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FORCED RAYLEIGH SCATTERING FOR ALL-OPTICAL BEAM CONTROL

1
INTRODUCTION

During the first six months of this program, efforts were

directed toward Stimulated Thermal Rayleigh Scattering (STRS) based

upon amplifier and generator experiments [1]. The observed gain was

less than expected and could have been due to an insufficiently nar-

row laser linewidth or optical wash-out of the fringes in the phase

grating produced in the STRS process. Several approaches which

addressed this during the second six month period include: (1) the

purchase of a narrow linewidth, long coherence length dye laser, (2)

the change of the experimental geometry such that the thermally gen-

erated phase grating fringes were further apart making washout less

likely, and (3) additional analysis and modeling to better understand

the laser-medium interaction.

Section 2 provides the basic equations for interference of two

beams of coherent radiation to produce spatial fringes. Section 3

derives the fundamental equations describing the change in refractive

index, an, in an absorbing liquid due to the passage of optical radi-

ation which is absorbed and thermalized. The an is assumed to be a

result of the density change of the liquid which accompanies the

rise in temperature due to the absorption of the laser energy. Sec-

tion 4 effectively combines the analysis of the previous two sections

and discusses the thermally induced phase grating which results from

the interference of two beams of coherent optical radiation in the

presence of a liquid to which an absorbing dye has been added. Used

as an all-optical switch for a third or probe beam of radiation,

this is described as forced Rayleigh scattering (FRS). Used as a

switch or gain mechanism where one interfering beam is the pumping

radiation and the second beam is spontaneously Rayleigh scattered

1
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radiation, this may be referred to as stimulated thermal Rayleigh

Scattering (STRS). Section 5 discusses the spectral purity of the

laser which is required to assure that the spectral fringe pattern

possesses high contrast and is adequately distributed in space.

Section 6 describes the new Laser Science Inc. grazing-incidence-

grating dye laser which was purchased to replace our Molectron dye

laser. The LSI laser provides a significant improvement in spectral

purity and coherence length at approximately the same energy per

pulse.

2
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2

TWO-BEAM INTERFERENCE

The intensity of electromagnetic radiation can be expressed as

where 4o is the magnetic permeability of a non-magnetic medium, £

and co are the dielectric permitivities of a material medium and

vacuum respectively, n is the refraction index of the medium, c is

the speed of light in a vacuum and ET is the total field present;

the pointed brackets denote a temporal average. For two interfering

plane waves

-1- i((Jlt-k -r)
E 1 = T A1 e + c.c.

E2 27 2 e +C.c.

we have

Assuming parallel polarizations of the two fields

E2 1 2 i(2u t-2kp1 F) + 1 A1+'2)t+(T1-k2);rj
ET WA, e T A 1A2 e

+ 1 A2  1 A2 e i(2w 2t-2 
er)

1 2

3
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1 [ Uwj-w 2)t+(Zj- 2)or] + 1A 2+ C.C

7 A2

Performing the temporal averaging over many optical cycles we have

for the intensity

I ccn 1 1 A 2 + 1. AjA* e '[ '-2t('lf)r + 1 A2

+1A*2 +1 A* A 4 (W 1-J2 )t+(k 1-fk2) + 1 A2
SA1  -7 1 2  T 2

If A1 and A2 are real, then

I = 1 tcn A2 + A2 + 2A1 A2 cosI( 1 _ 2 )t + (kT k2) r] $

Since

im= Ccn Em2

1 2
= ' A m = 1,2

we can write

I = 11 + 12 + 2 4  -72 cos (At +-K-) (2.1)

where

= 1 - 2

If Aw << 1 2 and 2e is the angle between kI and k2 as

shown in Figure 2.1, then

4
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K T K = 2k, sin (e)

or

A 2w
S - =  sin 59)

For counter-propagating radiation, 2e = 180 degrees, and the spacing

of the interference fringes,A, is x/2 or xo/2n. For small angles

of interference, A can be much greater than x

X

where e is the internal angle expressed in radians.

6
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3
THERMALLY INDUCED REFRACTION INDEX CHANGE

Laser radiation propagating through an absorbing medium leads to

attenuation of the energy rontained in the radiation beam. Thermal-

ization of the absorbed energy subsequently leads to local rises in

temperature and changes (usually decreases) in the refractive index

of the medium. In the following, we quantify these effects in order

to be able to predict the changes in refractive index which we might

expect for our experimental conditions.

