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The thrust of this symposium on "Lasers in Chemistry" is 
directed toward the application of lasers and laser-based 
techniques to the solution of chemical problems. This initial 
Dauer is intended to ~ rov ide  the reader with the background 
necessary to understand the laser aspects of the experiments 
which follow. The paper is divided into four major sections: 
(1) the lasing process, (2) properties of laser light of interest 
to  chemists, (3) modifying the laser output, and (4) a survey 
of laser types. The coverage is by no means intended to be 
comprehensive but, rather, seeks by example 20 illustrate 
various asoects of lasers which make them of such tremendous 
value to chemists. The author has recently published a paper 
dealing with a course on "Lasers in Chemistry" which included 
an extensive annotated bibliography ( I ) .  Frequent reference 
will be made to that bibliography. 

The Lasing Process - 
Theacronvm LASER stands for Light Ampl~fi(~nt~(m by the 

Stimulated Emission of Radiation. I n  order LO understand the 
basic principles of laser action, it is necessary to establish why 
the process of stimulated emission can give rise to light am- 
plification. The framework for the amplification of the elec- 
tromagnetic radiation by stimulated emission was developed 
by Einstein in 1917 (2). The basis for laser action lies in the 
processes of absorption and emission of radiation. Figure 1 
illustrates the three different absorptionlemission processes 
which must he considered for a two-level system. In Figure la,  
a system in its ground state interacts with a resonant photon, 
ahsorhs the photon, and is raised to the excited state. Ne- 
electine. for the time beine. nonradiative ~a thwavs  for re- 
iaxation, there are two radk ive  paths by which tce system 
can relax hack to the ground state. Fieure l b  illustrates the 
processof spontaneous emission where, in theoverly simplistic 
tw,-level schemr ihs t ra t rd  here, the svitem returns to the 
ground state by emission of a resonant photon. This process 
of spontaneous emission, more commonly characterized as 
fluorescence or phosphorescence depending upon the absence 
or presence of a spin change in the transition, does not result 
in the amnlification of radiation. In addition. the radiation 
is emittedthrough a wide region of solid angle'and possesses 
none of the directional ~ r o ~ e r t i e s  characteristic of laser ra- 
diation. Figure l c  il1ust;ate; the process of stimulated emis- 
sion. A svstem in an excited state. where the excited state is 
produced by a wide variety of techniques including absorption 
of light, electron bombardment, etc., interacts with a resonant 
photon. In a simplified picture, the interaction can be said to 
produce two resonant photons, which are in phase with one 
another, resulting in the systems return to the ground state. 
In this simple framework, it is clear that stimulated emission 
can result in the amolification of ohotons. I t  can also be seen 
that some of the unkue coherentproperties of laser light are 
a direct consequence of the coherent nature of the stimulated 
emission process. I t  is clear then that, if amplification is to 
occur, conditions must be found to insure that the process of 
simulated emission dominates the emission processes. 

Fieure 2 illustrates the Einstein coefficients for absor~tion " 

and emission in a two-level system where the number of par- 
ticles in levels one and two are given by N I  and Nz with de- 
generacies gl  and gz. The photon flux, or density of radiation 
a t  a given frequency, is represented by p(u).  The kinetics of 
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Figure 1. Absorption and emission processes in a two-level system. (a) ab- 
sorption; (b) spontaneous emission: (c )  stimulated emission. 

Figure 2. Einstein coefficients in a two-level system. 

this two-level system are discussed in a variety of texts in 
physical chemistry and spectroscopy. Of paramount impor- 
tance to us is the fact that the ratio of the rate for spontaneous 
emission (An) to that for stimulated emission (Bzlp(v)) is 
given by: 

A P L  - = eh"lkT - 1 
B d 4  

For a light source whose temperature is 103K the rates of 
spontaneous and simulated emission are equal when the fre- 
quency is 1.44 X 1013Hz (-20~). At a wavelength of 5000 kr, 
the ratio of spontaneous to stimulated emission is approxi- 
mately 10'2.5. Clearly, increasing the temperature of this 
system will not help. As long as the system remains at  thermal 
equilibrium NI > Nz and, neglecting degeneracy effects, 
stimulated absorption will be the dominant interaction with 
the photon field. In order to force stimulated emission to 
dominate in this system, a population inversion (Nz > N1) is 
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needed. The population inversion represents a non-equilih- 
rium situation. The frequently used analogy to a negative 
temperature, from the Boltzmann Distrihution, is false since 
the Boltzmann Distribution applies only to systems at  thermal 
equilibrium. 

Consider the situation shown in Figure 3. Radiation with . - - ~ ~ ~  ~~ 

an intensity a t  the front of the cell of i(0) is then moderated 
hv ahsorntion and or emission throughout the path length 
being investigated. I t  can he shown that dl(z)/di  is propor- 
tional to (NI - N2). 

