
Chapter 4 Trends in Laser Development 

Chapter 3 discussed details of many of the practical types of lasers that are now 
available. The emphasis was on commercially available devices, rather than on ex- 
perimental models. The chapter presented tabulations of the characteristics of com- 
mercial devices. In this chapter, we discuss prospects for future developments. 

We begin by discussing conventional lasers, that is, types that are well developed 
and widely available. These include gas lasers such as helium-neon, argon, CO 2, 
solid state lasers like Nd:YAG, and semiconductor lasers. These lasers have been 
available for many years and have reached some level of maturity. For some of these 
types, the most important developments in recent years have involved reliability and 
improved lifetime, with modest increases in output power. Early in the history of 
lasers, a laser was a fragile device, requiring considerable care and maintenance. 
That situation has changed. Lasers have become durable, reliable, and reasonably 
economical to operate. One outstanding example is the semiconductor laser. Early 
models were very short-lived (hours). Advances in structures and fabrication have 
made them very long-lived (years) if they are treated properly. 

Some types of lasers have not advanced substantially in recent years, and 
prospects for rapid future change do not appear likely. These include some of the 
gas lasers like helium-neon and argon, and some lamp-pumped solid state lasers 
like Nd:glass and ruby. These relatively mature lasers appear to have reached a 
plateau in their development. In some cases, they are being replaced by other laser 
types for established applications. 

We note that there have been advances in some lamp-pumped lasers, like the 
vibronic solid state lasers discussed in Chapter 3. These advances seem likely to 
continue. 

Two types of established lasers are rapidly advancing, with considerable research 
and development efforts devoted to them. These are semiconductor lasers and diode- 
pumped solid state lasers. We may expect substantial advances in these two classes, 
which we will describe in some detail. 

We also describe classes of lasers that have been developed for some time, but 
that have not reached a status of wide commercial availability. These are chemical 
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lasers, free electron lasers, and x-ray lasers. We will describe a tunable device, the 
optical parametric oscillator, which is becoming commercially available. We will 
conclude the chapter with a discussion of the availability of tunable laser technology. 

A.  S e m i c o n d u c t o r  L a s e r s  

Semiconductor lasers are the subject of extensive research and development world- 
wide. It is not possible to summarize all research efforts in semiconductor laser tech- 
nology here; we do note that the worldwide efforts should improve the performance 
parameters of commercially available devices in the near future. There are many 
experimental efforts that have the goals of increasing available power, especially in 
the visible spectrum, of extending device lifetime, of improving beam quality, of 
providing blue and ultraviolet semiconductor lasers, and of improving characteris- 
tics for semiconductor lasers operating in the red portion of the visible spectrum. 

There is extensive development in the area of vertical cavity surface emitting 
lasers (VCSELs), which were described briefly in Chapter 3. VCSELs offer the 
advantage of easy packaging in two-dimensional arrays on a chip. Many different 
approaches to fabrication of VCSELs are being investigated. VCSELs are beginning 
to be commercially available. It appears that more types of VCSELs should become 
available, and that use of VCSELs in selected applications should become common. 

Other research areas with high interest include development of advanced quan- 
tum well structures, development of semiconductor lasers with a master oscillator, 
power amplifier structure in order to increase output power without damage, and 
continued development of multielement array structures, especially structures in 
which the light from the individual elements is coupled to form beams with narrow 
spectral linewidth and high beam quality. 

Quantum well structures, in particular, mentioned in Chapter 3, represent an im- 
portant advance. In a quantum well laser, one or more very thin layers of a semicon- 
ductor are sandwiched between layers of a semiconductor with wider bandgap. The 
layer thickness is of the order of 10 nm or less. The structure can be a single quan- 
tum well, with one layer of the narrow-bandgap material, or a multiple quantum 
well, with many layers. A multiple quantum well structure is sometimes referred to 
as a superlattice. Quantum well devices using materials in the A1GaAs system are 
becoming common. As the dimension of the layer approaches the wavelength of the 
charge carriers in the material, the properties of the material change. The properties 
of quantum well materials are different from those of bulk semiconductors of the 
same composition. The properties are affected by the confinement of carriers in the 
potential well defined by the larger-bandgap layers. Confinement of charge carriers 
in the quantum well increases the gain coefficient and reduces the threshold current 
for laser devices. The width of the quantum well provides tuning for the laser, be- 
cause the effective bandgap of the material changes. Lasers based on quantum well 
structures have become commercially available, and their use should continue to in- 
crease in the future. 
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There is extensive effort devoted to development of semiconductor lasers operating 
in the blue and ultraviolet portions of the spectrum. In the blue portion of the spec- 
trum, low-power laser sources have been limited to helium-cadmium lasers and air- 
cooled argon lasers. Both these sources are inefficient and costly, consume relatively 
large amounts of power, and are larger than desirable. The availability of an efficient 
compact semiconductor laser source in this region would open up new applications. 

