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ABSTRACT

This report summarizes work done at Philco Applied Research Laboratory
under Contract Nonr-4850(00). Extensive measurements were taken on the
conversion efficiency and threshold of stimulated Raman emission in benzene,
nitrobenzene, toluene, and carbon disulfide. It has been shown that the

self-focusing action of a laser beam is responsible for the onset of stimu-

lated Raman emission.
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1. INTRODUCTION

This report summarizes work done at Philco Applied Research Laboratory
under Contract Nonr-4850(00). The contract work was begun on May 1, 1965;
it was terminated on December 31, 1965 upon mutual agreement between Philco
and the contracting officer. As of January 1, 1966, the personnel originally
assigned to the program were transferred from Philco Applied Research Laboratory
to the Scientific Laboratory of Ford Motor Company.

During the period of the contract, experimental and theoretical consid-

erations were given to the single-mode operation of a2 Q-switched ruby laser.

This part of the work is presented in Section 5 in the form of a paper sub-
mitted for publication in Journal of Applied Physics. To fulfill the objec-
tives of the contract, extensive measurements were taken on the conversion
efficiency and threshold of st‘mulated Raman emission in benzene. This is
summarized in Section 4, in the form of a paper to be published in the
April 1966 issue of the Journal of Applied Physics.

The contract work at Philco has led to additional work on the same
subject performed with Ford funding. Some of this work is included here in

Section 2 in the form of a paper published in Physical Review Letters, and in

e I T T T

Section 3 in the form of a paper submitted for publication in Applied Physics

Letters. It must be emphasized that the materials in Sections 2 and 3 were

el |

not obtained under contract. They are included in this report because of

their direct bearings on the objectives of the contract, and consequently

sy

are included for information only.

4

The enclosed publications fully summarize the progress made in the
research done under the contract. We belinve these publications represent

E: significant contributions to the field.
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2 LENGTH-DEPENDENT THRESHOLD FOR STIMULATED RAMAN EFFECT AND SELF-FOCUSING

OF LASER BEAMS IN LIQUIDS.*

{Published in Phys. Rev. Letters 16, 344 (1966)

* The work reported ir this section was not done under contract. It is

included here for information oniy.
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LENGTH-DEPENDENT THRESHOLD FOR STIMULATED RAMAN EFFECT AND SELF-FOCUSING
OF LASER BEAMS IN LIQUIDS

Charles C. Wang

Physical Electronics Department, Ford Scientific Laboratory
Blue Bell, Pcnnsylvania

1-3 have revealed the formation of high-intensity

Recent experiments
filaments in the laser beam during its passage through Raman-active liquids,
Such high-intensity filamenis are believed tc be formed by the self-focusing

action of laser beamsB’Q

, which in turn is due to the intensity dependent
index of refraction®»®, It has been noted3 that the experimental threshold
for stimulated Raman emission appears to bLe dete:mined not so much by the
value of the Raman susceptibility, but rather by the self-focusing capability
of the liquids. In particular, the onset of stimulated Kaman emission has
been observed to occur only after the beam has traveled some distance through
the 1iquid1’3, and it has been proposed4 that this is the distance required
for self-focusing to develop. In this letter we report our length-dependent
threshold data for stimulated Raman emission in several liquids, and show
that these data can be interpreted in terms of the predicted dependence of
self-focusing. By extrapolating the resuits to liquid cells of infinite
length, we obtain valuesof criticzal power for self-trapping7 of the laser
beam in liguids. We believe this is the first measurement from which the
critical power for self-trapping has been deduced.

The self-focusing effect can be understood by considering the
diffraction of a laser beam in material which exhibits intensity dependent
index of refraction. For normal dielectrics, the index increases with
increasing intensity sc that the phase velocity decreases with increasing

intensity. A lens effect is thus produced whereby the rays move toward the

-1-
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region of highest intensity and the intevsity there increases. This increase
in intensity is accompanied by a reduction in effective beam width, and
continues until it is limited by other factors. A threshold exists for the
onset of self-focusing as it must overcome the spreading of the beam due to
diffracticn. Chiao, Garmire and Townes7 have predicted that a light beam may
be trapped at any arbitrary diameter and will thus not spread. They have
further predicted that self-tranping occurs at a critical power level inde-

3,8 with high power laser beams

pendently of the beam diameter. Experiments
have shown that high intensity filaments of 20 to 80 in diameter are formed,
presumably due to self-focusing. While it is not yet understood which factors
determine the size of the filaments, the distance required for the establish-
ment of these filaments should depend very little on the terminal filament
size if the beam is reduced in diameter by an appreciable factor; this is
particularly so because the nonlinear nature of the focusing causes the beam
diameter to decrease more rapidly the more the beam diaireter decreases. This

distance has been calculated by Kelley,4 and has been referred to as the self-

focusing length f

n, a2 c e // r_
£ = —Z- -f— -—-2— / Lﬁ = ﬁcr] (1)
!