Clearly, in a two-level system, the system is transparent 
when N Z  = NI. At this point, the system is said to he satu- 
rated, analogous to the saturation observed in NMR spec- 
troscopy. For this reason, two-level systems are not commonly 
considered for the design of lasers. Figure 4 shows a variety 
of different pumping schemes which can lead to effective 
lasing action.Figure 4a, a three-level scheme, is representative 
of the scheme used in the ruby laser. The system ispumped 
from En to Ea and then underzoes a ranid non-radiative re- 
laxation t o ~ 2 .  Laser actidn then is on the transitionE2 - El.  
This svstem would reauire a tremendous amount of pumping 

population in E, is essentially zrru prior to the start I]!' the 
exueriment. The unls wav in whirh the lasina actiun cnuld be 
easily shut down would be if the Ez - E l  hocess were slow 
and eventually destroyed the population inversion. Figure 4c 
illustrates a further modification of 4h in which the lasing 
occurs between two levels (E3 - E2) which are not involved 
in the pump process. Figure 4d shows a more realistic repre- 
sentation of this type of lasing scheme. In a variety of diatomic 
molecules, notably diatomic interhalogens such as IF, exci- 
tation takes place from the lowest vihrational level of the 
eround electronic state. in a vertical transition. to a high vi- 
Lrational level in the excited electronic state.   his excitgtion 
is then followed hv ravid vihrational deactivation in the ex- 
cited electronic stateand lasing is observed as a vertical 
transition from the lowest vihrational level of the excited 
electronic state 111 high vihratimal levels of the grwnd rlrc- 
tnmic state. This is fdluwed by very rapid vihrstiunal deac- 
tivatiun within the ground state vibrational manitdd. 

The trnnsition from tht lasingdiagrstl~ssuchas thuseshown 
in Fieure4 toa t'unctional laser id larcelv a oruhl~m In 8 ~ ~ l i t - d  
phi&and engineering. This p a p e ~ w ~ l l  make no attempt to 
discuss the various optical and mechanical features of a 
functioning laser. Figure 5 is a schematic representation of a 
variety of types of lasing systems. The active medium is ex- 

powersince level 1 is the terminus of the lasing transition. This 
reauires that the ~onulation inversion he N2/N1 > 1. In ad- 
digon, this level &heme can saturate rather rapidly unless the 
non-radiative process E Q  - E2 is very fast SO that N I  > N3 
even though N z  > N1. A simpler three-level lasing scheme is 
shown in Figure 4h. In this scheme, the lasing transition occurs 
from level Eg to level Ez. Thus, the necessary population in- 
version (NdNz > 1) is easy to establish and maintain since the 
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Figure 3. Intensity of radiationas afunctionof distance as it passesthroughan 
absorbinglemitting medium. 

Figure 5. A generalized laser cavity. M, is chosen so that its reflectivity is as 
close to 100% as possible at the wavelength(s) of interest. The reflectivity of 
the output coupler (M2) depends on the gain of the particular laser system. 

+ radiative 

(a ) ----t nonradiative 

Figure 4. Multilevel lasing schemes. (a) and (b)arethree-lev?l systems and (c) 
and (d) are four-level systems. 
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cited by some means not shown in the figure, and the active 
medium together with the back reflector (MI) and the output 
coupler (M2) form the laser cavity. Although many lasing 
systems do not require such a cavity, i t  is illustrative of a very 
common laser design. The stimulated emission is amplified 
hv many passes through thr ldht!r ~3vitv. This multtpas lea. 
ture is made possible hy the fact that hl, allows only a small 
fraction of the laser light toleave the cavity on any given round 
trip. 

There are several terms used in discussing and describing 
laser systems which are relevant to this paper. The gain of a 
system is the amount of amplification, usually per round trip 
through the cavity, for a given population inversion. The 
threshold of the system is the gain needed to overcome the 
optical losses in the cavity, from the mirror surfaces, losses 
from drawing power from the system, etc. The critical rela- 
tionship between the two parameters is that a system will not 
lase unless its gain exceeds its threshold. Gain is a time-de- 
pendent phenomenon and a system withgain > threshold gain 
will cease lasing, if the gain drops below threshold at  any 
time. 

