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The isotope-selective infrared multiphoton dissociation (MPD) of mo-

lecules is certainly one of the most interesting effects discovered in the 

field of quantum electronics in recent years. As we have learned from the 

1 
other lectures, research on this process has run into many intriguing prob-

lems in the interdisciplinary area between physics and chemistry. The 

first important question to be answered is of course on the excitation 

mech,anism, 1. e., how a molecule absorbs tens of photons from a moderately 

intense laser field so efficiently. This question has already been dis-

cussed in great detail in the other lectures; so we shall not repeat it 

here. Then, there are many other important questions about the MPD pro-

cess: 

1. What are the dissociation fragments of the molecules, or equivalently, 

what are the modes of decomposition? Would a molecule always dissoci-

ate through the lowest energy channels? Could the multiphoton excita-

tion cause the molecule to dissociate through higher energy channels 

usually not accessable in the thermal decomposition process? In other 

words, can a multiphoton-excited unimolecular dissociatiQn be mode-

selective? Is the laser energy deposited into the molecule randomized 

among essentially all the vibrational modes before decomposition? 

2. How many infrared photons does a molecule absorb on average before it 

decomposes, or in other words, what is the average excitation level 

the molecule dissociates from? What are the factors that limit the 

level of excitation? 

3. What is the dynamics of multiphoton dissociation? Hore specifically, 

what is the dissociation rate? How does the excess dissociation energy 

partition itself among the various degrees of freedom of the fragments? 

1. 

• 
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How does the molecular structure affect the energy partition? 

In order to thoroughly understand the MPD process, these questions 

should certainly be answered appropriately, but in the usual experiments 

of MPD in a gas cell, they are not that easily answerable. The difficulty 

of the usual experiments lies in the fact that molecular collisions and 

chemical reactions often confuse the results. For example, the dissocia-

tion fragments often cannot be identified because of chemical reactions 

among radicals following the molecular decomposition. The number of pho-

tons absorbed per dissociated molecule, dissociation yield, isotopic ,se-

lectivity, and dissociation dynamics all depend to some extent on molecu-

lar collisions. Special techniques have been ,devised to minimize the mole-

cular collisional effects in the gas cell experiment, but they have their 

own inherent difficulties. Sufficiently short infrared laser pulses can 

indeed dissociate molecules in a time shorter than the mean free time be

tween collisions.
2 

The subsequent detection of the fragments and their 

dynamics free of molecular collisions and chemical reactions are however 
, 

difficult. Time-delayed laser-induced fluores'cence can be used for such 

3 I 

measurements, but the technique can only be applied to fragments with 

known absorption and fluorescence spectra. Thus, the best way to study 

the collisionless MPD process is probably to use acollisionless environ-

ment, e~g., a molecular beam. We shall discuss here how using crossed 

laser and molecular beams, we can answer many of the above-mentioned ques-

. 4 t10ns. 

The experimental setup is shqwn schematically in Fig. 1. The mole-

cular beam was a well collimated supersonic jet from a 0.1 rom nozzle 

with a divergence angle of 1.2°. It crossed with the CO
2 

laser beam at 
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90° at the collision center. At a stagnation nozzle pressure of }5 torr, 

the 
. 11-3 

density of molecules, e.g., SF
6

, was about 3 x 10 em and the aver-

4 velocity of the molecules was about 3.6 x 10 em/sec. The laser used age 

was a Tachisto CO
2 

TEA laser which putout 0.5-1 J per pulse. A ZnSe lens 

with a 25 em focal length was used to focus the laser beam at the colli-

sion center. The dissociation fragments flying out from the collision 

region were analyzed by a detector system which consisted of an ionizer, a 

quadrupole mass spectrometer, and a gated ion counting electronic unit 

(see Fig. 2). The detector could be rotated with respect to the collision 

center so that the angular distribution of the fragments could be measured. 

The angular resolution was about 0.5°. Also, at each angle, the velocity 

distributions of the fragments could be obtained by the time-of-light mea

-7 surements. The pressure in the collision chamber was about 5 x 10 torr 

and that in the ionization chamber was about 10-11 torr. These low pres-

sures were necessary in order to have a good signal-to-background ratio. 

Using this experimental setup, we have studied MPD of more than 15 

molecules. In the following, we shall discuss only a few representative 

cases. 