In particular, blue semiconductor lasers would be of great interest for optical data 
recording. The areal density of information that can be stored on an optical disk is 
inversely proportional to the square of the wavelength used. Most optical storage 
devices have used aluminum gallium arsenide lasers operating at wavelengths near 
780 nm. If one had a blue semiconductor laser available, the density of information 
stored could be increased nearly fourfold. Considerations such as these are driving 
the development of short-wavelength semiconductor lasers. 

One approach has been direct frequency doubling of diode laser output. In one 
system that has become commercially available, an 860 nm, continuous, single- 
mode laser diode is doubled to produce a 430 nm output. The doubling is performed 
by a nonlinear optical crystal in an external resonant cavity. The frequency of the in- 
put signal is locked to a mode of the cavity. The output is a TEM00 beam with power 
greater than 10 mW. 

Another approach has been to use diodes of II-VI compounds to generate short- 
wavelength laser light directly. Devices based on materials such as zinc sulfide se- 
lenide or cadmium zinc selenide have been fabricated as double heterostructures and 
operated as lasers. Continuous room temperature operation at a wavelength around 
490-510 nm has been achieved in laboratory devices, at power levels up to 10 mW. 
These blue-green semiconductor lasers are not yet commercially available in the 
mid 1990s, but they will likely become available soon. 

Another recent development is the operation of laser diodes based on gallium 
nitride (GaN) [ 1 ]. The first GaN lasers operated at 417 nm, in the violet, and addi- 
tional wavelengths of operation at 402 and 376 nm have been announced. This 
extends the range of operation into the ultraviolet. GaN offers excellent material 
properties for reliable, long-lived devices. It will undoubtedly become an important 
short-wavelength semiconductor laser material. 

At the red end of the visible spectrum, AlxGayIn 1 _ x_ yP semiconductor lasers 
continue to advance. The power levels available continue to increase, and the 
shorter-wavelength models keep appearing. These lasers are replacing helium-neon 
lasers in some applications. 

The price of semiconductor diode laser arrays should continue to decrease. This 
will allow their use in a wider variety of applications. 

B. D i o d e - P u m p e d  Solid State Lasers  

Lamp-pumped solid state lasers were developed early in the history of lasers and 
after some time reached a level of maturity. For a number of years, the technology 
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of solid state lasers did not advance much. But in recent years, solid state lasers have 
seen rapid development and change. This is mostly due to the development of semi- 
conductor diode-pumped solid state lasers. Diode-pumped devices offer the capabil- 
ity for much higher efficiency and smaller size than lamp-pumped lasers of similar 
output. The efficiency in turn reduces the amount of waste heat that must be re- 
moved, so that the accessory equipment, like the chillers, also are much more com- 
pact. Commercial models of diode-pumped solid state lasers have been available for 
a number of years, and their output power has been increasing steadily. 

Another important area involves advances in solid state laser technology at 
shorter wavelengths, especially in the green portion of the spectrum. For many 
years, the argon laser has been the dominant laser source in the green. But argon 
lasers are inefficient, large, and expensive. Advances in frequency-doubled diode- 
pumped Nd:YAG lasers provide a compact, efficient, and more economical source 
of green laser light. The availability of green diode-pumped solid state lasers should 
allow development of applications in areas such as display, medicine, and remote 
sensing that are difficult now. 

We may expect to see diode-pumped frequency-doubled Nd:YAG lasers replac- 
ing argon lasers in areas where electrical power, size, and cooling are important 
issues. It is also likely that green diode-pumped solid state lasers will replace argon 
lasers for pumping Ti:sapphire lasers and will replace lamp-pumped Nd:YAG lasers 
for some micromachining applications. The extent to which green solid state lasers 
will replace other lasers in established applications will depend on how rapidly the 
price of diode lasers decreases. 