Radiation propagating through an absorbing medium is exponen-

tially attenuated according to Beer's law

I(z) . 1(0) e-'z

where I is the radiation intensity (watts/cm2), z is the propaga-

tion distance into the medium as shown in Figure 3.1, and a is the

(linear) absorption coefficient. We can write the intensity

absorbed, aI, in propagating a small distance az as

AI = -aI(z) Az (3.1)

Focusing of the radiation can be viewed as a converging cone of

light which concentrates the light to a near-cylinder whose diameter,

a, is twice the beam waAst and whose length, 1, is twice the confocal

beam parameter or Rayleigh range [2]. We should remind ourselves

that the intensity, I, is not uniform in this'oaylindrical focal vol-

ume but has a Gaussian profile in the transverse direction, r, if

the laser beam is a spatially pure, single TEM00 mode. That is

I(r,z) = 1(0) e
-2r2/w(z) 2

where the peak intensity is

I(0,z) = PYz_ /wtt~
,w(z) m

7gU



Figure 3.1 Focusing geometry for a Gaussian laser beam

8



'EIM
P is the total optical power* in the beam at position z and w is the
radius of the beam at position z as measured to the 1/e intensity

point. P is a function of z due to the absorbing nature of the

propagation medium and w is a function of z due to the focusing (or

divergence) of the beam. In the focal region, the peak intensity is

a relatively constant

I(O,zf) = P(O) ze (3.2)

where wo = w(zf).

If a pulsed laser is used, the instantaneous power changes with

time. Since thermalization times are very fast (< 10-10 sec) for

liquids [3], the power coupled into the medium as thermal energy

closely follows the laser pulse temporal profile. If the pulse is

much faster than the thermal diffusion time of the medium, energy is

cumulatively deposited to create a monotonically rising temperature

in the medium. The final temperature therefore depends upon the

energy deposited in the medium per pulse. Assuming fluorescence to

represent an insignificant loss of energy and assuming that all

*For a Gaussian beam,

P = fIdA

P = fI(r) 2wr dr

= I(OI f e2r2 /w2 2r dr

= l(0)irw
2

9
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absorbed radiation energy is thermalized, we have for the energy

deposited per unit volume per pulse at the center of the Gaussian

beam profile

Aq(z) = &Pzt) dt = A1(z,t) dt
f XV-AZ

Using Eqs. (3.1) and (3.2), we have in the focal region

aq(zf) J a P(O,t) e dt
0 W W0

~-aZf

&P 0 (O,t)e -d= 2 dt

0
~-azf

where0 is the total energy of the laser pulse as it enters the

absorbing medium.

The specific heat at constant pressure is defined as

C 1 AQ (Joule
p pT- -7 Kgm "K

where p is the medium density and aQ is the energy required to raise

the temperature of a volume V by an amount AT. Solving for AT and

using AQ = V Aq, we have for the rise in temperature of a medium due

to absorption of optical radiation in the focal region

0~e -aZ

AT = 
e

Pp irw2
0

This is the maximum AT at the center of the Gaussian profile. AT as

a function of r is

10



o e- -2r2/w
2

PC p irW2

Although the absorbing medium may be optically dense, we have assumed

that the radiation intensity does not change much throughout the
focal region. If this is not a good assumption then the zf should

be changed to a variable z, and AT becomes a function of z as well

as r, AT being largest for small z within the focal volume. Outside

of the focal volume, w becomes dependent upon z also and is always
greater than wo.

Thermally induced refractive index changes are primarily due to

changes in density produced by the temperature change. The thermo-

optic coefficient, dn/dT, discussed in Appendix A, can be modeled

using the Lorentz-Lorentz relation for fluids. One obtains

dn (n2 - 1)(n 2 + 2) 0 (3.4)
r 6n v

where Bv is the thermal coefficient for volume expansion of the
fluid. For liquids, 8v is on the order of 10-  as is the value

of dn/dT. Table I presents parameters of interest for selected liq-
uids. The change in index An is

dn
An = -n AT (3.5)

or, using Eq. (3.3)

- az f  -2r 2/ w 2

dn C14,An(pr) 7 w

0
and from Eq. (3.4), we have finally

(n2 - 2 + 2) cf -2r 2

An(r) = -n +n 2Wo0 (3.6)

1 0
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This an represents the change in refractive index of a liquid

medium from its equilibrium value due to the passage of a pulse of

laser radiation which is absorbed by the liquid. We have assumed

that the laser pulse is rapidly and efficiently thermalized and that

the ensuing temperature change is responsible for the refractive

index change. For a uniform Gaussian, TEMoo mode laser beam, the

transverse profile of An is also Gaussian distributed.

