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CHAPTER II 

THEORY

1. Laser Science

The presentation in this section will be brief and qualitative. 

The primary purpose will be to furnish the reader with the basics of 

laser science so that he can have an appreciation for the current 

state of laser affairs, a feel of how a laser works, and an awareness 

of how laser radiation differs from conventional light. For the 

peruser interested in the quantum electronics of stimulated emission, 

reference can be made to Appendix E. As an aid to definition, a 

glossary of laser science terms has also been Included in Appendix B.

a. Fundamentals of Laser Science

As the laser, by definition, is a device wherein light is 

amplified by the stimulated emission of radiation, the process of 

obtaining laser light requires a light source exciting a very special 

type of material that has the property of absorbing the light in a 

particular way, and furthermore, in such a way that the emitted light 
magnifies itself. Thus, there are essentially two requirements for 

laser action: the particular way of absorption, called population

inversion, and the special way of magnification, or stimulated 

emission amplification.

Population inversion describes a condition where more atoms or 

molecules of a lasing medium are found in the excited state than in 

the ground state. This condition occurs when the proper type of light
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Is absorbed by the right type of material. Given a material, the 

numbers of atoms in different energy levels are exponentially related.

In Figure 1-A, the ordinate E represents the energy levels and the 

abscissa N the total number of atoms in each energy level. For laser 

action to occur, a metastable condition called population inversion 

must be present. Figure 1-B is the electronic conformation after the 

lasing material has absorbed photons of radiant light and population 

inversion has occurred. Note should be made of the fact that there 

are now more atoms in the first excited level than the ground state.

For a ruby laser a flashlamp is used to pump the chromium atoms 

from the ground state to the second excited state. Although the 

formula for ruby is AlgO^* contained within the ruby crystal are 

molecules of chromium which are responsible for the laser process.

In Figure 2, this excitation is represented by the transition from 

G to 2. After a buildup of atoms in level 2 spontaneous decay transfers 

the excited atoms into level 1. A return to the ground state is 

characterized by both spontaneous and stimulated emission of red light. 

The stimulated emission portion is the potential source of laser action. 

The spontaneous emission is wasted as heat.

If one considers the normal situation, light that passes through 

a substance diminishes in intensity. Stimulated emission, as such, 

works in just the opposite manner. Using the standard attenuation 

equation, we have:

I -

where I *» transmitted light intensity

I » incident light intensity



FIGURE 1. Energy Level Diagram Before and After Excitation
(M. Guidry, EE 161 classroom notes, 1969)
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FIGURE 2.— En«rfy Larel Olacna of Chromlua Ions In Ruby 
(Lengynl, 1966.)
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Ng ■ number of atoms in the higher excited state

* number of atoms in the lower excited or ground
state

6 ■ absorption coefficient

L " traverse length of the light beam.

Normally, population inversion is not present and the emerging

intensity is smaller than the incident intensity. That is, Nj>Ng.

In population inversion, N2>N^, and the light beam grows exponentially 

as it passes through the sample.

The second requirement is an amplification process to build-up 

intensity. In other words, a feedback system with a high G is required. 

The gain, G, is defined as

m maximum energy stored 
energy lost

For laser cavities, that is, the volume inside of which lasing is 

amplified, mirrors are used on both ends for amplification. Figure 9 

in Chapter III is a schematic of a laser cavity. The mirror on one 

side transmits a certain percentage of light as laser radiation. Only 

the radiations along the optical axis are emitted as laser radiation 

because only these are amplified. Radiation in other directions are 

reflected back and forth within the laser reflector.

The primary source of energy can be a xenon lamp, as for the 

ruby laser, or electric currents (AC,DC, or RF), as for gas and 

semiconductor lasers. The efficiency of conversion is only 1% for 

the ruby laser but as high as 70% for the gallium arsenide semi

conductor laser, where efficiency is defined as the ratio of output 

to input energy. In comparison, the conventional ultraviolet lamp
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has about a 207. efficiency.