The applications of green Nd:YAG lasers have been limited in some cases 
by what has been called "the green problem." The output of continuous frequency- 
doubled solid state lasers is subject to random fluctuations in output power, as we 
now describe. 

Because the efficiency of frequency doubling increases with the optical power, 
doubling is usually performed with the doubling crystal in a resonant optical cavity 
to increase the power level. Frequency doubling may be performed with the dou- 
bling crystal within the original laser cavity (intracavity doubling) or with the crys- 
tal in an external resonant cavity, outside the cavity of the fundamental laser. In the 
intracavity case, the presence of high-intensity light confined within the laser cavity 
leads to efficient doubling. But often, more than one longitudinal mode will be 
present. The green problem arises when several longitudinal modes couple via the 
nonlinear interactions. As a result of these interactions, a strong amplitude modula- 
tion is imposed on the green output. 

Research workers have devoted substantial efforts to the solution of this problem. 
The green problem may be solved in intracavity doubling if the laser is constrained 
to operate in a single longitudinal mode. The use of an external resonant cavity al- 
lows enhancement of the optical field at the position of the doubling crystal, leading 
to efficient doubling. It also allows separate optimization of the original laser cavity 
and the cavity in which doubling is done. Models of stable green Nd:YAG lasers 
have been developed using both intracavity doubling and external cavity doubling. 



B. Diode-Pumped Solid State Lasers 135 

Although progress has been made, highly stable continuous green Nd:YAG lasers 
are still not available at output powers of more than a few hundred milliwatts, al- 
though laboratory devices emitting more than 3 W have been demonstrated. But the 
conditions for stable operation are sensitive. Small fluctuations can destabilize the 
output. Extremely precise thermal control is required to stabilize such lasers. Thus, 
advances in the development of stable high-power continuous green solid state 
lasers are likely to be slow. 

The situation is different with pulsed green lasers. The Q-switched operation of 
green solid state lasers becomes simpler. Q-switched green solid state diode-pumped 
lasers are available with average power outputs at the multiwatt level. Potential 
applications for these devices include laser radar, micromachining, and environmen- 
tal monitoring. 

In addition, diode-pumped solid state lasers are moving into the ultraviolet. Lab- 
oratory demonstrations have yielded more than 1 W of continuous output from a 
frequency-quadrupled Nd:YAG laser at 266 nm. Although such lasers are not on 
the market yet, it seems likely that they will be in the near future. Such devices 
could have applications in microelectronic fabrication, optical disks, and medicine. 
Q-switched frequency-quadrupled Nd:YAG lasers operating at 266 nm are avail- 
able with average power near 1 W. 

Another research trend involves the development of microchip laser devices. 
Diode-pumped microchip lasers are very small, efficient, and easy to fabricate. An 
example of a possible strucrture for a diode-pumped Q-switched Nd:YAG micro- 
chip laser is shown in Figure 4-1. The Nd:YAG is in the form of a small slab with 
millimeter or submillimeter dimensions. It is pumped by a diode laser. The lithium 
tantalate Q-switch is also in the form of a small chip, located in close proximity to 
the Nd:YAG. The left mirror is high reflectance at 1060 nm and low reflectance at 
810 nm. The center and right mirrors are partially transmitting at 1060 nm. This 
configuration uses flat mirrors and is very simple to fabricate. In practice, some 
microchip lasers have used one curved mirror to stabilize the cavity. The design 
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Figure 4-1 A diode-pumped, Q-switched Nd:YAG microchip laser. The mirrors are de- 
noted M. The source of voltage for the Q-switch is denoted V. 
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shown in the figure could be considered typical, but there have been many varia- 
tions, including frequency-doubled devices operating in the green. 

Because the laser cavity is very short, there will be only one longitudinal mode 
within the gain curve of the material. This means that the microchip lasers are sta- 
ble, single-mode devices. 

The fabrication of microchip lasers is very simple, and well suited to mass pro- 
duction. Because of the easy fabrication and the small amount of material required, 
the cost can be low. Availability of microchip lasers as inexpensive, very small, sta- 
ble, and efficient sources could enable new applications to become practical. Al- 
though some miniaturized diode-pumped solid state lasers are being marketed, the 
full potential of microchip lasers has not yet been realized. They should continue to 
develop. 