In Appendix E it shown that a An on the order of 10.3 leads to

good diffraction efficiency for a real-time thermally-induced phase

grating. Using Eq. (3.5) and Table I, this corresponds to a AT of

only 1 or 2°K. Equation (3.6) and Table I allow the determination

of the laser pulse energy 4 corresponding to this value of An.

4o is found to be on the order of a few microjoules for a beam

focused to a waist radius of about 10 Pm. For a laser pulse of a

few nanoseconds in duration, this corresponds to a kilowatt of peak

power.

13
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4

THERMAL PHASE GRATING

In Section 3 we considered the thermal heating of a liquid due

to the passage of laser radiation which is abosrbed by that liquid.

Since a single laser beam was considered, the temperature change and

therefore the refractive index change was assumed to be uniform (or

at least slowly varying) in the longitudinal direction and Gaussian

distributed in the transverse direction. In Section 2 we considered

the coherent interference of two beams of radiation which resulted

in a beat pattern of the two beams. Equation (2.1) summarizes this

interference. If the beams are copropagating but have different

frequencies, a temporal beat note results. If the beams are the

same frequency but propagate in different directions, stationary

spatial fringes result. If the two beams are of different frequency

(&V) and direction (1 - 2 =-K), a moving spatial fringe pat-

tern results whose velocity is

v = . (4.1)

Combining the results of Sections 2 and 3, we can expect the

interference of two beams of coherent radiation in an absorbing

medium to produce a thermal grating which matches the spatial inter-

ference fringe pattern. Refractive index changes due to the temper-

ature changes result in a phase grating. Motion'of the interference

pattern due to the mismatches in the frequencies (possibly due to

limited temporal coherence), of the two interfering beams can lead

to a washing out of the fringes since a thermal gradient persists

for times on the order of the Rayleigh (diffusion) lifetime for the

medium, as discussed in Appendix D.

4.1 FORCED RAYLEIGH SCATTERING (FRS)

In forced Rayleigh scattering [7], two coherent beams of laser

radiation are allowed to interfere, usually in an absorbing medium.

15
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I M
The angle between the two beams is usually small such that a fringe

pattern or phase grating is produced whose spatial period is large

compared to the radiation wavelength (i.e., e small, A >> x). A

third laser beam, usually at a different wavelength, is used to probe

the presence of the phase grating and to measure its decay thereby

allowing the determination of thermal relaxation and diffusion prop-

erties of the medium. Although FRS has been primarily used as a

measurement tool in thermal spectroscopy, it could also be used as

an all-optical switching technique.

Figure 4.1 shows two spatially and temporally coherent pump beams

at wavelength x g interfering at a small angle 29 to generate a

phase grating of spacing

A =4 (4.2)

A probe beam at wavelength x r incident upon the phase grating at

the Bragg angle 0 with respect to the fringe planes, where

(4.3)

is deflected (diffracted) by an angle 20 as shown making an angle of

-0 with respect to the fringe planes. Although the figure is drawn

for xr greater than xg, a xr less than xg is equally accept-

able. xr = Xg is also possible in which case 9 = e, although

stray pump radiation may be a concern. This wavelength degenerate

case is attractive from an alignment and cascading point of view but

leads to a deflected beam which is counterpropagating along the same

path as one of the pump beams. An appropriately placed beam splitter

or the use of orthogonal polarizations should allow the separation

of the deflected or switched probe beam from the pump beam.

16
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A -.

Figure 4.1 Interference of two coherent laser beams andprobing by a third laser beam.

17
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4.2 STIMULATED THERMAL RAYLEIGH SCATTERING (STRS)

Stimulated thermal Rayleigh scattering is related to forced

Rayleigh scattering in that they both rely upon a generated phase

grating through absorption of pump radiation, thermalization of the

absorbed energy, and refractive index changes due to the temperature

change. In FRS, the phase grating is produced by the interference

of two pump laser beams (derived from the same laser to assure coher-

ence) at an angle of 2e chosen by the experimenter, and subsequent

diffraction of a third or probe beam of laser radiation by the phase

grating. STRS may be viewed as a similar process where only a single

pump beam is used. The phase grating results from the interference

of pump radiation with spontaneous Rayleigh backscattering due to

random thermal fluctuations (noise) in the material medium. One

might consider STRS as a special degenerate (in angle and wavelength)

case of FRS where the pump and probe are indiscernible as a single

beam. Pump/probe radiation is backscattered, or diffracted by the

phase grating through an angle 2a equal to 1800. This backscattered

radiation interferes with the incoming pump radiation to further

amplify the phase grating which in turn amplifies the backscattering.