Here ny is the linear index of refraction, c¢c is the speed of light in vacuum,

ny is related to the dc change in index as defined in Reference 7, P is the

input laser power, and PF.,. is the critical power for cylindrical beam trapping,7
2
(1.22\) ¢ -
P S e———— (2)

cr
256 n,

Equation (1) has been modified slightly from that used by Kelley.4 Here f is
the ratio of the radius of the beam, a, to a characteristic transverse

-2-
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radius of curvature of the laser intensity; it is introduced here as a
parameter to allow for deviations from an equiphase Gaussian intensity profile,
f =1 for such a Gaussian beam assumed by Kelley&.

Equation (1) may be rewritten as

NP - dp .+ als (3)
where
n a2 c €
= To 8y € 4
o 4 ( f)(nz )

Equation (3) gives the threshold power for the formation of filaments in

a liqu.d column of a given length., Thus if P is to be taken as the observed
threshold for stimulated Raman emission, the plot of NP vs. 1/2 for various
materials should yield straight lines. The intercepts on the ordinate of

these straight lines should give the values for P whereas the slopes of

cr?
these lines should be proportional to (azlf) and could thus be usod to determine
the ratio f of radii introduced in Equation (1).

The experimental setup use? to obtain the threshold data for
stimulated Raman emission has been described elsewhereg. The observed Stokes
power as a function of the incident laser power was plotted over ten orders
of magnitude in a log-log plot. The value of the threshold laser power was
then determined by observing the sharp break in the curve as transition took
place from the linear spontaneous region to the stimulated region., The
relative accuracy of the threshold values thus obtained is typically + 20%
for most liquid cells, and slightly higher for very short cells. The absolute
power measurement is estimated to be accurate to + 50%. Figure 1 shows these

threshold data for benzene, toluene, and nitrobenzene. One observes that

Equation (1) is well satisfied for all three liquids investigated.




With the data compiled in Reference 5 for np, the values of Pcr
Ca-cuiat:d from Equation (27 and from Equa. ~n (2) of Reference 7 are listed
in Table T along with the observed values. Note that the power calculated
from cur Equation (2) is cne-fourth as much as the critical power deduced
ir Reference 7 on the basis of elementary considerations, The observed values
farl between these two values,

Also included in Table 1 are the values of (f/az) obtaired toth
in benzene and in nitrobenzene. These two values for (f/az) are found to
be the same within experimental accuracy. This is to be expected since
(f/az) is characteristic of the laser beam,

We have studied experimentally the intensity profile of the incident
laser beam. The laser beam was found to contain four nearly circular spots
approximately equal in intensity and each about (0.1 + 0.02) cm in diameter.
Experimernts with two of the spots blocked gave the same results within
cxpcrimental error. The intensity distribution of these spots was asymmetrical
and exhibited curvature siva’ler than :-he curvature for a Gaussian beam.
Assum:ing a circular spot, one ohtairs from Table I values of f near two.
Previously3, f has been estimated to be ® 10, Beams whose curvature is
greater than the curvature for a Gaussian beam will have larger values of
f and thus have shorter self-focusing length., Multimode effects should also
increase the f - values, Or the other hand, possible two photon abscrpticn
tends to impede the self-focusing action, and will reduce the f - values.

We have alsos performed threshold measurements with laser beams
of three different cross sections, The result for benzene is plotted in
Figure 2., Here the experimental pcints are fitted to three straight lines

with common intercept on the vertical axis; the slope of these lines are

a———— = TRy L T R ——— < T




ey D s

L]

seen to increase in linear proportion to the cross sectional area of the

beam. This is 1n agreement with the predictions thec the critical power
for self-trapping is independent of the beam cross section, and that the
quantity 6[5 = 'jicr) expressing the threshold for Raman laser action should
increase as the square of the radius of the heam, Qualitative results of
a similar nature have also been observed by McClungll.

The author is indebted to R, W. Terhune for several very useful
discussions, and to G. W. Racette for assistance in conducting the

experinents.