The observation of MPD in a molecular beam is of course an unambigu-

ous proof that MPD is indeed a collisionless process. Then, the direct 

detection of the dissociation fragments enables us to identify the effec-

tive dissociation channels. Table I shows the observed dissociation chan- Jl 

nels of 15 molecules. In all cases, the dissociation mainly occurs through 

the lowest dissociation channel (or channels). For example, we find SF
6 

decomposes into SF5 + F which is the lowest dissociation channel. Earlier, 

from the results· of the gas cell experiment, it was believed that SF
6 

de-
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composed into SF
4 

+ F
2

, a dissociation channel 28 kcal/mole above SFS + F. 

If two lowest dissociation channels are close in energy, it is then pos-

sible to have both channels open to dissociation in a competitive way as 

we shall see later. That molecules always dissociate through the lowest 

energy channel suggests that MPD must be some kind of statistical process. 

We can however be more definite about this if we know the translational 

energy distribution of the dissociation fragments. 

We can obtain the translational energy distributions of the fragments 

from the measured angular and velocity distributions of the fragments. As-

sume that the velocity distribution of the fragments in the center-of-mass 

coordinates g(ti) is isotropic. This assumption is supported by the results 

. that the measured angular and velocity distribution of the fragments does 

not depend on the laser excitation geometry. Let h(~) be the velocity 

distribution of the incoming molecular beam in the lab coord i-

nates. Then, the velocity distribution of the fragments at a given angle 

in the lab coordinates f(vl,a) is given by 

f(vl,a) = ~g{ti = ~I - ~)h(~)d~ 

+ . + . If f{vl,a) and h{v) are known from the.measurements, then g{u) can be de-

duced. Through a simple transformation of variables from I~I to B., the 

translational energy distribution of the fragments g(~) can be calculated. 

As an example, we consider MPD of CF31 into CF
3 

+ I. Figure 3 shows 

f{v l a) of I at vaiious angles together with the velocity distribution of 

the incoming beam in the lab coordinates. The latter is clearly somewhat 

narrower than f{v l , a). This reflects the fact that a small amount of 
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distributed translational energy has been released to the fragments in the 

dissociation. The angular distribution also reflects the distribution of 

translational energy released to the fragments. If the average transla

tional energy released is small, the angular distribution should falloff 

rapidly as the angle away from the forward beam direction increases. This 

is indeed what we observed, as shown in Fig. 4. In fact, by fitting the 

velocity and angular distributions of iodine, we can now obtain the trans

lational energy distribution of the fragments (CH
3

+ I) in Fig. 5. The 

three curves which fit the experimental data all ,show a strong peak around 

zero and an average translational energy of '" 1 kcal/mole or 0.04 eV/mole

cule which is about 1/3 CO
2 

laser photon energy. These are actually the 

characteristics of a statistical molecular dissociation process. The peak 

at zero energy indicates that in this case the dissociation energy barrier 

is negligible; otherwise, the peak would appear at non-zero energy as we 

shall see later in some other cases. The small average translational en

ergy suggests that a large fraction of the excess energy ( = excitation 

energy - dissociation energy) must have been retained in the internal de

grees of freedom of the fragments, e.g., CF
3 

in the present case. 

The curves in Figs. 3-5 are actually theoretical curves derived from 

a simple statistical theory of unimolecular dissociation, known as the 

RRKM theory. It assumes that initially a molecule is excited to an energy 

E above the dissociation energy EO and that this excitation energy E is 

randomly distributed in all the vibrational modes. The latter assumption 

is reasonable since the various vibrational modes are expected to be 

strongly, coupled in the excited states through the anharmonic coupling. 

