, i. e . , the number of states in 
the vicinity of the ith ene rgy level approximated by g; = 
(iy- l, where s is the number of vibrational degrees of freedom 
in the molecule. The quantit y Bi is the ratio of the degeneracy 
of the i-I level to that of the ith level. The quantity E; is 
the average phenomenological absorption cross-section for 
absorption from the i th to the (i + 1) level and is the sum of 
all the possible absorption cross-sections from each sublevel 
of the ith energy index to each accessible sublevel of the (i 
+ 1) index divided by the degeneracy of the ith level. The 
cross-section for stimulated emission is similarly defin ed as 
the sum of cross-sections from each sublevel of the (i + 1) 
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index to each possible sublevel of the ith level divid ed by the 
degeneracy of the (i + 1) level. As a co nsequence of the 
definition of E's 

&+ , 
Ej = d T orEj B = d , (II) 

where Ej is the cross-sec tion for absorption and Et is the 
cross-section for s timul ated emission [27]. 

In order to determine the overall e ffi ciency of the pumping 
process with respec t to the inte ns it y of th e laser bea m, 
numerical int egration was carried out using th e set of coupled 
differential equati ons (I) taking Zi = 0 atl = 0 for i > l. 

The time dependence of the laser pulse intensity was 
tak en as parabolic [28] and is given by equa tion ([J[) . 

photons ns- l cm- 2 , 0 :5 t :5 27 

cf>(l) = 0, l > 27 

(III) 

In the absence of any deactivat ion s teps th e time depend­
ent pulse shape does not affect the pumping process. The 
calculations were rerfol"med taking th e initial reactant co n­
centration as 10" molecules/ mm3 . The total number of 
pumping levels is a paramete r, eq uivalent to the ene rgy 
required to dissociate the molec ule, i.e., th e popula ti on 
reaching th e N th level is counted as prod ucl. The calcul a ti on 
involves multi step exc itation and stimulated emi ss ion up to 
the (N - 1) th level, di ssocia ti on of ac ti va ted molec ules 
pumped into the N th level is assumed irreve rs ible, i.e., the re 
is no back flu x from the Nth (p rod uct) leve l to th e (N - 1) 
level. 

Figure 3 displays calculat ions of product yield (molec ules 
mm- 3 ) versus cf>m' E takin g th e numbe,' of levels req uired to 
dissociate the molecule as a paramete r. For th ese calcula­
tions th e density of states at eac h energy was taken to be 
unity, i.e., th e molecular manifold of s tates is simila r to that 
of a diatomic molecule. The model calculati on g ives an 
effi ciency for photodissociation whi c h is s trongly depend ent 
on the number of levels required to di ssocia te the molec ule. 
The value N = 26 is approximately the number of photons 
required to bring the ethylene molecule to its activation 
energy for di ssociation (whi c h is ~ 73 kcal/mol [29]). For a 
N = 26 level system, th e dissoc iation effi ciency is almost 
two orders lower than for a N = 6 level sys tem. The slope of 
product yield versus cf>m'E (intensit y) in th e limit of low 
intens ity approaches (N - 1) for N = 6 and N = 12 but is 
not reached for the N = 26 level system in the range of the 
calcul ation. This ca n be seen in fi gure 4. 

The effect of the parameters, which defin es th e dens it y of 
s tates a t each ene rgy index i, on th e absorption as well as 
s timulated e mi ss ion process is s how n in fi gure 5. As s, th e 
number of oscill ators increases, for a fixed value of N (26 in 
thi s case) th e photolysi s efficiency increases, and also th e 
slope of th e yield versus inte nsity dependence increases, i.e., 
the approach towards sa tura tion is cons id erably s teeper [30]. 

Colli sional deac ti va ti on (V-T) steps are included into the 
model to investigate the effec t of colli sions on th e shape of 
th e product versus intensity curve. Two additional te rm s are 
added to th e rate expression equa t ions (I) as shown in (IV). 
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FIGURE 3. Curves: Reactant conversion to product verSllS 1>max'E as a 
function of the nuntber oj steps required to photodissociate a molecule; no 
deactivation, param.eler s is 1. 
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F'GURE 4. Dependence of the slope of the yield-intensit), Cu.T1Je ill Figure 3 
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FIGURE 5. Plot of reactant to product conversion (mole-mm - 3) versl1.l 
<Pmax' li (nsr' versu.s s, the number of iffect vibrational degres of freedom in 
the molecule, with N = 26, no deactivation and each Ii; = constant. 

Deactivation is assumed to occur from any level k < N to any 
lower level i, with smaller energy loss steps more probable 
than larger steps. The energy loss steps are assumed propor­
tional to the density of states, encompassed in the ratios of 
g's in eq (IV). The parameter D is in similar units to the rate 
parameter </J(t)· f and can be simply related to the collision 
frequency. Units of D, consistent with the units of </>(t)· f, 
are (nanosecondst I and D(l0+9) S- I = kbi (deactivation)' (M), 
where kbi (deactivation) is the bimolecular deactivation rate 
constant and (M) is the concentration of deactivator. For 
helium as the deactivator kbi = 4 X 10- 10 cm3 molc- Is- I • 

Thus a pressure of about 8 torr helium is equivalent to a 
value of D = 0.1 (nanosecondst l , assuming a deactivation 
step for every collision. 