The amplification or gain for STRS is exponential, and for suffi-

ciently intense pump radiation, the backscattered STRS may correspond

to an effective reflectivity approaching 100 percent. There is no

gain associated with FRS and the reflectivity depends upon the magni-

tude of an for the phase grating and the interaction length of the

phase grating.

18
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5
SPECTRAL PURITY CONSIDERATIONS

5.1 STIMULATED THERMAL RAYLEIGH SCATTERING (STRS)

Nonlinear optical interactions often require radiation with sig-

nificant spectral purity or equivalently, an adequate coherence

length. In backward STRS two counterpropagating radiation beams, a

pump beam and a signal beam, beat together to generate a phase grat-

ing which Bragg reflects the pump radiation into the signal beam,

thereby amplifying the latter. Equation (2.1) describes the beating

process with K = 2k1, or Az x/2, for 180 degree STRS of two per-

fectly monochromatic waves. A realistic beam of laser radiation

will have some small but finite spectral breadth associated with it,

'or it may have discrete spectral components such as longitudinal

modes.

We wish to consider two counter-propagating beams each composed

of two frequency components Ua and ub. Beating of the two beams

with their own counter-propagating components, leads to two separate

standing waves of spatial periodicity A a andAb. (There is also

a moving wave corresponding to the beat between ua and ub but

this generally leads to washed out fringes.) Superposition of these

two standing waves patterns of high spatial frequency, Ka and Kb

leads to a resultant standing wave of low spectral frequency K' where

K' K b - Ka

or

2n

b a

19
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If several frequency components (or even a continuum of frequen-

cies) are present, the region of well-defined interference is of

length A', proportional to the reciprocal of the optical spectral

bandwidth

Ac= 1 c 2

where aV is expressed in wavenumber (cm ), av is temporal fre-

quency (Hz), and Ax is wavelength spread (gm). This is to say that

the coherence length, A', of the laser should be greater than or

equal to the interaction region (i.e. the length of focus).

The length of the focal volume, p, for a Gaussian TEMoo laser

beam is

62
2 _-= 2F2 X

where 6 is the focus diameter (to.1/e 2 intensity) and F is the f -

effective f-number. For our Molectron SP-1O dye laser we measured

the coherence length to be less than 1 mm using a Michelson inter-

ferometer. For our LSI dye laser (Section 6) we measured it to be 3

mm.

5.2 FORCED RAYLEIGH SCATTERING (FRS)

In STRS, the phase grating is continually driven throughout the

duration of the pulse. When the pulse has terminated, the effect is

done. In FRS, two optical beams drive the phase grating. Although

they usually originate from the same laser, there may be slightly

different path lengths involved. A different path length can lead

to a frequency difference between the interfering beams and therefore

motion of the fringes in a direction perpendicular to the fringe

planes. This motion can lead to washout of the phase grating with

time. Also, since FRS utilizes a third or probe beam which may be a

20
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long pulse, CW, or time delayed compared to the two pump beams, the

persistence of the phase grating (possibly for microseconds) after

the pump beams have terminated can be important.

Adquate temporal coherence is required between the two pump beams

in order to produce a stationary or nearly stationary fringe pattern.

-- .If the frequencies of the two beams are not adequately matched, then

the interference pattern will be moving in a direction perpendicular

to the fringe planes. At best, a weak phase grating will result,

and at worse, the grating will be totally washed out. If the fringe

pattern moves slowly enough that the phase grating decays and is

replenished at a slightly displaced position so as to follow the

fringe pattern, then a strong phase grating can result. The persis-

tence of the phase grating, or its decay time, is determined by ther-

mal diffusion of energy from the high temperature (low density, high

index) regions of the grating.