Then, if N(E)dE is the total number of states between E and E + dE, tIle 

'It 
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probability of a particular state being occupied is l/n(E)dE. Among 

these N(E)dE states, a number of them are the dissociation states in which 

a molecule will dissociate. Consider, for example, the dissociation of 

CFJI ~ CF
3 

+ I. In the process, I moves away from CF
3 

along the so-called 

reaction coordinate R. If R reaches a critical range a ± ~, while the 

corresponding momentum PR is larger than zero, indicating a continuous se

paration of I from CF
3

, then the molecule will dissociate. A state cnarac

terized by E > EO' (a - ~) ~ R ~ (a + ~), and PR > 0, is therefore a dis

sociation state. Let the density of dissociation states at E with trans-

lational energy (associated with the reaction coordinate) between ~ and 

~ + d~ be D(E,~)d~. * D(E,~) is a product of two parts, N (E ~ EO - ~), the 

density of states for all degrees of freedom other than the reaction co or-

dinate and \I(~) 
k = ~(2~/h)(2~/~)2, the density of dissociating states asso-

ciated with the reaction coordinate (the extra factor of ~ up front making 

sure we count only states Wit~ PR > 0). The rate at which·products with 

2 2 
translational energy ~~u (~~ ~~u ~ ~ + d~) are produced is then 

~(~)d~ - (u/2~) x D(E,~)d8./N(E) 

* = (l/hN(E» x N (E - EO - ~)d~ 

(u/2~) being the time needed to cross tpe critical region, and N(E) being 

the total density of states corresponding to R ~ a. The total dissociation 

rate for a ~olecule excited to an energy level E is 
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-1 
and the corresponding dissociation life time is TE = ~. The correspond-

ing fragment translational energy probability distribution is 

* For a given molecule, N(E) and N (E - EO &) can be calculated with 

reasonable accuracy. Therefore, ~(&), ~, TK, and 'PE(&) can all be ob

tained. The three translational energy distributions of CF3 + I in Fig. 5 

were calculated by assuming (E - EO = 3, 4.5, and 6 kcal/mole respectively. 

They describe the experimental data very we1l. The agreement between 

theory and experiment allows us to draw the following conclusions: 

1. Each CF3I molecule absorbs an average excitation energy of <E>~EO + 

4.5 kcal/mole before dissociation. ,(EO = 53 kcal/mole.) 

2. Out of the 4.5 kcal/mo1e excess energy, only - 1 kcal/mo1e appears as 

translational energy of CF
3 

and I; the rest is retained in the inter

nal vibrational degrees of freedom of CF3 • 

3. The excitation energy is randomized in all modes before dissociation. 

Therefore, mode-selective dissociation cannot occur. 

4. The up-excitation of the molecule by the laser ·field is limited by 

the dissociation rate~. As shown in Fig. 6, ~ increases rapidly 

with E. The up-excitation rate is however expected to decrease with 

increase of E because of the spread of oscillator strength in energy 

due to mode coupling. The balance between the up-excitation rate and 

the dissociation rate then determines the average excitation level. 

It depends only weakly on the laser intensity since,~ increases so 

rapidly with E. In our experiment with a laser excitation of about 10 

.. 
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J/cm2 over a pulse duration of ,.., 100 nsec, the average excitation le-

vel has a dissociation lifetime of a few nsec when the entire laser 

pulse is effective in'dissociating the molecules. This result seems 

to be true for most molecules we have studied, presumably because the 

up-excitation rates in these molecules are not very different. 

The above conclusions are also true for SF6 and many other molecules. 

except that the average excitation level and the partition of the excess 

energy are dif'ferent. In the case of SF 6' the avera~e level of excitation 

is <E> = EO + 24 kcal/mole and only about 3 kcal/mole appears as transla

tional energy of SFS and F. The difference in <E> - EO between SF
6 

and 

CF3I results from the difference of ~ versus E in the two cases as shown 

in Fig. 6. With roughly the same EO' the dissociation rate of a larger 

molecule generally increases more slowly with E because of the larger N(E) 

* and smaller N ( E - EO - &). Consequently, the larger molecules can be 

pumped to a higher excitation level above EO. Also, because of the larger 

number of internal degrees of freedom of the fragment SFS compared with 

CF
3

, the fraction of excess energy retained in SFS is larger than that in 

'CF3• 

A higher laser intensity can excite a molecule to a somewhat higher 

level. The translational energy released to the fragments,is correspond-

ingly larger. This should show up, for example, with a broader angular 

distribution of fragments. An example is shown in Fig. 7 for SF
6 . 

The excess energy retained in the internal degrees of freedom of the 

fragment of a large molecule can often be several vibrational quanta. 