Other developments in solid state lasers include new materials and advances in 
tunable devices. Tunable solid state lasers are replacing dye lasers for some spectro- 
scopic applications. 

In the area of new materials, solid state lasers based on materials with vibronic 
energy levels will continue to advance. Development of Ti:sapphire lasers will con- 
tinue, especially in the area of very short (femtosecond) devices, useful for basic 
scientific studies. Lasers based on the materials Cr:LiCAF and Cr:LiSAF have been 
under development in a number of laboratories and should become commercially 
available soon. The long-wavelength end of the Cr:LiSAF absorption spectrum 
overlaps the emission of AlxGayln ~ _ x- yP semiconductor diodes in the 670 nm 
region. Diode-pumped Cr:LiSAF lasers have been demonstrated and could form the 
basis of an all-solid-state laser system, although increases in efficiency and power 
are required. 

Nd:YAG has been the dominant solid state laser material for many years. It prob- 
ably will be challenged for use in some applications by the development of new 
solid state laser materials. 

C. Chemical Lasers 

Chemical lasers employ a chemical reaction to produce a population inversion. They 
offer the possibility of operation without an electrical input. All the required energy 
could be produced in the chemical reaction. One simply mixes chemical agents and 
allows them to react. In practice, most chemical lasers do use an electrical input in 
addition to the chemical energy released. 

One of the leading examples of chemical lasers may be summarized by the fol- 
lowing set of reactions: 

F + H 2 --4 HF* + H 

H + F 2 --4 HF* + F (4.1) 

HF* --+ HF + h v 



D. Free Electron Lasers 137 

In the first reaction, a free fluorine atom is required to initiate the reaction. Often, an 
electrical discharge is used to dissociate fluorine and produce some free fluorine 
atoms. The excited HF molecule, denoted HF*, produced in the reaction is in an ex- 
cited state, which is the upper level for the laser transition. In the second reaction, 
the free hydrogen atom from the first reaction interacts with fluorine to produce ex- 
cited HE leaving a free fluorine atom to continue in a chain of reactions. The third 
reaction indicates the transition of the HF molecule to its ground state, which is not 
populated in the chemical reactions. This is accompanied by emission of the energy 
difference as a photon. The population inversion is produced automatically as the 
chemicals react and yield some excited state molecules as their end product. Some 
electrical energy may be required for initiation, but once the reaction has begun, it 
can continue as long as the supply of reactants continues. 

Table 4-1 shows some chemical laser systems that have been studied. Of these, 
the most highly developed are the hydrogen fluoride laser, operating at a variety of 
wavelengths around 3 ~m, and the deuterium fluoride system, operating at a number 
of wavelengths in the 4 ~m region. A few commercial models of these two types are 
available, with DF lasers capable of emitting up to 100 W in a TEM00 mode and HF 
systems capable of 60 W. 

The chemical oxygen-iodine laser (COIL), operating at 1.32/~m, is of particular 
interest because it is potentially scalable to very high power. No commercial models 
are available, however. 

Chemical lasers have been the subject of considerable research and development 
over many years. They can be scaled to very high powers, in excess of 100 KW in 
very large models. They have been of potential interest for military applications. Be- 
cause their wavelengths are shorter than that of the CO 2 laser and their light is better 
absorbed by metals, they have been of interest for material processing applications. 
But the corrosive nature of the chemicals used in them has remained a problem, and 
they have never become used widely in industry. 

D. Free Electron Lasers 

Free electron lasers (FELs) represent a specialized class of device. They have re- 
ceived substantial publicity but probably have limited industrial applications. They 

Table 4-1 Chemical Laser Types 

Reactants Laser molecule Wavelength (~m) Status 

H2-F 2 HF 2.6-3.6 Limited commercial availability 
Dz-F 2 DF 3.6-5.0 Limited commercial availability 
H2-C12 Hcl 3.5-4.1 Experimental 
CS2-O 2 CO 4.9-5.7 Experimental 
Dz-F2-CO 2 CO 2 1 0 . 6  Experimental 
O2-I 2 I 1 . 3 2  Experimental 
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use no solid, liquid, nor gaseous material as the active medium, Rather, the active 
medium is a beam of relativistic electrons. These electrons have velocity that ap- 
proaches the velocity of light. A FEL directly converts the kinetic energy of the elec- 
tron beam into light. The FEL is a novel type of laser with high tunability and 
potentially high power and efficiency. 