If tv represents the time for a moving fringe (due to a fre-

quency mismatch Av) to move one spatial period A, then from Eq. (4.1)

tv = A1

since K = 2w/A. Appendix D shows that td, the thermal decay or

diffusion time, is

DK

or,

2

using Eq. (4.2). The diffusion time goes as the square of the grat-

ing period, A, or inversely as the square of interference angle,

being greatest for small angles and a minimum for backscattering

21
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where e must be replaced by sin e = 1. If av is small enough such

that tv is much larger than both td and the pump pulse duration,

then the thermally generated phase grating is stationary and persists

for a time td after the pumping radiation has terminated. If Av

is such that tv becomes comparable to the pump pulse duration then

the phase grating moves during the time of the pump pulse, tp,. If

tv is less than tp then the grating moves through several

periods, A, during t p. If td is fast enough (td < tv) then

the grating moves but remains sharp having good fringe contrast. If

td is comparable to or greater than tv (td > tv ) then the

grating is partially washed out as it moves leading to loss of con-

trast and reduced diffraction efficiency. For td " tv the grat-

ing is totally washed out and no FRS can be expected.

The value of the diffusion time therefore places a limit on the

spectral purity and the alignment tolerances in an FRS experiment.

First, two beam interference from a single laser usually involves a

beam splitter and two different paths to a region of beam crossing

where the interference takes place. If the path length difference

exceeds the temporal coherence length of the radiation, then random

phase differences cause the interference pattern to move rapidly

back and forth in a direction perpendicular to the fringe planes.

If the path length difference is much less than the coherence length,

then the fringe pattern will be fixed in space. Even though the

instantaneous frequency of the radiation changes in a random way

throughout the spectral internal av, the frequencies of the two beams

are precisely matched for matched pathlengths. If the path differ-

ence is less than the coherence length but still represents a signif-

icant part of that coherence length then we must be concerned with

the frequency mismatch of the two beams and any washout of the

fringes due to the finite thermal diffusion time. As discussed

above, we require that the diffusion time be rapid enough that the
&i phase grating follows the moving interference pattern. We require

22
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that t v > t d or Av < (td) that is, the difference fre-

quency must be on the order of or less than the reciprocal of the

diffusion time. At small angles, td is on the order of psec,

whereas for a maximum angle of 29 = w (backscattering) td is on

the order of nsec. Tolerable values of av may thererfore range from

MHz to GHz.

23
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6
NITROGEN LASER PUMPED DYE LASER

The radiation source used for the initial experiments in this

program was a Molectron SP-1O nitrogen laser pumped dye laser. The

manufacturer specified spectral linewidth was 0.3 nm FWHM or

12 cm-1 (360 GHz) corresponding to a coherence length of 0.8 mm.

With a cavity length of 12 cm and intermode spacing of 1.25 GHz,

this represents about 300 longitudinal modes. Recognizing a need

for greater spectral purity, fewer longitudinal modes, and a longer

coherenc, length, a Laser Sciences, Inc. grazing incidence grating

dye laser was purchased and is shown in Figure 6.1. The nitrogen

laser from the Molectron SP-1O was used as the pump source, and the

LSI laser possessed the characteristics presented in Table II.

Although the manufacturer specified the linewidth to be 0.01 nm or

0.4 cm-1 (12 GHz) implying a 25 mm coherence length, we measured

the coherence length to be only 3 mm implying the linewidth to be

0.08 nm or 3.3 cm"I (100 GHz). Since the laser cavity length is

7.5 cm and intermode spacing is 2 GHz, we expect to have 50 longitu-

dinal modes oscillating.

:2,5
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-H CAP

BARREL

DYE LASER

TMV &~ITPOGEN LASER) TA

Figure 6.1 LSI Grazing Incidence Dye Laser.
GM- Grating Mount; DC- Dye Cell; RM- Rear M-irror; TM- Tuning Mirror
Mount; TA - Tuning Arm; CL - Cylindrical Lens.
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TABLE II
LSI GRAZING INCIDENCE DYE LASER PARAMETERS

MODEL 337130

(Pump Laser: Molectron SP-10 N2 laser, 337.1 nm, 10 nsec, 0.2 mJ,

1.5 x 25 mm)

Pulse length 3 nsec

Pulse energy 26 vJ at 500 nm

and 20 pps

Peak power 10 Kw

Spectral linewidth* 0.08 nm FWHM
3.3 cm-I (100 GHz)

Coherence length* 3 mm

Cavity length 75 mm

Temporal mode spacing 2 GHz

Beam quality 5 mrad
1.3 x (diffraction limit)