TABLE 1

Comparison of critical powers for self-focusing
and of ratios f of radii.

Critical Power P . (MW)

Material 5 (f/az) (cmz)
Obse>rved Calculated 2 Calculated

Benzene 0.064 0.021 0.085 7.9 x 102

A e bEREETE 0.019 0.005 0.021 8.3 x 10%

Toluene 0.055 —_ —_— —

a, Reference 4

b. Reference 7
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FIGURE CAPTL: °

Figuvrc 1. Plot of the square root of the threshold laser power fer
stimuiated Raman emission as a function of the inverse of

the cell length fcr benzene, toluene, and nitrobenzene.

Figure 2. Same plot as Figure 1 for benzene, but with beams of
different cross sections. The beam cross section used is
-2 2 -2 2
(a) 1.25 x 107 cm®, (b) 0.78 x 10 © em®, and (c) 0.48 x
10'2 cmz. This correspcrds to a ratio of 1.6: 1l: 0,615
among the cross sections, as may be compared with the

ratic of 1.5: 1: 0.6 among the observed slopes.
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EFFECT OF LINEAR ABSORPTION ON SELF-FOCUSING OF LASER BEAM IN CSZ*

(Submitted for publication in Applied Physics Letters)

* The work reported in this section was not done under contract. It 1is

included here for information only.
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EFFECT OF LINEAR ABSORPTION ON SELF-FOCUSING
OF LASER BEAM IN CS,

Charles C. Wang and George W. Racette
Physical Electronics Department, Ford Scientific Laboratory
Blue Bell, Pennsylvania

The self-focusing ofalaser beam in liquids has been the subject of
several recent publicationslna. It has been shown7 that the length-dependent
threshold for stimulated Raman emission in benzene, nitrobenzene and toluene
can be interpreted in terms of the predicted dependence of self-focusing.
This letter recports the effect of lincar absorption on the threshold for

seif-focusing in CSZ' The linear absorption coefficient & in CSyp was varied

from C.002cm” L

to 0.125cm”1 by dissolving in CS; a controlled amount of iodine.
The exp:rimental results have been found to be in fair agreement with the
thiecretical prediction. It is of particular interest to note that with a
peak power of 1 MW from our unfocused laser beam, no effect attributable to
two-photcn absorption was observed, although CS, exhibits the strongest two
photon absorption9 among all the known Raman active liquids.

The effect of linear absorption on the self-focusing of a laser beam
can be predicted by including a linear loss term in the nonlinear wave

5

equation, Using the approximationsmade by Kelley”, we obtain the fo.loving

expression for the threshoid power, P, for self-focusing to occur in a cell
of length £ in the presence of lindar absorption:
3 ] iy -mi)
(p% - pér/)a A J2 /E {(1+202) e ] (1)
Here P, is the critical power for cylindrical beam trappinglo, and

A = (ngo/a) (aZ/f) (c/n2)1/2. n, is the linear index of refraction, c is

(o]

the speed of light in vacuua, n; is related to the dc change in index as

defined in Ref, 1, and f is the ratio of the radius a of the beam to a

-1 -
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characteristic transverse radius of the laser intensity. When the linear
absorption is small such that ag<<l, Eq. (1) reduces to the form appropriate
for a lossless medium,

pL/Z _ pl/2 o ay (2)
which describes a linear relation between PL/2 and 1/£. On the other hand,
when the absorption is large and g£>>1, Eq. (1) is seen to approach
asymptotically a constant value

pl/2 _ 1%42 = JZaa (3)
Equation (3) states that in s long column of lossy medium, the threshold
power for self-focusing is independent of the cell length and is equal to
that corresponding to a cell 1/\r§1 in length. This is to be expected since
the effective self-focusing length must be short compared to the absorption
length for self-focusing to occur,

The experiments were done with the unfocused output from a Q-switched
ruby laser, The laser beam provided a peak power of 2 MW and was found to
contain two nearly circular spots approximately equal in intensity and each
about (0.1 + 0,02)cm in diameter. The threshold power for self-focusing
was taken as the threshold for stimulated Raman emission7.