In summary, practically any material, given sufficient energy 

and conditions for amplification, can lase. From the first two-level 

ammonia rnaser to several hundred now well defined materials capable 

of Inducing laser action, the list will no doubt continue to grow.

b. Unique Laser Parameters

Six properties that can distinguish laser light from conventional 

light sources are Intense radiant flux density, tunable monochromati- 

city, wavelength selectivity, Gaussian mode structure, coherence, and 

beam collimation. All these parameters are of utmost significance to 

the future course of this project.

Radiant flux is defined as the rate at which radiant energy 

passes through a surface. It is measured in units of power, that is, 

watts or joules per second . The actual intensity of radiation imparted 

by a laser is the radiant flux density. It is convenient to measure 

the radiant flux density In units of watts per square centimeter. 

Appendix D delves Into the details of units used In laser science and 

radiation microbiology.

When comparing conventional radiation with laser light, a popular 

method Is to relate radiant flux densities at the wavelength of 

emission. The radiant flux density of an elaborate ruby laser can 

easily reach tens of thousands of megawatts per square centimeter. All 

this radiation la In the spectral Interval about 0.1 X units wide.*
The exact wavelength of emission of a ruby laser is 6943 +  0.05&. 

Conventional black body radiation whose peak emission is at 6943& has 

a temperature that can be calculated by Weln's displacement law:
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X T -  2.898 x 107 X °Ktn

where T Is the temperature at wavelength of emission \ . Since Xm m
Is taken to be the emission wavelength of a ruby laser,

2.898 x 107
6943

and

T - 4174°K.

The total power flux Is calculated using the Stephen-Boltzmann Law:
00

W -J 'w (X .T )  dx -  oT4
o

W - 5.679 x 10"12 -w*-—  ~ x (4174 °K)4
cm °K

W - 1730 watts/cm2
However, using the radiation formula for wavelength distribution, 

only the following power flux falls in the O.lX peak around 6943&

c .x ‘ 5ax 

W(1-T> ^  ■ ;xM c'2/xt)-i
where

- 2flhc2 = 3.74 x 1028 watts/cm2(X)4

C2 - hc/k = 1.438 x 108 X °K

where h is Planck's constant, k is Boltzmann's constant, and c is the

velocity of light. Substituting the appropriate numbers, the total
2power flux is determined to be equal to 0.0164 watts/cm . Dividing 

10 210 watts/cm , the radiant flux density of a ruby laser, by 0.0164
2watts/cm , the radiant flux density of a conventional source of 

radiation, the resulting ratio is an almost inconceivable figure 

approaching one trillion. Comparison with an organic dye laser yields
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an equally Imposing ratio of approximately 100 million. It Is valid 

to restrict the emission to a narrow bandwidth because future 

selective sterilization studies will exploit this particular property 

of the tunable laser.

Laser radiation is the only continuously tunable and yet mono

chromatic source that has a high radiant flux density. All convention

al sources are either essentially polychromatic and therefore
2complicate a photodynamic mathematical model beyond reasonable utility 

or tunable only in discrete or low radiant flux density steps. With 

frequency doubling a non-linear optical process wherein the wavelength 

is halved, it will be possible to continuously tune a laser from the 

far ultraviolet through the visible and into the infrared. Furthermore,

the laser bandwidth can be as narrow as 0 .0l£.

Laser mode structure refers to the pattern of radiant flux

density across the cross-section of the beam. The purest form of

mode structure results in a Gaussian intensity distribution and is 

termed TEMqq mode. TEMqq mode will be seen to be the most ideal for 

frequency doubling visible light into ultraviolet light.

Coherence can best be explained mathematically. There are two 

types of coherence, spatial and temporal. One is dependent on the 

other. Coherence refers to the correlation between phase of mono

chromatic radiation evaluated at two different points. Electromagnetic 

radiation is represented by the following equation:

E ■ A sin(2ffft - k^x) 

where A = amplitude

f = frequency of radiation
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t “ time
K- “ spatial frequency, or phase, where — ■ is

f
the period of the spatial frequency, that 
is, the number of waves in a distance 2fr 
unit length

x ■ space distance along optical axis, where
x ■ 0 at point of beam emanation.