The cavity shown in Figure 5 is similar to a Fahry-Perot 
interferometer which is discussed in a variety of texts on in- 
strumental analysis. The resonance condition for maintaining 
standing waves in SUCK a cavity is u = md2d where m is some 
integer, c is the speed of light, and d is the cavity length. Figure 
6 shows the supernosition of a spectral line, such as the . . 
emission one would obtain from a lasing material, and the 
cavity resonance conditions. The cavity resonant modes (the 
longitudinal or axial modes of the cavity) are separated by a 
spacing of c/2d. Whether or not all of the modes which are 
permitted by the cavity are actually seen in lasing depend on 
which modes have a gain sufficiently high to exceed the 
threshold. Although t h e  conversion is not comnletelv ~~~~~ ~~ 

straightitirward, i t  isclear thilt modes urcurring in regtonsof 
the spectral line which ha\,e very IOU, intrniily prohallly will 
h a w  mrrr~p~ndtngly low gains and may be unlikely to he seen 
in lasing. The interested r t d e r  is rrivrred I O  thr disc~tssiun 
of gainsaturation in the references of reference ( I  1. Laser 
radiation also exhibits a set of modes known as transverse 
modes symbolized by TEM,,. These modes represent the 
spatial distribution of the laser output in a plane parallel to 
the output coupler (M2) in Figure 5. Figure 7 shows several 
TEM modes for specific values of nm. One final term relating 
to laser cavities is the Q of the cavity. This term has been 

Figure 6. Superposition of laser cavity modes on the spectral line giving rise to 
laser action. 

Figure 7. Sew1 bansverse (EM,) laser modes and the canesponding values 
01 nand m. 

borrowed from microwave technology and is given by the ex- 
pression 

In general, lasers have very high Q's and the modes which lase 
are the modes which have high Q's. 

Unique Properties of Laser Light 
Part of the purpose of this svmposinm is to illustrate some 

of the many aieaiof chemistry which have made use of lasers 
and laser techniques. It is appropriate a t  this point to examine 
those atpects ot insrr light &ch arr uniqllrmd which make 
i t  so attractive ior use in t ht study ot'a variety of chen~t~~iil .  
nhvs~(.ill. and l~iolocical orohlemi. All houeh one c t d d  list a - .  
bahety df such properties, I have chosen todiscuss only five. 
Thev include: directional nrooerties. freauencv ouritv. Dower . . . . " .  
(or energy), pulse durations, and tunability. 

The directional orooerties of lasers are among their more 
obvious character&tiis. The very low beam d&+rsion dis- 
played by lasers is the most graphicdemonstration that indeed 
laser light possesses properties which are different from those 
exhibited by a normal light source. The directional properties 
have a number of advantages in designing and carrying out 
experiments. The laser beam is easily manipulated around an 
experimental set up. This enables bne tostudy samples in 
relatively inaccessible locations. 

The freauencv ouritv of the laser enables one to denosit an ~.~ ~. .  - 
extremely precisely known amount of energy into an atomic 
or molecular system. This is essential, for example, in laser- 
induced isotope separation processes where the object is to 
excite the molecule containing one isotooe of a oarticular el- 
ement while leaving molecule;containing a second isotope of 
the same element unexcited. I t  is routine to have visible lasers 
whose wavelength is known to the nearest 0.01 P\ and infrared 
diode lasers with a resolution of 10W cm-'. 

There are a number of ways to express the output power of 
a particular laser. For the continuous wave (CW) lasers, which 
ha\,e 3 relatively constant o ~ t p u t ,  the puatr is xenerally giwn 
in watts. Pulscd lasers (rid? i r r l r a ~  wrjrnt a different p r i h  
lem. There are three common ways to characterize the output 
of a pulsed laser: the energy per pulse, the peak power, or the 
average power. As an example of the interconversion among 
these three concepts, consider a pulsed laser which lases at  500 
nm in five nanosecond pulses at  a rate of 50 oulses/s with an 
energy of 100 m ~ / ~ u l s e . ' ~ h e  peak power in s;ch a laser would 
be 

This number is, of course, somewhat deceiving because the 
power is 20 MW for an extremely short time and then the 
system is off for a very long time relative to the pulse duration. 
The average power is obtained in the following manner 

0.1 Jlpulse X 50 pulsesls = 5 Jls = 5 W 

I t  is also frequently of interest to compute the number of 
photons that are being emitted by the laser either per second 
or per pulse. The number of photons/sec is given by the for- 
mula 

(average power mWKwavelength in nm) x 10'" 
1.987 

while the numher of photons in a particular pulse is given by 
the formula 

The very high powers, energies, and photon fluxes ohtained 
~ .~ 

from laser systems rnnhle thtremely +mall amount:, of m:ltt,- 
rials t o  be examined both irom an ;tn31ytical p,,int of vieu .d 
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4) and, hence, requires relatively low pumping power. The 
laser produces short, high-powered pulses and makes an ex- 
tremely good dye laser pump when frequency-multiplied. 