Figure 1 shows the threshold data for CS, samples corresponding to

different linear abscrption. Ti.c. experimental points obtained with the

undoped CS2 well satisfy Eq. (2) with a measured slope of A = 3,2 /MW -cm
and the verticsal intercept P%ﬁz = 0.,1254MW. This gives a critical power

of 15kW for self-trapping, as may be compared with the theoretical threshold

of 9kW calculated from the known optical Kerr constant}1

For the iodine-doped, highly absorbing samples of CS,, Eq. (1) was

fitted tc the experimental data with P%ﬁz taken as an undetermined parameter,

1/2

This gave a value of 0.072, 0,105, and 0.125yMW for Por

corresponding to

-2 -
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a = 0.125, 0.076 and 0.036 cm > respectively. According to Eq. (1),
1/2

o should have been obtained from the four curves.

the same value of P
The difference in these values is significant, indicating that a discrepancy
exists between Eq, (1) and the experiments. Eq. (1) was dcrived on the

basis of severel oversimplifying approximations particularly in regard to the
effect of beam diffraction, and it would be desirable to perform computer

calculations of the kind done by Kelley5

to check on this point,

We have also considered the effect of two photon absorption on the
self-focusing of a laser beam. Using the same approximations employed in
deriving Eq. (1), it can be shown that in the presence of two photon absorption,
Eq. (2) is modified to become

pl/2 . B2 o ag - @)
where

B = (y)k a’ (e: / eé), (3
a is the radius of the beam, k = ZHnoﬁ\, and €y = eé+igg is the complex
coefficient of the intensity dependent dielectric constant, Thus the effect
of two photon absorption is to increase the threshold for self-focusing,
making it impossible in a distance shorter than a critical length g. This
is understandable since in such short cells the threshold intensity required
for self-focusing may already be so high that two photon absorption process
dominates. For CSzg, with (Gg/eé)ﬁdlo'z and a lmm diamter beam, one obtsins
B~1lcm., 4cm was the shortest cell length in which self focusing was
observed. The small predicted deviation due to two photon absorption was
not detected.

The authors are grateful to Dr. R, W, Terhune for many stimulating

discussions during the course of the experiments.,
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FIGURE CAPTION

Figure 1, Plot of the square root of the threshold laser power for
self-focusing in CS, as a function of the inverse of the
cell length, The straight line (d) is drawr through the
experimental points obtained with the undoped CS;, The
solid curves are theoretical fits of Eq. (l) with A = 3,2
and the respective values of @, taking Piiz as an

undetermired parameter,
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4. LENGTH DEPENDENCE OF STIMULATED RAMAN EFFECT IN BENZENE
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LENGTH DEPENDENCE OF STIMULATED RAMAN EFFECT IN BENZENE™

By

Charles C. Wang
Philco Applied Research Labora:ory
Blue Bell, Pennsylvania

The existence of anomalously high gain in stimulated Raman scattering in

1-8
liquids has been the subject of several recent publications( ).

(9)

the theory of Hellwarth, the fractional conversion cof the laser photons into

According to

the Stokes photons is given by

n 1

s
2 o — (1)
o 1 + (npo/ngg) e 7

Here n; and ng are the laser and Stokes photons per cm? per sec; the subscript

"o" denotes the initial wvalues; L is the length of the Raman cell, and g is the

gain per unit length at the Stokes fregquency. g is related to the peak differ-

2

ential scattering cross section ¢ in units of cm® per unit volume per steradian

per unit wavelength through the equation

/c (2)

4
g = o X.R R

where \p is the wavelength of light in the medium at the Stokes frequency, and
cg is the speed of light in the medium at this frequency. It has been observed

(1-6) (3)

both in nitrobenzene and in benzene

that the experimental conversion
efficiency curves do not fit Equation (1) with constant value of gain per unit

length. Immediately above threshold, the gain per unit length for the Stokes

* This research is part of Project DEFENDER under the jcint sponsorship of the
Advanced Research Project Agency, the Cifice of Naval Researcn, and the

Department of Defense.
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intensity has been found to be one or two orders of magnitude higher than the
theoretical value predicted by Equatiorn (2) using the cross section obtained
in normal (speontaneous) Raman scattering experiments. As the laser intensity
is increased further beyond the threshold, the gain began to decrease and
approached the theoretical value as large fractional power conversion is
reached. Although several possible mechanisms have been suggested to explain
the above-mentioned discrepancy, it is clear that more theoretical and experi-
mental work is required to find the correct explanation.