Laser radiation is coherent, conventional radiation is not. That is,

laser radiation has the ability to keep f and constant for

significant periods and distances. The coherent path length for laser

radiation is on the order of 10^ meters and coherent time is 0.2

seconds. Conventional monochromatic sources have path lengths of
-9about 0.7 meters and times of 10 seconds. This ability of laser 

light to keep coherence is the principle behind holography and one of 

the reasons why frequency doubling is enhanced.

Finally, a laser beam does not diverge as much as conventional 

light because coherent radiation has a lower tendency to diverge.

For example, take the case of transmitting a beam of light from the 

Earth to the Moon and back. One would not succeed with a gigantic 

conventional flashlight as the beam would diverge rapidly and lose 

intensity along a constant cross-section. Conversely, specially 

built lasers can be made to diverge only 1/40,000 of a degree of an 

arc. It is understandable how transmission over long distances is 

possible with relatively little loss of power. This last property 

of the laser will be useful when a counter- or co-current dynamic 

experimental model is utilized.



c. Types of Lasers

There are essentially four types of lasers. They are:

a) Solid or ionic: ruby, Neodymiutn-YAG in glass,
parametric oscillator

b) Semiconductor: gallium arsenide, gallium phosphide

c) Gas: helium-neon, carbon dioxide, argon, nitrogen

d) Liquid: rare earth, organic dye

The ruby laser was described in some detail in the previous section.

The neodymiura-YAG laser is normally used as part of the parametric 

oscillator system. They will both be discussed in a later section on 

tunable lasers. Semiconductor lasers, although highly efficient, 

have not proved yet to be of. commercial interest because of their low 

output powers. Furthermore these lasers emit mostly in the infrared.

Gas lasers are rapidly achieving prominence due to their ease 

of portability, reliability and high powers. The carbon dioxide 

laser especially has been an intriguing product as the military has 

for some time now kept its high-powered development confidential. The 

helium-neon laser is of significance to this project as one is utilized 

to align the optical components. Argon and nitrogen lasers are 

characterized by very short pulse risetimes and are gaining prominence 

as dye exciters in laser-pumped lasers.

The organic dye laser is of primal importance to this project.

The next section will present a theoretical discussion on the organic 

dye laser.

d. Tunable Lasers

There are two categories of tunable lasers. The first category
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includes only discretely tunable lasers. That is, these lasers can 

be wavelength tuned only in discrete steps. A typical discretely 

tunable laser is a neodymium:YAG laser which can emit more than a 

dozen different finite wavelengths. This type of laser is analogous 

to a pushbutton car radio or the VHF channels on a TV set. The other 

type of tunable laser is a continuously tunable laser. That is, the 

laser can be ,tuned to any wavelength. In relation to the analogy of 

the discretely tunable laser, a continuously tunable laser is like a 

dial type radio or the UHF section of a TV set.

Three types of continuously tunable lasers are common. They

are the parametric oscillator system, the semiconductor laser, and

the organic dye laser. There are other types of tunable lasers. For 
3example, Tiffany has reported on the dynamics of selective molecular 

excitation by laser photocatalysis of bromine reactions. Although 

he referred to his ruby laser as tunable, the tunability extended only 

from 6943X to 6934& by cooling with liquid nitrogen. However, it is 

obvious that in the practical sense this is not acceptable as the 
tunability range is far too narrow. All the following continuously 

tunable lasers have ranges of several thousands of angstroms.

1) Parametric Oscillator Laser

In a theoretical sense, the parametric oscillator laser is the 

ideal tunable laser for this project. However, there are several 

overriding reasons why one was not used for this investigation:

a) The state of the art is at least one year behind dye 
laser technology.

b) The cost is prohibitive. When a tunable ultraviolet 
parametric oscillator system reaches the market, the cost
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will be in the area of $50,000.

c) Construction of one is beyond the means of a dissertation 
in chemical engineering.

It is nevertheless of interest to present a short theory on 

how a system of this type works. The idea of the parametric oscillator 

arose through the study of a much contemplated, but never before 

realized field of physics known as non-linear optics. This is the 

study of the behaviour of transparent materials subjected to light 

of such intensity as to change some of the parameters of the material.

The following section on second harmonic generation is another type 

of non-linear reaction. Significantly, these extremely high optical 

fields can only be obtained from lasers.