The structure of a FEL includes a series of magnets called wigglers, which 
present an alternating magnetic field to the electron beam. Figure 4-2 shows a 
schematic diagram of a typical FEL structure. An electron beam is introduced into 
the laser cavity by magnets. The electrons radiate laser light by stimulated emission. 
The light emerges through the output mirror. The wavelength of the FEL is a func- 
tion of a number of factors, including the velocity of the electron beam, the spacing 
of the wiggler magnets, and the magnetic field. The wiggler spacing may typically 
be a few centimeters, and the total device length a few meters. Once the device has 
been constructed, the wiggler spacing is fixed, but the laser wavelength may be 
tuned by varying the velocity of the electron beam. Operation of FELs at wave- 
lengths from the ultraviolet to the millimeter wave regime has been demonstrated at 
a number of laboratories throughout the world. 

Free electron lasers offer a number of potentially valuable properties, such as an 
essentially unlimited tuning range and the capability of being scaled to high power 
output. There is no material medium to be damaged. It is easy to extract heat from 
the laser, and the laser beam quality can be excellent. There has been high interest 
in FEL technology. Many laboratories and universities have constructed and oper- 
ated FELs. Their results have received considerable attention throughout the laser 
community. 

One important limitation for FELs is that they require a high-quality beam of rel- 
ativistic electrons, with low angular spreading and very little variation in electron 
velocity. These sources are large and expensive. It requires substantial resources 
to build and operate an FEL. As an example, in the early 1990s, the so-called 
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Figure 4-2 Free electron laser. 
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Advanced FEL, developed at Los Alamos National Laboratory, began operation af- 
ter three years of design and construction [2]. In early operation, the laser operated 
in the 3-9 ~m region, but it should be capable of operating in the visible and ultra- 
violet also. 

This example indicates that FEL development is a major project. Thus, FEL 
technology will probably not come to widespread use in industrial applications. 
Potential uses for FELs include military applications, basic research at national lab- 
oratories, and possibly medical applications. Large electron beam capabilities exist 
in the nuclear medicine facilities at large medical complexes, and so these facilities 
could support the requirements of an FEL. 

E. X-Ray  Lasers  

The desirability of lasers operating in the x-ray region of the spectrum has been 
known for many years. Many applications would be made possible by the availabil- 
ity of a coherent source of x-radiation. Relatively early in the history of lasers, there 
were some claims that x-ray laser sources had been developed. These claims are 
now believed to be spurious. 

One problem is the lack of mirrors to form a resonant cavity for x-ray lasers. To 
date, x-ray lasers been superradiant devices, with only a single one-way passage of 
light through the material. 

One active medium suggested for such lasers was the plasma produced by the in- 
teraction of high-power lasers with surfaces. Such plasmas are highly ionized and 
emit intense x-radiation. It was believed that a population inversion could be pro- 
duced in some of the high-lying energy levels of multiply ionized species in the 
plasma. 

In the mid-1980s, workers at Lawrence Livermore National Laboratory, using the 
very large Nd:glass lasers developed for laser-assisted thermonuclear fusion, de- 
tected stimulated emission in the 20 nm region when the laser was focused in a line 
on a thin selenium foil [3]. The emission came from 24 times ionized selenium 
(Se 24+) in the resulting plasma. The experiment involved amplified stimulated emis- 
sion in a single pass through the plasma, because no mirrors were used. The most 
convincing evidence that this was laser emission was the fact that the intensity in- 
creased exponentially with the length of the plasma. 

Since then, a number of different groups have demonstrated x-ray laser operation 
in highly ionized plasmas produced by very large lasers. The plasmas have involved 
multiply ionized elements such as germanium, tungsten, gold, yttrium, molybde- 
num, copper, and tin. The targets have most often been in the form of thin foils, 
which generate a linear plasma when heated explosively by the laser. The wave- 
lengths have covered a range from 4 to 30 nm. Because the lasers were large and ex- 
pensive, these demonstrations have not been compatible with practical applications. 