The existence of a threshold, both in the exciting laser intensity and

(10) an

in the length of the liquid cell, was first noted by Eckhardt et al, d

(11) (8)

subsequently by Stoicheff. Rerently, Lallemand and Bloemrbergen measured
the Stokes intensity as a function of cell length at constant laser intensity,
and a sharp break indicating the onset of stimulated emission was noted. Bret
and Mayer(3) observed that the laser intensity at threshold was a decreasing
function of cell length although such functional dependence was not explicitly
determined. On the other hand, there have been some discrepancies among the
results on conversion efficiencies reported to date. This is perhaps because
of the differences in the laser beams used in the various experiments so that
results obtained under dissimilar conditions were compared. It was thus felt
desirable to conduct a comprehensive study of the experimental aspects of the
stimulated Raman effect under specified conditions. We wish to report in this
note our quantitative threshold and conversion efficiency measurements for
stimulated Raman emission in benzene, with cell length ranging from 4 cm to

150 cm. We believe that we have established for the first time the threshold

laser intensity for stimulated emission as a function of the cell length.

g




]
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In the region of high power conversion, we have observed that the incident laser
beam after passage through the Raman cell was definitely distorted. We have
also found that the anomalcusly high gain in the stimulated region is dependent
upon the cell length.

To perform such measurements, unfocused output from a giant pulse laser
was used. The laser was Q-switched by a rotating prism, providing a 60 mJ pulse

(12-14)

with 30 nsec half-width. Inclusion of a sapphire mode selector in the

cavity ensured that the output contained only one longitudinal mode with its
spectral width less than 0.02 cm L. Occasionally two longitudinal modes
separated by 0.45 cm™! were observed. The output consisted of two parallel
beams each about 2 mm in diameter and was collimated to better than 1 mrad. The
quality of the beam was substantiated by the fact that 15% of the beam intensity
was suff -ient to create dielectric breakdown in air when brought to focus by
an one-inch focal length lens. The liquid cells were carefully tiltel so that
their windows were a few degrees off from being perpendicular to the laser beam.
The detection of the Stokes power over abuut ten orders of magnitude was facili-
tated through usc of narrow-band interfereiice filter and suitable combination of
Corning glass filters.

Below threshold, the spontanreous Stokes power in the forward direction
was measured as a function of the incident laser intensity. The photomultiplier
accepted the Stvokcs beam over a solid angle of 2.3 x 10'3 steradian. Figure 1
shows the linear relationship between the Stokes and the laser intensities in
the spontdneous region, from which the differential Raman scattering cross

2

section at 6943 A is calculated to be 5.08 cm per unit volume per steradian

. q 't .
per unit wavelength. Assuming a \" dependence, this corresponds to an absolute



- 2 .
cross section of 0.76 x 10 = e’ at 6328A. Using a cw He-Ne laser operating
° (15) L -28 2
at 6328A, Damen et al obtained a value of G.56 x 10 cm for benzene.
Our cross section is probably good to within % 50%, so that these twoc values
agree within experimental accuracy. Comparable results have also been obtained

(17)

by Bret (') in the forward direction, and by McClung and Weiner in a direc-
tior making an angle of 90° with the laser beam.

Figure 2 shows the threshold intensity for stimulated Raman scattering in
benzene as a function of the cell length. For large L, i.e., 1.;530 cm, the
threshold intensity is seen to increase as L'l, whereas for small L, the thres-
hold inteasity increased much faster than L°l. Accurate determination of
tureshold intensity in short cells was made difficult because of the strong
filter fluorescence at higher laser intensities. In long cells, the effect of
beam divergence was not negligible; in obraining Figure 2, this effect was
taken into account in a straightforward manner.

In the stimulated regicn, the Stokes beam emerged from the Raman cell in
a cone of approximately 10"" steradian. Spectroscopic analysis using a B & L
2m grating spectrograph indicated the existence of the first Stokes and the
second Stokes radiation, the latter being usually one or two orders down in
intensity from the former. With our maximum laser intensity, no third Stokes
radiation of sufficient intensity to produce a developable image in the spectral
plate was obsarved. The half-width of the Stokes line was measured with a
Fabry-Perot interferometer, and was found to be about 0.2 em !, In the region

of high power conversion, the laser beam after passage through the Raman cell

was noticeably distorted; such distortion was evident from photographs taken at




L

oy
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a point beyond the exit end of the ceil. The maximum conversion efficiency
into the first Stokes was measured with a calibrated ballistic thermopile to
be in excess of 45%. This value of conversion efficiency was confirmed by
measuring the depletion of laser intensity after passage through the cell.