A parametric oscillator consists of a crystal, like lithium 

niobate, which converts a powerful laser beam, as from a neodymium:YAG 

laser, at one wavelength into another coherent beam of light at 

another wavelength. In actual practice, the system is far more 

complicated than as presented.

The only commercial system, marketed by a California firm, 

uses a krypton arc lamp to energize a neodymium:YAG rod. Mirrors 

and a double prism assembly working in conjunction with an acousto- 

optic Q-switch of brewster-angle fused quartz with a lithium niobate 

transducer provides "burst" mode operation giving high average output 

power without high gain and resultant loss of mode control. To tune 

the laser, the mirror is rotated allowing for oscillation at each 

of the 13 available wavelengths. This system typically operates at 

-40°C to depopulate an unwanted lower energy state. Cooling also

* Chromatix, Inc., Mountain View, California
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narrows the linewidth and improves efficiency and stability. A look 

at Figure 3 indicates that the above is only the energizing source.

We have yet to even approach the principle of parametric oscillation.

Further along in Figure 3, a lithium lodate crystal is then 

utilized to frequency double the neodymium:YAG laser output. Whereas 

the neodymium:YAG output was in the infrared, the output after fre

quency doubling is exactly at double the frequency or half the wave

length .

Negelecting a discussion of indicated required optics, the 

doubled output finally reaches the area of parametric oscillation, 

the lithium niobate crystal in an oven. Tuning is accomplished by 

varying the crystal's index of refraction through temperature control. 

The oscillator simultaneously generates two frequencies, whose sum 

is equal to the pumping frequency. A tuning range from 3700X to 

5400& is possible using the above system. Tunable ultraviolet outputs 

are also attainable through the use of a temperature controlled ADP 

crystal. Eighty milliwatts was obtained by the Chromatix group at 

2650&.4

2) Semiconductor Diode Laser

The semiconductor laser is pumped in a different manner from 

conventional lasers as an electric current is used to inject electrons 

from low-lying levels of the conduction band to the uppermost levels 

of the valance band; the frequency corresponds to the band gap energy. 

The actual lasing conditions, though, follow the normal population 

inversion/amplification course. Gallium arsenideJLasers can be tuned 

by changing the temperature of the material. The temperature can be 

altered by modulating the current density. Shorter wavelengths are
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(Wallace, 1970.)
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obtained by increasing the current density.

The lead selenide diode laser has been shown to be eminently 

tunable by using hydrostatic pressure to alter the band gap. By 

increasing the pressure up to 14,000 atmospheres, the laser, immersed 

in a liquid helium bath, was tuned from 75,000X to 220,000X.

Progress in the development of visible and ultraviolet tunable 

semiconductor diode lasers has been very slow. Present technology 

has not come up with a sufficiently powerful tunable semiconductor 

diode laser capable of sterilizing bacteria.

3) Tunable Organic Dye Laser

Two types of organic dye lasers are prominent. One type is 

energized by another laser, usually Nd:YAG, nitrogen, argon, or ruby. 

The other type is pumped by a fast pulse flashlamp. In general, the 

output wavelengths of the laser-pumped laser are shorter than that of 

the flashlamp type. With respect to efficiency,starting with the-orig- 
inal energy input, they are about equal. Only the flashlamp-pumped 

laser will be discussed because it is the type utilized in this 

investigation. To begin the discussion a short history of the tunable 

organic dye laser is warranted.

The first published hint of using organic dyes as the active
5 6lasing media was proposed by Rautian and Sobel'mann and Brock in 

1961. Stockman collaborated on the first real attempt at using a 

flashlamp to pump the dye perylene.^ However, the first truly 

successful effort to produce stimulated emission from organic
g

molecules was reported in 1966 by Sorokin and co-workers. They used 

a giant pulse ruby laser to excite a solution of the dye CAP.



Similar results were obtained later by many others using cyanine 

dyes. After discovery of the laser-pumped laser, Sorokin and Lankard, 

in 1967, built and had success with flashlamp pumped excitation of 

several xanthene dyes.