Active lasing region 10 mm x 0.1 mm

Polarization horizontal

*Measured values; LSI specifies 0.01 nm, 0.4 cm-I , 12 GHz, and

25 mm, respectively.
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7

SUMMARY AND CONCLUSION

This report presents an analysis of the radiation-matter interaction

describing the generation of optically-induced thermal phase gratings

and its relation to optical control. The interference of two mutually

coherent beams of laser radiation leads to a spatial interference fringe

pattern which is converted through thermal absorption into a refractive

index phase grating. The real-time phase grating is treated as a thick

reflection hologram capable of diffraction or deflecting another beam of

laser radiation thereby achieving light control by light. The analysis

shows that for our experimental conditions a refractive index change of

only 10-3 should lead to a phase grating possessing a diffraction

efficiency in excess of 20 percent. This corresponds to a thermal

grating having a maximum temperature difference of about 1C.

Nanosecond laser pulses having an energy on the order of a microjoule

should be able to generate such gratings and will be used in experiments

during the third reporting period of this program.
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APPENDIX A
THE THERMO-OPTIC COEFFICIENT FOR FLUIDS

Gases

The refractive index of a material medium is related to the

amount of matter affecting the beam propagation. The refractive

index of a vacuum is of course 1.0. For a gas, the increase in

refractive index as matter is added to the vacuum can be described

with good accuracy through the Dale-Gladstone relation [8]

(n - 1) = Kp (A.1)

where p is the gas density and the proportionality constant K depends

upon the polarizability or susceptibility of the molecules of gas.

The density can be modeled to first order using the ideal gas law

resulting in an expression for the thermo-optic coefficient dn/dT.

We can write

,T) P TP d P

where the subscript p denotes constant pressure. Since volume and

density are inversely related parameters (p = m/V), such that

1 dV 1 dp (A.3)
V _d =--d T'A3

then, for an ideal gas

1 (dV) 1
V7 p6))

os becomes

P -T

Differentiating Eq. (A.1) and substituting along with Eq. (A.3) into

Eq. (A.2), we have
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The thermo-optic coefficient for an ideal gas is therefore inversely

proportional to temperature.

Liquids

For high density gases and liquids, the refractive index and

density are related by the Lorentz-Lorentz law [8, 9] (cf. the

Claussius-Mossotti law [10])

n2
i =K'p (A.4)

where again the proportionality constant, here K', is determined by

the nature of the material medium. Differentiating, we have

dp 1 2n (n2 - 1)2n
dn - K-r  + 2 (n2 + 2) 2

1 6n
,K(n2 + 2) 2

Using (A.4) we can eliminate the K' to obtain

dn (n2 - 1)(n 2 + 2) (A.5)
p - 6np

Substituting Eq. (A.5) into Eq. (A.2) and using Eq. (A.3), we

have for the thermo-optic coefficient for fluids

dn (n2 - 1)(n 2 + 2) (A.6)
dT 6n v

where 8 v is the volume coefficient of thermal expansion

1 dV 1 dp

Using tabulated values of B. [11], the computed values of dn/dT

are in good agreement with measured values of dn/dT [12]. This is

32
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particularly valuable since e. is readily available for many liq-

uids but dn/dT is more difficult to find.

We note in closing that although the relation in Eq. (A.6) is

quite accurate for liquids, it remains to be determined how accurate

it is for plastics, glasses or crystals.

,.3
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APPENDIX B
REFRACTIVE INDEX EFFECTS UPON A FOCUSED GAUSSIAN BEAM

Snell's law leads to refraction at an interface. The focal

length, f, of a lens is therefore extended due to the refractive

index of the medium as shown in Figure B.1. That is,

f' f L tan e 1

or,

f' f L k(n - 1)

for small e or large f/number. What impact does refractive index

have upon (a) the focal spot diameter, 6, (b) the length of the focal

region, 1, and (c) the fringe spacing of the interfering beams,.%?

(a) 6' = 6 The sine of the angle of divergence for a diffrac-

tion limited spot, 6, is proportional to the ratio of the

optical wavelength in the medium to the diameter of that

spot. In air we have

sin 29 = n o

and in the medium

sin 29' n

where n is a proportionality constant (n = 4/w for Gaussian

*: beams). By Snell's law sin e = n sin e' and we know that

X = Xo/n. These equations lead to 6' = 6 in the small

angle approximation.