Figure 6 shows the effect of deactivation on the multipho­
ton dissociation process . As D inc reases above 0.01 (negli­
gible deactivation) the conversion to product becomes less 
efficient. The slopes of yield versus intensity are not signifi­
cantly affected at low product conversion but approach 
saturation more abruptly than does the zero deactivation 
curve . 

In the absence of any experimental evidence for the size of 
the f;'S we have assumed that fi varies slowly with i. In these 
calculations the absorption coefficients for each energy level 
are taken to be the same . The magnitude of the f 'S required 
to similate dissociation comparable to experiment are physi­
cally reasonable [31]. 

The kinetic model can be related to a picture of the 
pumping process like Bloembergen's which concentrates on 
the (ineffic ient) spectroscopic transitions followed by easy 

pumping stages in a quasi-continuum. In the kin etic model 
for N = 26 the f;'S were divided into two groups, group L for 
i = 1-5 and group H for i = 6-26. Calculations were 
pe rformed with ratios of the f ;'S for the H group to those of 
the L group of 1, 10, and 100. The results of these 
calculations are shown on figure 7 by curves D, C, and B 
respectively. Curve A refers to the model prediction for N = 
6 and with the same f 'S as for curve D. These curves show 
that at low conversion the yield is predicted to increase for 
curve B relative to C and D, but the slopes of yield-intensity 
for B, C, and D are remarkably similar and steeper than for 
the N = 6 result (curve A) . 
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FIGURE 6. Plot of reactant to product conversion (molc'mm- 3) versu.s 
<Pmax' Ii (ns) - , (or intensity) as a function of varying amount of deactivation 
(parameter D varied) . 

Parameters IV and j are 26 a nd 12 respectively. 

5. Model Versus Experiment 

The calculated product-intensity curve N = 26, S = 12 
and D = 0.4 (fig. 7) , is plotted as the upper dashed curve in 
figure 8. It is positioned vertically so that the saturation point 
coincides with the experimentally determined value at about 
3 X 10- 2 and is positioned horizontally so that it best fits the 
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experime ntal points (taken from fi g. 2). The apparent dis­
crepancy at high conversions reveals the range where the 
photolysis volume is no longer constant. Here the yield tends 
toward a 1. 5 power depend ence arising from convolution by 
the co nical geometry as discussed previously. 

The overall agreement between the model calculation, 
upper dashed curve and experiment , solid c ircles, is seen to 
be only q ualitatively sati sfactory over the entire ra nge below 
the saturation point. 

The photometry experiments indicate that the asti gmatic 
focal volume consists roughl y of two regions of differin g 
intens ity. A small volume (of about 2% of th e total volume) 
has an intensity approximately two-fold higher tha n the res t. 
At the lower inte nsiti es the effect of the intensity distribution 
is to sharply reduce the effective photolysis volume; at the 
lowest intensities the photolysis occurs mainly in the small 
" hot" spot. The measured yield-intensity points at the lowest 
intensjty require a correction for the effect of the " hot" spot. 
This correction is attempted in figure 8 in the following way. 
The uppe r dashed curve is displaced vertically so that the 
saturation point is at about 2 percent of the total saturation 
volume and is displaced horizontally to the left corresponding 
to a factor of two in intensity. This lower curve approximately 
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12. and IJ = 0 .4. These c urveS are pos it ioned as cit: scribed in the (('xl. Solid c urve is the surn of the 
Iwo dashed curveS. 

simulates the yie ld in the " hot" spot. The solid curve is the 
sum of the upper and lower dashed curves and represents the 
yield versus intensity depend ence in thi s somewhat overs im­
plified representati on of the experimental situation (two 
intensity photolysis zones). 

The present model predicts that the product versus inten­
sity depende nce exhibit s no threshold behavior. In contrast 
the results of Ambartzu mian e t aL [9] for dissoc iation of SF 6 

in the collision free regime clearly show threshold behavior, 
but more recent experiments performed in a collisional 
regime do not [21]. The present data, which are also take n in 
a collisional regime (figure 2), also do not reveal any 
apparent threshold behavior for photodissoc iation. Collisions 
must clearly playa dominant role in affecting the nature of 
the multiphoton dissociation process [32]. This is implied by 
the data of figure 9 which show that collisional processes 
significantly enhance the multiphotoll dissociation process 
presumably by affecting the absorption and relaxation proc­
esses. At higher pressures deactivative processes dominate 
and the product yield falls off (as the present model predic ts) . 
We have not as yet attempted to treat the effec t of press ure 
on the absorption process in the present modeL 
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This yield-pressure behavior is not universal. Preliminary 
results on the photol ys is of ethyl acetate, for example, show 
a yield-pressure relationship having a negative slope over the 
entire experimental range. 