Early studies noted the shift in wavelength with dye concentra

tion. Here was a simple, though highly broadband means of obtaining 
9 intunability. Farmer further obtained tunability by merely altering 

the physical length of the dyecell. The most elegant means of 

tuning the dye laser, and the technique used in this investigation, 

was demonstrated by Soffer and McFarland^ in 1967. They replaced the 

totally reflecting mirror of a laser-pumped rhodamine 6G laser with 

a diffraction grating. The grating was mounted in the Littrow 

arrangement and was adjusted to the angle for which the first-order 

reflection of the desired wavelength was reflected back upon itself

along the axis of the optical cavity. Other means of tuning include
12 13 14 13mixing of dyes, Q-swltching, temperature change, pH change,

and uses of a Fabry-Perot interferometer,^^ prism, ^  and an echelle-

etalon.

The mathematics of organic dye lasers are similar to that of 

other types of lasers. Much of the discussion located in part two of

Appendix E was extracted from Snavely's treatment of the organic dye
19 20laser and Keller's work on organic dye laser quenching. In

particular, the dye dlsodium fluorescein salt was utilized to 

illustrate quantitative use of the important equations with the hope 

that insight could be obtained into determining why lasing could not 

be achieved.

An energy level diagram of an organic dye laser is shown in
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Figure 4. In the drawing, the heavy horizontal lines represent 

vibrational states and the lighter lines represent the rotational fine 

structure. There are three singlet states, electronic ground state 

Sq and the first and second excited singlet states and S^, and two 

triplet states T^ and Tg. Other higher energy levels are present 

but are inconsequential to the discussion.

A short pulse flashlamp pumps the molecules of the dye solution 

from the ground singlet state to higher vibrational-rotational levels 

of the state— as represented by the transition A-«b. Nonradiative 

molecular energy decay occurs from b-*B. Both stimulated and 

spontaneous emission occurs in the B-*a step. The laser process 

terminates by the nonradiative decay a-*A.

For lasing action to occur the concentration of molecules in the 

state must reach the aritical inversion value. Whether this value 

is reached or not depends on the losses inherent in the process.

One of these losses is spontaneous decay from B-*a. This is known as 

fluorescence. Spontaneous fluorescence can override stimulated 

emission when the dye molecule cannot store enough molecules at the 

B level. Another very serious loss is the nonradiative relaxation 

from B to a lower lying triplet state T^, indicated by the dashed line 

in Figure 4. This process called intersystem crossing is detrimental 

for it acts as a trap for the excited molecules and depletes the supply 

of molecules available for the lasing process. The decay process 

Tj-*Sq may be nonradiative or radiative, the latter popularly known 

as phosphorescence.

In order to minimize the detrimental effects of the molecular 

triplet state it is necessary to reach laser threshold before a



FIGURE — Energy Level Diagram of an Organic Bye Lasar. 
(Snavely, 1969.)
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significant number of molecules have accumulated in the triplet state. 

This requires either an excitation source with a very quick risetimo 

in the order of one microsecond for most dyes and as short as 100 

nanoseconds for others, or an additive such as cyclooctatetraene 

which acts on the molecular level to quench the triplet state.

Two other losses are triplet-triplet, Tj-'Tg* an<* singlet-singlet, 

Ŝ ~*S2 > transition. The large optical absorption losses associated 

with these processes can be strong enough to prevent the laser from 

operating.

The hardware aspects of the tunable organic dye laser will be 

covered in a later section. In the meantime, it is only Important 

to state that the dye laser works when a flashlamp- emits radiation 

into a quartz dyecell containing a dye solution; the dye molecules 

absorb the light and themselves emit light in such a way that nearly 

perfectly aligned mirrors bounce the dye-emitted light between the 

mirrors and amplify the beam within the resonating cavity. A useful 

laser output is achieved because one mirror is partially transparent

and transmits a portion as the laser beam.

e. Second Harmonic Generation

Second harmonic generation (SHG), or its synonym, frequency 

doubling, is a physical process that takes incident light at one
wavelength and converts a portion of the light into a second harmonic

of the incident frequency, i.e., doubling the frequency or halving 

the wavelength. The extremely high germicidal efficiencies of 

ultraviolet light emitting in the area of 2650&, combined with the 

present nonexistence of- dye molecules that lase below 3400X, make 

SHG an attractive alternative means of obtaining tunable ultraviolet



light. A short discussion of SHG will be presented here for edifica

tion purposes.