By comparing the results with and without the Raman cell inserted in the path
of the laser beam, a depletion of about 50% in laser intensity was noted.

o~

Figure 3 shows the Stokes intensity generated in various cells as &

2

function of the laser intensity.(ls) Using the value of 5.08 cm® derived from

the data presented in Figure 2 for the cross section, one calculated from
Equation (2) a theoretical gain of 5 x 1073 cm! for a laser power of 1 MW/cm?2.
The average gain in the region not too far above the threshold may be estimated
from the data presented in Figur2 3 and the measured spontaneous Stokes inten-
sity at threshold. The average gain computed on the basis of one-pass amplifi-
cation(l) for the 90 cm, 45 cm, 15 cm, and 10 cm ceils are respectively 51, 48,
17, and 10 times higher than the corre-ponding theoretical gain. This average
gain in the stimulated region is thus seen to increase monotonically with the
cell length, and correlates closely with the threshoid curve of Figure 2. We
are currently engaged in similar experimental studies on other Raman liquids
and the result will be the subject for subsequent publication.

It is a pleasure to acknowledge the constant assistance of G. W. Racette

and G. T. Mitchell throughout the experiments.
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Threshold intensities for stimulated Raman scattering in benzene,
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MODE SELECTION AND LINEWIDTH NARROWING IN GIANT PULSE LASERS*

By
Charles C. Wang and George W. Racette

Philco Applied Research Laboratory
Blue Bell, Pennsylvania

ABSTRACT

The rate equations governing the multimode giant p se laser are
examined in regard to the total emitte. energy in the pulse and the line-
width narrowing. It is fourd that the total energy from a multimode pulse
is approximately the same as that from a single-mode pulse, and that the
linevidth narrowing is determined by the number of back and forth reflections
of the amplified spontaneous radiation within the cavity, and by the gain (or
loss) profile of the laser. Experimental results with a transmission mode

selector are discussed.

* This research is part of Froject DEFENDER under the joint sponsorship of
the Advanced Research Project Agency, the Oifice of Naval Research, and

the Department of Defease.




INTRODUCTION

The attainment of optical giant pulses by switching of the cavity
regeneration was proposed by Hellwarth(l), and subsequently realized by
(2)

McClung and Hellwarth The theory and operation of the giant pulse

laser have been discussed in the 1iterature(3-9).

However, the theory so

far developed is strictly applicable only for the single-mode operatior and
is admittedly inadequate to describe the behavior of a practical giant pulse
laser, which usually is & multimode device because of its characteristic high
initial excitation. While the single-mode operation is obtainable through

(10,11)

incorporation of suitable mode selection techniques , the spectral

characteristics of a giant pulse ruby laser without mode selection are far
. , (12-15)

from being ideal. The techniques of mode selection are well described ,

but an analytical account pertaining to mode selection and linewidth narrowing

in a multimode giant pulse laser has been lacking. It is the purpose of this

paper to attempt such ) analysis.

The occurrence of multimoding in solid state lasers has been

(16-17)

attributed to the lack of fast spatial cross relaxation and to

the lack of adequate discrimination among the modes(le). In their steady-

state theory of quantum oscillators in a multimode cavity, Wagner and Birnbaum(le)
have shown that very intense line narrowing occurs in a multimode resonator when
only a small fraction of the modes participate in the oscillation, and when the
initial pump is above a certain level. It is not at all certain, however,  hat
tne enormous linewidth narrowing would also occur in giant pulse operation, for
which a steady state never exists. Fleck(lg) has considered the linewidth

r- blem in some detail, noting that there exist two limiting cases. 1In one

case when the 'aser operates in a single mode in the sense of Fox and Li(zo),




linewidth narrowing is expected to occur, and is correctly given by the
Schawlow-Townes formula(zl). In the other cas2 when the number of back and

forth reflections of the amplified spontaneous radiation within the cavity is

not sufficient to establish a single mode, the narrowing is expected to be only
moderate, This idea has been incorporated in the phenominological description of
Sooy(zq), who related the mode selection to the mode buildup rates in a passive
Q-switched laser. We shall show in this paper that the mode structure of the
giast pulse laser follows directly from the rate equations, and that the output

linewidth is essentially determined by the effective number of reflections within

the cavity and by the gain (or loss) profile of the laser.

THE RATE EQUATIONS

Following Hellwarth(3), we neglect the effects of continued pumping and
of spontaneous emission during the ertire sran of the giant pulse. We assume
that the cavity longitudinal modes are symmetrically spaced with respect to the
center of the molecular resonance, with the most favored mnde right at the center.
At frequencies not too far off from the center, the absorption ccefficient in
the unexcited state is essentially frequency-independent, amd will be designated
&,. For sake of simplicity, we shall ignore the presence of off-axial transverse
modes, although in practice each longitudinal mode is usually accompanied by a
number of such transverse modes.