In recent work [4], there has been a demonstration of x-ray laser operation in a 
C 5+ plasma at 3.37 nm. The plasma was generated by a Nd:glass laser of tabletop 
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size. This result is significant because the size of the laser is more modest than in 
earlier experiments. It leads toward the possibility of x-ray lasers that do not require 
prohibitively large laser drivers. It is also important because the wavelength lies in 
the so-called "water window." This window (2.3-4.4 nm) lies between absorption 
edges of oxygen and carbon. It is potentially useful for biological studies. One could 
perform x-ray microscopy on living cells. This work could lead toward practical ap- 
plications for x-ray lasers. 

It is too early to predict what forms x-ray lasers will ultimately take and how ex- 
tensive their applications may be. The earliest uses will be in the area of basic scien- 
tific research, rather than industrial applications. Applications that have been 
suggested include imaging of living cells, projection lithography with extremely 
small feature size, and x-ray holography. 

F. Optical  Parametr ic  Osci l lators 

Optical parametric oscillators (OPOs) represent another tunable solid state source. 
These devices are based on nonlinear optical effects. We will discuss nonlinear op- 
tics more in Chapter 5, but to make this discussion self-contained, we will summa- 
rize some key points here. 

In a noncentrosymmetric crystal illuminated by a laser beam, a large dielectric 
polarization, proportional to the square of the electric field of the laser, can be 
induced. The nonlinear polarization can radiate energy, permitting harmonic genera- 
tion at multiples of the incident laser frequency. This is the basis of frequency dou- 
bling, tripling, and so on. If two laser beams are mixed in the crystal, radiation at the 
sum or difference in frequencies of the two beams may occur. In order for substan- 
tial buildup of the radiated energy at the new frequencies, a "phase matching" rela- 
tionship must be satisfied. The wave vectors of the applied fields and the generated 
field must have the same relation as their frequencies. For sum-frequency genera- 
tion, if the angular frequencies and wave vectors of the ith wave a r e  o )  i and ki, re- 
spectively, and the subscripts 1, 2, and 3 refer to the first and second incident waves 
and the output, respectively, then 

to 1 + oJ: = ~o 3 and k 1 + k: = k 3 (4.2) 

To satisfy both conditions simultaneously, one selects the crystal orientation, the 
direction of propagation, and the crystal temperature so that the birefringence of the 
crystal offsets the effects of dispersion. 

The OPO uses nonlinear optical effects to generate two different frequencies, 
starting with one laser frequency. It is similar to difference-frequency generation. 
Strictly, an OPO is not a laser, but it generates a coherent optical beam like a laser, 
and it utilizes a resonant cavity like a laser. But there is no stimulated emission, so it 
is not a true laser. 

In an OPO, a pump beam at frequency top is passed through a suitable nonlinear 
crystal. Nonlinear interactions in the crystal transfer energy from the pump beam to 
a signal beam at frequency ws and at the same time generate an idler beam at fre- 
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quency O) i - -  O J p -  O) s. The wavelength of operation may be varied by changing the 
temperature or the angular orientation of the crystal. A simplified configuration for 
an OPO is shown in Figure 4-3. 

In this configuration, the output contains both the signal and idler. The left mirror 
is transmissive at the pump wavelength, and reflective at the signal and idler wave- 
lengths. The right mirror is transmissive at the pump wavelength, and partially re- 
flecting at the signal and idler wavelengths. 

The device may be tuned by changing the phase matching conditions. The indices 
of refraction of the crystal at the three relevant wavelengths in the directions of beam 
propagation may be varied by changing the temperature of the crystal or by rotating 
the crystal. As a result, one obtains two beams with variable wavelength, the signal 
beam and the idler beam. 

OPOs have been under development for many years and have become commer- 
cially available in the early 1990s. There has been substantial recent research inter- 
est in OPOs. Laboratory devices have demonstrated tuning from the ultraviolet to 
14/zm in the far infrared. Other developments have included the first continuous de- 
vices and lower-cost technology. 

Commercial devices tend to have short pulse durations (as short as femtosec- 
onds) and are tunable in different ranges in the visible and near infrared. One de- 
vice, for example, offers tuning of the signal from 410 to 690 nm and the idler from 
730 to 2000 nm. If frequency doubling is used, the tuning range can be even wider. 

OPOs represent a tunable all-solid-state device. Models available cover a broad 
wavelength range in the visible and infrared portions of the spectrum. 