(b) 9' = nf The length of the focal region is defined through

tan =6/2

or
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f_

Figure B.1 Change of focus in a medium of refractive index n
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Using Snell's Law and a' = 6, we have
;ni

(c) A' = A Two beams of radiation which cross at an angle 0 in

free space produce fringes of spacing A such that

X0 = 2A sin 0/2

If they are allowed to cross in a medium, we have

x = 2 ' sin $'/2

Using Snell's Law and x = x /n, we see that the fringe spacings

are the same

A' = A

* 37
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APPENDIX C
OPTIMIZING THE ABSORPTION COEFFICIENT

In the Appendix of the semi-annual report for this program [1],
we discussed the optimization of the absorption coefficient to maxi-

mize the gain for an injected signal in stimulated thermal Rayleigh

scattering (STRS). We saw that the best choice of a, the absorption

coefficient, is predicted to be equal to the reciprocal of the length

of the sample in the direction of propagation. In this section we

wish to make similar arguments to show that for STRS in generator

experiments or forced Rayleigh scattering, the best choice of a has

a value equal to the reciprocal of the length from the entrance win-

dow of the sample to the focal region of focused radiation.

Equation (4.5) shows that the refractive index change, An, in

the focal volume located a distance zf from the entrance face of

the sample depends upon a in a non-monotonic way. Qualitatively, a

large value of a is desired for efficient conversion of laser radia-

tion to thermal energy but too high a value of a leads to attenuation

of the laser energy before it can work effectively in the focal vol-

ume. This is shown quantitatively by rewriting Eq. (4.5) keeping

only the functional dependence upon a

An(r) = K(r)a e-aZf

where K(r) is a proportionality factor. To find the best choice for

where An is a peak value, we differentiate and equate to zero

d(An) az - z f
K r) e f+ K(r) . e (-zf) =0

or

1 - z= 0.

We see that A, the optimum choice for a, is equal to the reciprocal

of the distance to the focus

A 1
zf
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APPENDIX D
THERMAL DIFFUSION

Transient heat conduction or thermal diffusion is described by

[13)

dT = DV2T (D.1)

where T is the deviation of the temperature from its equilibrium

value. The thermal diffusivity of the material medium is

D = 'T (D.2)Pp

where x T is the thermal conductivity, p is the mass density and

C p is the specific heat at constant pressure. For our particular
.situation of a thermal phase grating. T is a sinusoidal function

which can be expressed as

T(x, t) = aTt) cos Kx (D.3)

where AT is the temperature half-amplitude and K is a spatial fre-

quency

K=.-T

A being the spatial wavelength of the sinusoid. Applying the

operator we have

V 2=T : K2AT cos Kx

: -K2 T

Equation (D.1) may therefore be rewritten as
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dT = -D 2-D~K2T d

Integrating, we obtain

f T ft
dT' DK2  dt'

T0  o f d

In T - in To = -DK2t

in J = -DK2t
-70

AT = (AT) o e
-DK2 t

using Eq. (D.3). The amplitude of the stationary thermal wave can

be seen to decay exponentially with a time constant of

td = 2  (D.4)

We may use Table I in conjunction with Eqs. (D.2) and (D.4) to

calculate the thermal decay time. Using the physical parameters

provided in Table I, the thermal diffusivity for liquid media is

calculated to be on the order of 10- cm2 sec " . For counter-

propagating beams where 2e = 1800 (see Figure 2.1), A is a minimum

(and so is td), equal to x/2. The thermal decay time in a liquid

for such a grating is approximately 2.5 nsec and is typical for STRS.

For small angle (-0.1 rad) diffraction where .\ is about lOx, decay

times are approximately 5 psec and correspond to thermal diffusion

'p in forced Rayleigh scattering (FRS) as shown in Table III.

It is interesting to note that the reciprocal of the lifetime of

the thermal grating is equal to the linewidth for Rayleigh scattering

i.e.,

r 1 DK2

' T =

42
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Table III

CHARACTERISTICS FOR STRS AND FRS

Scattering 2e A td

STRS Ix/2 25 nsec

FRS 0.1 lox 4 psec
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APPENDIX E
REFLECTION HOLOGRAM DIFFRACTION EFFICIENCY

Forced Rayleigh scattering entails the interference of two pump

beams in an absorbing medium to generate a thermal phase grating

which is able to diffract radiation from a third beam as shown in

Figure 4.1. The two beam interference essentially "writes" a holo-

gram which is "read" in real time by the third beam. The geometry

of interaction is similar to that of a reflection hologram and as

such can be analyzed using the eqations of holography [14]. The

diffraction efficiency for a phdse reflection hologram is

Id 2 2 r 1/2 2 -1
rl = - _ (kr -oth( 2 -r0)