The laser is characterized by the following parameters: g, the length
of the laser material, and L, the optical distance between the end reflectors
of the cavity. It follows that the time of a single passage through the
cavity is t1 = L/c, where c¢ is the speed of light, and that the lifetime of a
photon in the ith mode is T; = tl/ri, where y; {s the loss coefficient expressing
the fractional photon loss per pass in the ith mode due to reflection and
incidental losses. In particular, the most favored mode will be designated
the zeroth mode, and thus the corresponding loss coefficient will be Tys and

the corresponding photon lifetime T, = tllro.




(5, 16) (hat the

Urder the aforemenrtioned contitions, it can be snown
behavior of the giant pulse in the period following the switching is
governed by the following set of nonlinear differential equations:

dn _
e & j%: (n/np) ¢y (0

de .

where the summation is carried over all the longitudinal modes excited above
threshold. Here, n is the ratio of the population inversion per unit volume
to the density of the active ions No in the laser crystal; ®y is the ratio

of the photon density in the ith mode to NO/Z; and t is the time in units of

the lifetime T  of the photons in the zeroth mode in the cavity. Other relevant

quantities are

and

bi = v,/v, (%)

The temporal behavior of a multimode giant pulse laser is much the
same as that described by the single-mode theory, as may be apparent upon
examination of Equations (1) and (2). It is of interest to compare the total
energy obtainable from the pulse under single-mode and multimode operations.

To this end, Equations (1) and (2) may be integrated and combined to show that

Z by SO ¢, dv = n [1 -~ exp [:-(l/np) ;SO & dt]} (5)

i

where n, is the initial value of n. If one further writes

ey el wiede DN — W A
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d& = b 2, go o, dt (0)
i

so that b iz the average loss coefficient over the participating modes,
Equations (5) may be transformed to become

(b np) In (n;/ng) = ng - 0, (7)
where ng 1s the final value of n. Thus, the total energy obtainable from
a multimode pulse 1s the same as that from a single-mode pulse having a loss

coefficient of b y, . Such a result has been imolied in the work or Wagner

and Birnbaum(ls)

It has been assumed that there exists a longitudinal mode which has
the lowest loss rate and which is exactly on the molecular resonance. Such
conditions may be realized through use of transmission or reflection mode

(11) ) .
selectors . It will be shown later that within a transmission band Av

1

of the mcde selector, the normalized loss coefficient bi is of the form
b. = f(v) = 1 + (1/y) 1ln [1 + (Av/av )ZJ (8)
i = o 1

where Av is the f:requency deviation from the most favored mode. It is
sufficient for our purpose to write
Ab, = b, - b 9
1 i o (9)
and assume that the initial photon density is the same in all participating

modes. We then obtain from Equation (1)

X [+ o] w
- Abyt
oy dt = (1/b)) n ¢, dt = e i 6, dt (10)
o © °
= Ab.t ®
= e i ¢, dt (11)
(o]
-4 -
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where the last form follows from the fact that the principal contribution
to the integral comes from a small region centered about L when the photon
'
density in the most ravored mode peaks. t_ is thus the time from switching
m
to the occurrence of the peak, and may to a good approximation be given by(s)

1 [ . (no - np) T
t = 1 1 + 12)
m Cn/ny) - 1] i N ¢ J (

00

where ®0o is the normalized init.al photon density, and Ne is the effective

nunber of participating modes. Because of the nature of the logarithmic

[e—— okl il [ Mg S [

dependence, the result is seen to be insensitive to both Ng and LJ

“*

The linewidth Av, of the output as measured between half-maximum

Rt

intensity points is obtained from the relation

(e o] o
¢ dt/ 0, dt = e” In2 (13)
(o] (o)

Substitution of Equations (8) and (11) in Equation (13) gives

/t X
ov, = [2Y° ™o 1] ovy (14)

It is important to note that tm/‘ro is equal to the number of single

passage transits which the spontaneous radiation has to make before it reaches

e [ A i Bt

the peak density. Equation (14} states that the output linewidth narrows as the

number of transits through the cavity is increased., At high initial pump levels, ?
i

examination of Equations (12} and (14) further shows that the giant pulse builds ‘

up from spontaneous ncise too quickly to allow appreciable narrowing in the output.