Figure 10 shows the dependence of the photodissociation 
yield as a function of wavelength in a collisional regime. The 
maximum yield is closely centered about the i. r. absorption 
band of CzH4 • This result differs significantly from recent 
results obtained by Ambartzumian et al. [9] , who found a 
distinct red shift for the photodissoc iation maximum relative 
to the absorption band of SF6 unde r collision free conditions. 
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FIGURE 10. Points: Relative product yield versus laser lille wavelength at 
approximately COllstant Laser intellsity. 

Curve: extinc tion coefficient taken al low resolution, data from R. C. Golike . I. M. Mi ll s, \V . B. 
Person, and B. Crawford, Jr .• J. Chem. Phys. 25, 1266 (1956). 

A number of models describing the multi photon dissocia­
tion process have been suggested. These are specifically 
designed to describe collision free multiphoton dissociation 
of molecules and may not be relevant to the present results. 
An early model of Bloembergen [8] assumes that coherent 
excitation processes a re of paramount importance for pump­
ing the firs t several vibrational levels. Levels higher than the 
first few were treated as a quasi-continuum because of the 
high density of states. Here it was assumed that rapid 
intramolec ular relaxation occurs between s tates. Absorption 
processes occurring in the quasi-continuum were considered 
to be very effic ient (molecules were assumed to be very 
efficiently exc ited from the quasi-continuum states into the 
dissociation continuum) . 

Recent models by Mukamel and Jortner [12, 14] and by 
Cotter [15] deal with more specific coupling mechanisms 
between energy states in the molecular manifold of states and 
coupling between these sta tes and the radiation field. Reso­
nant and/or near reso nant transitions also are assumed 
(collision free regime). The multi photon dissociation process 
should ex hibit effects associated with the coherent nature of 
the driving laser pulse. Hougen has recently also proposed 
an interesting model based on a density matrix formulation 
which considers I ine broadening through collisions [10] . 

We employ a rate eq uation method in the present paper. 
Its application is advocated only to photolysis where there is 
strong intramolecular energy redistribution. The kinetic 
model contains only two molecular parameters, the phenom­
enological absorption coefficient , E, and the number of 
vibrational degrees of freedom in the molecule, s, which 
couple to the pumping radiation. Collisional deactivation is 
included in the model, but the yield-intens ity curves are not 
strongly influenced by thi s process, except for the absolute 
yield at a particular laser intensity. We have not ye t 
attempted to model the dependence of photochemical yield 
on the total pressure, which will require additional assump­
tions regarding the absorptivities. The parameters are ad­
justed in the present calculations, because the required 
absorption coeffic ients and detailed energy loss (V-T) cross­
sections have not been measured. In princ iple these phys ical 
quantities are measurable . 

The phenomenon of secondary photolys is occurring in the 
laser pulse, reported previously [16], can be treated by an 
extension of the present model. For example, the seq ue nce 

nhv 
C2HsCl---. C2H4 + HCI 

occurs in a si ngle laser pulse. Preliminary results demon­
strate qualitative agreement between model and experiment 
for the CzH4/C 2Hz product ratio as a function of laser 
intensity. Further work on this system is still in progress. 

To furth er test the various models future experiments are 
necessaly to probe: 

(a) product yield dependence on the coherence of the 
laser pulse in a collisional as well as in a collision free 
regime. 

(b) experiments in a collisional regime, covering a wider 
dynamic range of product yield versus intensity in order to 
further test for possible threshold behavior. 
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(c) measurement of the average number of photons ab­
sorbed/molecule possibly through prec ise calorimetric mea­
surements . In this way not only can the slopes of the produc t 
versus intensity dependence curves be used to test the model 
as done he re but the position of the c urves with respec t to 
absolute (¢max 'E) values are spec ifi ed and this imposes an 
additional and final constraint on the predictions of the 
model. 

(d) Time resolved measurements of product appearance 
during the laser pulse. The model implies such predictions 
but they are not given here because of the absence of any 
such measurements . 
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ass umed to dissociate irreversib ly at some energy level i = N, the 
s ignificance to the parameters pe rta ins onl y to the abso rpti on a nd 
stimulat ed erni ss ion process. ThaI is 10 say Ihal for a "' rea l" molecule 
one would have to illcrease N as one increases s to simulate the 
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For cornpa ri son purposes our laser de li vers 0 .5 joul es per pulse 
focused into an area of 5 X 10- '1 cm2, therefo re it de livers 5 X JO" 
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Photons (Tota l) # /cm2 = 66.6 X c/>(maxj 

Therefore c/>(max) = 7. 5 x l0'° photons/ cm2 • nanoseconds 
From one of our curves, N = 26, 5 = 6, f) '" 0 , c/>(max' f '" .1.0) 

(near saturation), therefore fi is - 1. 3 X 10- 21 e m". A 
moderate absorpti on coeffic ie nt is about 3 a t 111 - 1 . cm- I or 1. 22 
X 10- 19 em' , jus t abo ut two orders of magnitude larger than 
the E assumed. This appears to be a reasonab le number for a n 
absorption coeffi c ie nt in the "tai l" of a Lore nt zia n profil e . 
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