A6--n 6 Cos 0 (E.1)

and

z.J.7 A. wn6
.r= xr sin ,

where I and Id are the incident and diffracted radiation intensi-

ties, 0 is the angle which the reading radiation propagation vector

N, makes with respect to the grating fringe planes, .6 is the mismatch

between 0 and the Bragg angle (AO 0 -b 
) no is the refrac-

tive index of the medium, An is the peak-to-valley change in refrac-

tive index due to the sinusoidal phase grating, and 6 is the width

of the hologram, here equal to the focused waist diameter. If we

assume that the Bragg condition is satisfied, we have 0 = 0, and

Eq. (E.1) simplifies to

n (tanh r ) 2

For small values of Cr (i.e., n << 1), n can be approximated as
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and q is therefore proportional to (An)2

If 0 is well matched to the Bragg angle Ob such that A =

= 0, then Eq. (E.1) simplifies to

n = tanh 2  r = [ r -e
e + er

and is plotted in Figure E.1 for conditions typical of our experi-

ments:

X = 0.5 vm

6 1 10 vm

0 = 0.1 rad

no = 1.5

lm
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Figure E.1 Diffraction efficiency for a thick reflective phase
hologram as a function of refractive index amplitude.
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Appendix F

Optical Switching Using Stimulated

Rayleigh Scattering

Lauren M. Peterson

Proceedings of the SPIE, Vol. 625

Optical Computing, p. 87-93,

Los Angeles, January 1986.
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Figure 3. Temporal characteristics of stim-
ulated scattering in (a). I, I and I are
the incident, transmitted and timula~ed

(b) radiation respectively. Bistable character-
istics of stimulated scattering appears in (b).

0 SS Ith I

(0)

Figure 4. Off-axis geometries for stimu-
lated scattering -ising cylindrical (a)and conic (b) optics.

56

*~~~~~ % %v %~9* ~ 4



REFERENCES

1. L.M. Peterson, "Optical Switching by Stimulated Thermal
Rayleigh Scattering," ERIM Report No. 175900-8-T (DARPA/AFOSR),
June 1986.

2. (a) A. Yariv, Quantum Electronics, 2nd edition, John Wiley and
Sons, New York (1975) and Optical Electronics, 2nd edition,
Holt, Rinehardt and Winston, p. 38 (1976); (b) A. Siegman, "An
Introduction to Lasers and Masers," McGraw-Hill Co., p. 313
(1971).

3. K.F. Herzfeld and T.A. Litovitz, Absorption and Dispersion of
Ultrasonic Waves, Academic Press, New York 11959).

4. (a) R.M. Herman and M.A. Gray, Phys. Rev. Lett. 19(15), 824,
(1967); (b) D.H. Rank, C.W. Cho, N.D. Foltz, and T.A. Wiggins,
Phys. Rev. Lett. 19(15), 828 (1967); (c) I. Batra, R. Enns,
and D. Phol, Phys. Status Solidi (B) 48, 11 (1971); (d) W.
Kaiser and M. Maier, in Laser Handbook, F.T. Arecchi and E.O.
Schulz-DuBouise, eds., North-Holland Pub]. Co., New York
(1972).

5. P.A. Fluery and R.Y. Chiao, J. Acoust. Soc. Amer. 39, 751
(1966).

6. AIP Handbook, D.E. Gray, editor, 2nd edition, McGraw-Hill,
Inc. (1963).

5*- 7. D.W. Pohl, "Forced Rayleigh Scattering," IBM J. Res. Deve. 23

(5) (1979), 604; see special issue on dynamic gratings and
4-wave mixing, IEEE J. of Quant. Electr. QE-22 (8), pp. 1194-
1542 (1986).

8. R.S. Longhurst, Geometrical and Physical Optics, Second Edi-
tion, John Wiley and Sons, New York, 1967.

9. J. Reitz and F. Milford, Foundations of Electromagnetic Theory,
Addison-Wesley, 1960.

10. J.A. Stratton, Electromagnetic Theory, McGraw-Hill, New York,
,5 1941.

11. AIP Handbook, pp. 4-75.
12. Ibid., pp. 6-90.

13. Ibid., pp. 4-79.

14. R.J. Collier, C.B. Burkhardt, L.H. Lin, Optical Holography,
Academic Press, New York, 1971, p. 256.

15. Y.R. Shen The Principles of Nonlinear Optics, Wiley Intersci-
ence, 1984.

57

aS