Although the above considerations are formulated in terms of the loss profile oif |

Equation (8) in the cavity, similar linewidth narrowing is also expected to occur *j

for a frequency-dependent gain profile in the cavity.




TRANSMISS ION MODE SELECTION

Our consideration of total emitted energy in the pulse is in general
agreement with experimental results reported to date. McClung and Weiner(ll)
observed that the power from a single-mode pulse is approximately the same
as that from a multimode pulse.

To test the theory in regard to the nerrowing of the output linewidth,
we have performed experiments with a transmission mode selector inserted in

the cavity. Such a transmission mode selector provided the necessary

-y G S ey ey G

discrimination among the longitudinal modes. The experimental arrangement

is depicted schematically In Figure 1. The laser consisted of an ultra high

e

quality Linde ruby rod with 60° orientaticn, %" in diameter, 3" in length,
and Brewster-angle cut at one end. The uncoated flat end of the ruby served
as one end of the cavity, and the other end of the cavity was provided by a
motor driven roof prism rotating at 24,000 rpm. The optical length of the
cavity was 67 cm, and the corresponding spacing betweea adjacent longitudinal
modes was 0.004 cm™l. The ruby was cooled to -80°c by flowing cold nitrogen

gas, and self lasing was prevented because of the rnature of the Brewster-angle

cut. A sapphire mode selector %" thick was plezed a few centimeters in front

— A Sy ey

of the rotating prism, and was tilted about an axis parallel to the prism

? refracting edge to obtain optimum performance. Optical flats of varying
’ thickness and with coated surfaces to provide higher surface reflectivity
were also used as mode selectors.
e The intensity transmissivity T of the sapphire flat is given
s approximately by

I o > L > (15)
1+ (A\l) (KEG/AVS)




where Av 1s the frequency deviation from the center of the transmission

band, F, = 0.6 is the finesse, and Avg = 0.45 cm = is the mode spacing of
the sapphire flat. Similarly, the prism reflectivity Ry is given by
R, =~ 1

= 2 2 (16)
1+ (Av) (uzp/Avp)

For the quartz prism used, EP = 0,385 and Ayp = 0,27 cm-l. It is seen that
the Fabry-Perot cavity formed by the ruby, the roof prism and the sapphire
flat is characterized by a frequency-dependent loss coefficien. y(Av)

Y(@w) = -%ln (& R, T) (17)
where R; = 0.07 is the reflectivity at the ruby-air interface. Equation (8)
then follows by identifying

Yo = - %InR (18)
and

(avy) = 0.8(avg) (19)

The output linewidth was observed with a Fabry-Perot interferometer.

1

Tne instrument linewidth was about 0.01 cm ~. When the sapphire mode selector

was removed from the cavity, the output was found to contain two components

each 0.1 cm~l wide and spaced 0,27 cm~l from each other; thils corresponded to

the mode spacing of the roof prism. At higher pump levels, up to five such compconents
were observed. With the mode selector inserted in the cavity, the output was

found to contain only one component approximately 0.04 em™! in width (Figure 2a),
which is amply above the instrument linewidth; occasionally a weak component spaced
0,45 cm~l away from the firts component was also observed (Figure 2b).

To observe such spectral characteristics and avoid multiple spiking

in time, it was found necessary to operate the laser barely above threshold,
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Taking n = 0.10, = 0.125, v, = 1.28 and Nyo_ =5 10718 we found
from Equatior (14) that
(w22 0.0665 (Avg) = 0.03 cm™t
This agrees with the experimental value. Subsequent experiments using dielectric
coated optical flats yielded slight improvement in output linewidth; similar
agreement was also observed between the experimental and the calculated values,
The above considerations have beer given for longitudinal modes;
similar considerations should also apply fcr the off-axial transverse modes
when there exists discrimination among these modes. Although transmission
mode selection alone is insufficient to warrant operation in a single longitudinal
and transverse mode, it is gratifying fo note that our aaalysis serves to
show that such a single-mode operation with a rotating prism giant pulse laser
should indeed be possible, (as has already been ohserved) provided that
adequate discrimination among the longitudinal as well as transverse modes
prevails, and that the operation is carried out at a pump level not too far
above the threshold.
The authors are indekted to the anonymous referee for penetrating

and very helpful comments.
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(a)

(b,

Fabry-Perot patterns showing the spectral characteristics of the
giant pulse obtained with transmission mode selection. The
interorder spacing of the Fabry-Perot etalun was 0.33 cm'l, and
a Corning 1-58 glass filter covers half of the patterns.

FIGURE 2
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