This puts the large fragment in an excited state well within the quasi-

continuum. Then, this excited fragment can easily absorb more infrared 

photons via stepwise resonant absorption if the laser field is still pre-
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sent. Thus, the fragments from the primary dissociation can be readily 

excited to and beyond their own dissociation level, and subsequently, 

they undergo a secondary dissociation. We have observed such process in 

the dissociations of SF
6 

and CFCi
3

• In principle, if the laser pulse is 

sufficiently long and powerful, a series of consecutive dissociations of 

the molecule can occur until the resulting fragment is too small to emerge 

with appreciable excitation in the quasi-continuum. 

Larger and more complex molecules may also have the two or more low-

est dissociation channels close in energy. Then, if the laser intensity 

is sufficiently high, the molecules can be excited well above the dissoci-

ation levels of all these channels. Subsequent dissociation of the mole-

cules through these channels can occur with dissociation rates determined 

from statistical consideration. We have predicted that, for example, two 

competing dissociation channels exist in C
2

F
5
Ct, one corresponding to C-C 

rupture at 83 kcal/mole and the other corresponding to ct atomic elimina-

tion at 97 kcal/mole. This has indeed recently been observed in our exper-

iment. As expected, the competition depends on the incoming laser inten-

sity. 

We can use a simple model calculation to help our understanding of 

MPD. The molecular system is approximated by a set of equally spaced le-

vels. The laser excitation up the ladder is described by a set of coupled 

rate equations. 

dN. 
1 

df 
(Ca. + . e )N C. 1 . 

1 1- 1 
K.N. 

1 1 

where Ni is the population in the ith level, c~and C~ are the absorption 

• 
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and emission rates ~espectively which are related by the ratio of the den

sities of states of the adjoining levels C~/C~ = g/gi+l' and the dissocia

tion rate Ki is only nonzero for levels above the dissociation energy EO' 

More appropriately, additional terms can be inserted in the above equation 

to take into account the bottle-neck excitation from the discrete levels 

to quasi-continuum in the real molecular system. This set of equations 

can be easily solved on a computer. For SF6 , the numerical results for 

SF
6 

in Fig. 8 show that as time goes on, the laser excitation quickly 

drives the population to higher levels. Soon, the tail of the population 

distribution extends above the dissociation level, and so, dissociation 

starts. As the excitation drives the popuiation further up, the dissocia

.tion yield increases and depletes the population significantly. Then, the 

up-excitation is effectively cutoff by the rapid dissociation as clearly 

~emonstrated by the abrupt drop of the 80-nsec curve on the high-energy 

side. Knowing the population distribution and the dissociation rate at 

each level, we can easily calculate the dissociation yield in a certain 

time period. In Fig: 9, we show the yields during the lOO-nsec laser 

pulse and after the laser pulse. Since the laser excitation energy is 

sufficiently high, a large fraction of the molecules is already dissoci

ated during the pulse. Therefore, the SFS fragments appearing during the 

pulse can absorb more photons and undergo a secondary dissociation as we 

have observed. 

In all cases of MPD of molecules with atomic elimination we have 

studied, the results are very similar to those of SF
6 

and CF
3
I. }WD of 

other systems showing a diatomic molecular elimination in the dissociation 

is somewhat different. In particular, there is often a potential barrier 
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in the dissociation channel. Dissociation occurs when the excitation 

energy E is larger than the dissociation energy EO plus the back-reaction 

barrier potential VB' In the dissociation, part of VB is readily trans

formed into translational energy of the fragments. Therefore, the trans-

lational energy distribution of the fragments must peak at nonzero energy. 

We discuss here MPD of CH
3

CCt
3 

as an example. 

We observed in our MPD experiment that CH
3

CCt
3 

dissociates through 

four-center elimination into CH2CCt2 + HCt which is the lowest dissocia-

tion channel. It has a back-reaction barrier of 42 kcal/mole. The velo-

city distributions of the fragments at different angles are shown in Fig. 

10. They can be fit by curves derived from the translational energy dis-

tributions of the fragments in Fig. 11. The peaks of the latter indeed 

appear at nonzero energy. Now, in the dissociation, ·the barrier potential 

energy is released into translational, rotational, and vibrational degrees 

of freedom of the fragments according to the detailed dissociation geome-

try. Therefore, unless the potential surface along the reaction coord in-

ate is well specified, how the excess energy is distributed in the various 

degrees of freedom of the fragments is difficult to calculate. Thus, un-

like the atomic elimination cases, the translational energy distributions 

of the fragments cannot easily be calculated. However, we can still use 

the RRKM statistical theory to estimate the average excitation level in 

the molecule. We find· that it is 27 kcal/mole above the top of the poten-

tial barrier and hence the total excess energy <E> - E ~ 69 kcal/mole. o 
From Fig. 11, we deduce an average fragment translational energy of 8 kcal/ 

mole. Therefore, more than 7/8 of the excess energy is retained as inter-

nal energy of the fragments. Thus, the fragments must be highly excited. 