The principle of SHG was suspected by physicists for some time, 

and attempts were previously made using carbon-arc and high-pressure 

discharge lamps to observe non-linear effects. However, for the 

effects to be realized a great deal of energy had to be concentrated 

in a narrow band of wavelengths. Until the advent of the laser this 

has not been possible.
21In 1961, a research group headed by Peter A. Franken focused 

onto a quartz crystal the 6943& beam of a ruby laser* Of the light
g

striking the crystal one part in 10 was converted to second harmonic 

light at 347l.sX. Since then progress has been impressive as 

efficiencies of 40% and greater have been obtained with potassium 

dihydrogen phosphate (KDP) crystals.

A quantum electronic treatment of SHG can be found in the last 

part of Appendix E. SHG can be described in the following manner. 

When normal light waves pass through a transparent crystal the weakly 

bound valence electrons redistribute themselves in step with the 

alternating electric field of the light. As long as the light wave 

electric field is small compared to the cohesive electric fields 

within the crystal the polarization current faithfully follows the 

electric field of the light wave. The situation is quite different 

when very intense light with an electric field comparable to the 

cohesive local electric fields in the crystal is beamed through the 

crystal. At 10^ volts/cm, there is a massive redistribution of the 

electrons and the resulting polarization is no longer proportional 

to the optical electric field. The resultant distorted polarization
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gives rise to light containing an overtone, or second harmonic, of the 

fundamental frequency.

In addition to high intensity, SHG is dependent upon several
22other unique laser parameters. Fine monochromaticity, that is, a 

bandwidth of lX or less, is up to ten times more effective than 

broadband power. Furthermore, shorter wavelengths are more efficient 

by an inverse square relationship. In addition, high directionality 

is necessary for polarization in the correct optical axis; a laser 

beam is highly collimated, conventional light sources are not.

Finally, the pattern of a beam is important, m0^e * where the

beam profile is Gaussian, is most effective, as the highest concentra

tion of power is located at the middle of the cross-section. A later 

discussion on mode structure will more fully describe 

terminology.

2. Radiation Microbiology

Coincidentally, radiation microbiology also begins with Einstein.
23The classical reference, in this field, Radiation Biology. by 

Alexander Hollaender, begins with Einstein's photochemical equivalence 

law: a photon can induce a photochemical reaction only by being

absorbed and, on being absorbed, will activate one and only one 

molecule. This section will start with a short discussion on the 

various means of sterilization available and progress to a qualitative 

analysis of sterilization by irradiation. The Escherichia coli will 

be used to illustrate most of the radiative effects. A brief treatment 

of the mathematics Involved will serve as background material for a 

later more detailed presentation on biological mathematical models.
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a. Sterilization Technology

Sterilization in a biochemical process can be carried out in a 
variety of ways:

a) Application of heat*such as in an autoclave.

b) Mechanical removal; such as by ultra filtration.

c) Treatment with chemical agents; as in disinfection.

d) Irradiation with ultraviolet radiation from conventional
lamps, high energy Roentgen rays, high energy cathode
rays, ultrashort electrical Impulses, high frequency 
sound waves, and laser radiation.

At present continuous sterilization with steam is the most

universally used method. However, the disadvantages of steam are

manifold. The initial cost of equipment is quite high. Thermal

effects on the medium can be serious. Time lag can be a problem.

Finally, there is relatively little flexibility - steam kills all

living organisms on exposure at 250°F for 10 minutes.^ There is

reason to believe that laser radiation can selectively kill certain

bacteria and leave other enzymes, bacteria, and the product itself 
25unharmed. Differing biochemical structures exhibited by 

microorganisms suggest that each type of organism has its own 

characteristic energy absorption signature. It is anticipated that 

selective sterilization of a contaminant along with the concomitant 

unrestrained growth of beneficial bacteria can be realized by taking 

advantage of such absorption patterns.

Furthermore, advantage can be taken of the non-thermal nature 

of laser radiation. Numerous industrial processes use steam or heat 

only because it has been the most praticable. Although heat serves 

its purpose by eliminating contaminant growth, high temperatures also 

tend to degrade the product.