Gas Lasers 
In general, gas lasers produce narrower lines than those 

ohtained from solid state systems. Since no broad absorption 
bands exist in the gases, it is more convenient to use electrical 
methods for achieving the ~ooulation inversion. There are four - . .  
basic types of gas lasers: 

a) neutral atom lasers such as HeINe or I lasers 
h) ion lasers such as Art or metal vapors 
C) molecular lasers such as COz or Nz 
d) excimer lasers 

In the iodine atom laser, a molecule containing an iodine 
is photodissociated to produce excited state (2Pl12) iodine 
atoms. Many organic molecules when photodissociated pro- 
duce as much as 90% of the iodine atoms in this excited state. 
The lasing is then observed on the transition 2P1/~ - 2P31z 
(lasing is a t  1.315 pm) 

The Ar+ laser normally operates on 1&15 lines and is a CW 
laser. Up to 20 W of power are easily obtained for all lines in 
the svstem. 

~ o l e c u l a r  lasers such as C0z or Nz lase from either excited 
electronic or vibrational states. Thev freauentlv contain a 
large numher of lines due to the rotatibnal ~d/or"vihrational 
structure of the particular lasing transition. 

Excimer lasers are based on molecules such as ArF which 
possess no hound ground states. A mixture of Ar, Fz, and He 
is subjected to a discharge which creates ArF molecules in 
hound excited states. Thus, a population inversion is easily 
ohtained as there is no corresponding ground state. Such ex- 
cimer lasers lase in the ultraviolet region of the spectrum and 
provide high power short pulses at  high repetition rates. For 
example, argon fluoride lases a t  193 nm. The excimer lasers 
an,, in general, tunable over wry small ranges but can he tuned 
to discrete lines in the vacuum ultraviulrt using a Raman 
shifting techniaue. XeCI lasers are raoidlv l~eeinninr to " - 
compete with  NAG lasers as pump iasers for dye Gser 
systems. 

Dye Lasers 
I t  bas been mentioned previously that dye lasers offer the 

ultimate in tunability. The active medium in a dye laser is. 
usually, a solution of H fluorracrnt organic molecule. S h e n t e  
which are used ~nclude ethanol, tolurnr, D'MF, and water. H\. 
pumping the dye with an apprupria~e optits1 wurctL, t,ithrr 
another laser or a flashlamp, and placing the dye  ample in a 
tunahle ootical cavitv. it is ~osiihlt! to tune thr d w  laser over -, . 
much of {he fluorescence spectrum of the dye. wi th  proper 
choice of dves. it is oossihle to observe lasinc from less than 
300 to greatkr than ib00 nm with all the otherraser advantages 
which have been discussed previously. Tuning over this range 
would require a number of dyes as each individual dye offers 
the ootential of being tuned over ao~roximatelv 40-50 nm. 
~ y e i  are frequently frequency-doubied or tripled to extend 
further the tuning range. 

Chemical Lasers 
All of the lasers considered to this point derive their initial 

excitation to produce the population inversion from some 
extfrnal source such as optical pumping or elertricnl pumping. 
The general idea hehind the chemical laser is that an exwrgic 
chemical reaction produces product molecules in excited 
states with population inversion, and lasing then occurs on 
these particular transitions. The best known example of such 
a process is that of the hydrogen fluoride laser. I t  has been 
pointed out that this is not a true chemical laser as one step 
in the production of hydrogen fluoride involves electrical 
discharge through the reactants to generate hydrogen atoms 
and fluorine atoms. For our purpose, we will examine only the 
final population distribution and avoid the semantic dispute. 
If one considers the reaction F + Hz - HF + F, the product 
HF molecules are populated in vibrational levels with quan- 
tum number u 2 3. The table below shows the relative popu- 
lations of the various u levels following this reaction. 

Y n(v) 
3 5 

Assuming that the lasing will take place on a Au = 1 transition, 
population inversions exist between u = 2 and u = 1 and he- 
tween u = 1 and u = 0. A large number of other systems are 
being examined currently as possible chemical lasers. 

Semiconductor Lasers 
In these devices, the population inversion is established 

between the conduction and valence bands. When the lasers 
are operated at  low temperatures (less than or equal to 10- 
20°K), extremely narrow linewidths, on the order of 10-%m-l, 
may be obtained. The lasers are tunable over a range of ap- 
proximately 20-50 cm-I. 

Summary 
This paper has attempted to outline some of the salient 

features of lasers that make them such unique and valuable 
tools for the study of fundamental atomic and molecular 
processes. In many cases, these are the same features that 
make lasers soattractive for avariety of applications outside 
of the areas of chemistry, physics, and biology, such as medi- 
cine, metallurgy (in processes such as welding and heat 
treating), communications, precision measuring, etc. If there 
is a single unifying theme to this introductory presentation, 
it is that the laser is basically a spectroscopic device and that 
most of its properties and operations can he understood using 
fundamental spectroscopic principles. Perhaps a second 
theme, common to the remainder of the symposium, is that 
the laser is indeed a tool to be used just like an infrared spec- 
trometer, a gas chromatograph, or an NMR spectrometer. 
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