• 
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Some, molecules may have appreciably lower dissociation energies than 

the others. Then, the RRKM theory predicts that at the same E - EO' the 

former should have larger D(E,&)/N(E), or its dissociation rate ~ should 

increase with E more rapidly. This means that molecules with much lower 

dissociation energies should generally have smaller excess energies. As 

an example, N2F4 ~ 2NF2 has an EO only 1/4 of that of SF6 • The dissocia

tion rate of N2F4 indeed increases much more rapidly with E above EO than 

that of SF6 as shown in Fig. 12. In fact, because ~ increases so rapidly 

with E, N2F4 can hardly be excited much above EO' The translational energy 

distributions of NF2 in Fig. 13 which fit the experimental results' are es

sentially zero above 2.5 kca1/mo1e, suggesting that the average excitation 

level in N2F4 cannot be higher than EO + 2.5 kcal/mole. 

This trend seems to continue to molecules with even weaker bonds, for 

example, the van der Waals dimers. We have studied the MPD 'of ammonia di-

mers (NH
3

)2 ~ 2NH
3

. The dissociation energy EO is about 4 kcal/mole, and 

therefore it takes at least 2 CO
2 

laser photons (- 6 kcal/mo1e) exciting 

the lowest-frequency vibrational mode of NH3 to dissociate the dimer. The 

translational energy distribution deduced from our experiment is shown in 

. Fig. 14. Again, as expected, it is very narrow, and is essentially zero 

above 2 kcal/mole. This indicates that, the excitation level is not higher 

than 6 kcal/mole. Therefore, the laser-induced dissociation of (NH
3

)2 is 

presumably dominated by 2-photon excitation while n-photonexcitation with 

n ~ 3 is negligible. This conclusion is supported by the observation that 

the translational energy distribution is independent of the laser intensity. 

Laser-induced dissociation of van der Waals molecules could be an attrac-

tive method for isotope separation. 
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• 
In general, most of the results we have discussed cannot be easily 

obtained without the use of a molecular beam. The method however has its 

own limitations. Since the density of molecules in the beam is low, it 

often takes a long time to accumulate signal counts to a decent level un-

less the dissociation yield is high or a high rep-rate laser is used. 

Then, the internal energy distribution in the fragments cannot be probed 

by the mass-spectrometer detection. Recently, it has been demonstrated 

that laser-induced fluorescence can be used to probe the internal energy 

distribution in the fragments,a1though it is not yet generally applicable 

3 to all fragments. The prospect is nevertheless there. An experiment with 

combined molecular beam and·1aser-induced fluorescence techniques will cer-

tain1y be most useful for studies of MPD and the fundamental properties of 

unimo1ecu1ar dissociation. 

This work was supported by the Division of Advanced Systems Materials 

Production, Office of Advanced Isotope Separation, U. S. Department of 

Energy •. 
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Table 1 

Molecule, Fragments Absorption -1 Exciting -1 Beam Nozzle 
and Observed Ions Frequency (cm ) Frequency (cm ) Temperature °c 

+ + 
CF

3
Cl-CF

3 
+ Cl (Cl , CF2 ) 1106 1090.0 240°C 

+ + 
CF 3 Br -- CF 3 + Br (Br , CF 2 ) 1082 1078.6 25°C 

+ + 
CF 3 I -- CF 3 + I (I , CF 2 ) 1076 1073.3 25°C 

+ + 
CF

2
C1 2 -CF

2
Cl + Cl (Cl , CF2C~ ) 1098, 923 1089.0, 925.1 25°C, 310°C 

+ + 
CF

2
Br

2 
-CF

2
Br + Br (Br , CF

2
Br ) 1090 1084.6 25°C 

+ + 
CHF 2 Cl - CF 2 + HCl (HCI , CF 2 ) 1116, 1160 1082.3 280°C 

CHFC1
2 
-eFCl + HCl (HCl +, CFCI +) 