G. T u n a b l e  L a s e r s  

In Chapter 3 and in the foregoing discussion, we have mentioned a number of tun- 
able lasers. Because tunability is an important feature for many spectroscopic and 
photochemical applications, we summarize the availability of some leading tunable 
lasers in this section. It is beyond the scope of this chapter to enumerate them all. 
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The use of nonlinear optical effects can increase the range of tunability for a tun- 
able laser. For example, if one frequency doubles a laser tunable from frequency w~ 
to w 2, the output is tunable from 2to~ to 2o92. If one mixes the output from a tunable 
laser in a nonlinear crystal with a fixed laser frequency, sum-frequency generation 
will yield a tunable output at a higher frequency and difference-frequency genera- 
tion can yield an output at a lower frequency. Thus, use of nonlinear optical effects 
can greatly increase the spectral range of tunable lasers. 

The leading tunable laser in the near ultraviolet, visible, and near infrared regions 
has been the dye laser, offering reasonably high power, narrow linewidth, and a 
broad tuning range. It has been employed for many studies of molecular structure 
and chemical reactions. 

Tunable solid state lasers, such as Ti:sapphire, which offer a broad tuning range 
without the need to change dye materials, have begun to compete strongly in the vis- 
ible and near infrared regions and have displaced dye lasers for some applications. 
With frequency doubling, they cover most of the range from 0.35 to 1.1 ~m. 

In the near infrared, A1xGa ~ _ A s  and In Ga~ _ ASyP~ _ y lasers and, in the long- 
wavelength infrared, lead compound semiconductor lasers are tunable by means of 
varying temperature and operating current. Many excellent spectroscopic studies 
have been performed with them. Any one device has a relatively limited tuning 
range. Thus, they are best suited for very high resolution spectroscopy within a nar- 
row spectral range. In addition, mode hopping can make it difficult to reach any 
specified wavelength. Thus, it is desirable to use a semiconductor laser that does not 
exhibit mode hopping. 

Raman shifting is a means that may be employed to extend the range over which 
a tunable laser may be tuned and to provide specific desired wavelengths that the 
laser could otherwise not reach. Raman scattering involves transfer of some of the 
energy of a photon to internal modes of a molecule. The frequency of the scattered 
light is shifted by a specific amount, characteristic of the molecular species. As a re- 
sult, the range of available wavelengths may be expanded. Raman shifting has been 
used most often in experimental equipment, but some models are commercially 
available. The operation of Raman shifters will be described in the next chapter. 

Optical parametric oscillators (OPOs) represent another tunable solid state 
source, based on nonlinear optical effects. They have been under development for a 
long time and are now becoming more widely available. They may be tuned by tem- 
perature or by rotating a crystal. Models available cover a broad wavelength range 
in the visible and infrared portions of the spectrum. Different commercial models 
cover at least the range from the blue portion of the visible spectrum to the mid in- 
frared, near 4/zm. The short-wavelength end of the range can be extended by fre- 
quency doubling. For a single device, the tuning range can be relatively long. One 
commercial device, for example, covers the range from 1.45 to 4/zm. Most com- 
mercial models are short-pulse devices. 

Finally, the free electron laser (FEL) offers potentially the ultimate in tunability, 
in principle being unlimited in its tuning range. Models of FEL devices have oper- 
ated at wavelengths ranging from the ultraviolet to the millimeter wave regime. As 
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Table 4.2 Tunable Lasers 

Type Tuning range Comments 

Dye 

III-V semiconductor 

Lead salt semiconductor 
Solid state vibronic laser 

Optical parametric oscillators 
Nonlinear effects using 

variable-wavelength driver 
Free electron laser 

UV to near IR 

Red and near IR 

Far IR 
UV to near IR 

Visible and IR 
UV, visible, IR 

UV to millimeter wave 

Needs another laser as 
pump; range includes 
frequency doubling 

Tuning range small for 
any one device; tuning 
may be discontinuous 

Expensive and cryogenic 
Range includes frequency 

doubling 
Needs pump laser 
Needs tunable laser pump 

Large and very expensive 

described earlier, a FEL represents a very large investment and probably will not be 
appropriate for routine spectroscopic applications. 

Table 4-2 summarizes the most commonly used tunable lasers and their ranges of 
operation. In conclusion, a variety of tunable lasers are available with a broad vari- 
ety of characteristics, and covering the wavelength range from the ultraviolet far into 
the infrared. 
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