I 

1070 1055.6 290°C I-' 
0\ 
I 

,++ 
CFC1

3 
-CFC1

2 
+ Cl (Cl , CFC1 2 ) 1090 1074.6 25°C 

L CFCl + Cl(CFCl+) 

+ 
CIIClCF::--C

2
F

2 
+ HCl (HCl) 970 967.7 25°C 

I + - CHCF
Z 

+ Cl (CHCF2 ) 

+ C
2

11C1
3 
-- C

2
HC1

2 
+ Cl (C

2
HC1

Z 
) 930 929.1 80 ll C 

+ + 
CF

3
CF

2
CI-CF

3
CF

2 
+ Cl (Cl , C

2
F

4 
) 982 978.5 25°c 

L_ CF
3 

+ CF
2

Cl (CF
2

Cl+). t"' 
t::C 

+ + t"' 
I CH

3
CF,Cl ---CH

2
CF

2 
+ IICl (HCI , CF ) 963 956.2 280°C 00 

N 
N 
+:--

~. • ~, 
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Table 1 (Continued) 

Molecule, Fragments 
and Observed Ions 

• 

+ CH3CC1 3---CH2CC12 + HC1 (HC1 , 

+ + 

CH
2

CC1+) 

SF6 ~ SFS + F (SF3 ' SF2 ) 

1++ -SF4 + F (SF3 ' SF2 ) 

N2F 4 -- 2:-JF2 (NF2+, NF+) 

Absorption -1 
Frequency (cm ) 

1075 

948 

998 

Exciting -1 
Frequency (cm ) 

1073.3 

944.2 

975.9 

(' b 

Beam Nozzle 
Temperature °c 

25°C 

25°C 

25°C 

I ..... ..... 
I 

t"" 
t:d 
t"" 
I 

<XI 
N 
N 
,c... 



Fig. 1 

Fig. 2 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 
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Figure Captions 

Schematic diagram of the crossed laser and molecular beam setup. 

Experimental arrangement. The pulse generator triggers the laser 

and the multichannel scaler, open the gate to scaler 1 a few ~sec 

later to count the dissociation signal plus the background, and 

the gate to scaler 2 a few msec later to count the background. 

Speed distribution of the I fragment from CF31 dissociation at 

10°, 15°, and 25° from the molecular beam direction. The bottom 

curve shows the speed distribution of CF31 in the beam. 

o experimental data 

--- RRKM theory, 3 kcal/mole excess energy 

RRKM theory, 4.5 kcal/mole excess energy 

RRKM theory, 6 kcal/mole excess energy 

Angular distribution of the I fragment from CF31 dissociation. 

Symbols are the same as in Fig. 3. 

Translational energy distribution of the fragments from CF31 dis

sociation. Symbols are the same as in Fig. 3. 

Dissociation rates as functions of excess energy for CF31 and SF
6

• 

Angular distributions of the SF5 from the dissociation of SF
6 

for 

two different pump laser fluences. 

Calculated population distribution at various times produced by a 

lOO-nsec rectangular laser pulse excitation of 200 MW/cm2 . 

Calculated dissociation yields from various levels above the dis-

sociation energy during the laser pulse (unshaded region) and af-
') 

ter the laser pulse (shaded region) for a 100-nsee, 200 ~M/em~ 

las~r pulse excitation. 

• 
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Fig. 10 Speed. distributions of the CH2CC1
2 

fragment at various angles in 

CH
3

CC1
3 

dissociation. 

0 experimental data 

a = o kca1/mole, b 9 kca1/mole I 3(&-a) I . 2 - b o kcal/mole, b 8 kcal/mole p(&) ,... (& - a) e a = 

--- a = 1 kcal/mole, b = 7 kcal/mole 

Fig. 11 Translational energy dis.tributions of the fragments in the CH3CCR.3 

dissociation. Symbols are the same as in Fig. 10, plus - • - • -

forRRKM distribution. 

Fig. 12 Dissociation rate of N2F4 as a function of excess energy. 

Fig. 13 Translational energy distribution of the NF2 fragment in the dis

sociation of N2F4' 

Fig. 14. Translational energy distribution of the NH3 fragment in the dis

sociation of (NH3)2' 
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