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FOREWORD

The Laser Physics Branch of the Optical Sciences Division,
Naval Research Laboratory, Washington, D.C., prepared this Semiannual
Report on work sponsored by the Advanced Research Projects Agency,
ARPA Order 2062. Co-authors of the report were J.R. Airey, 0.C. Barr,

* N. Djeu, J.L. Emmett, J,. Folzrichter, T. Kan, J.P. Letellier, J. Marzolf,
J.M. McHahon, S. Searles, J. Stregack, J. Trenholme, W.S. Watt,
‘ W. Whitney.
ABSTRACT

The ARPA-NRL high energy laser program is concerned with the develop-
ment of laser technology in four program areas; Chemical Lasers,
Electric Discharge Lasers; High Power Glass Lasers and New Laser
Techniques. This report summarizes the progress made in those areas
during the last half of FY 72.

PROBLEM STATUS

This is a semiarnual technical report; work is continuing.

AUTHORIZATION

NRL Problems K03-08A, NO1-21, RO8-45, K03-53
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CHEMICAL LASER PROGRAM

1. DF-CO, Supersonic Transfer Chemical Laser (TCL)
(4

The concept of a supersonic DF-CO, cliemical laser capable of cw

' operation without a vacu.w pump has be#n discussed in the preceeding
> semiannual technical report.
L During the past six months complete installation ard modification

of the AVCO Mark III GDL has been accomplished to permit DF-C0,
chemical laser operation. Figure 1 shows the completed device fully
assembled in our new chemical laser facility. Not visible in the
photograph are the bottled gas tank blocks and exhaust gas scrubber
installation located outside the building.

At this writing the cold flow tests and burner testing have been
completed., We are now making measurements of exhaust gas composition
to establish the correct flow conditions in preparation for the intro-
duction of fluorine and deuterium gases. When these preliminary
steps are completed we will begin a series of laser power measurements
with a multimode mirror configuration. A multiple hole output mirror
and calorimeter configuration will be employed in this series of tests.
It appears reasonable to expect laser power tests to begin about
October 1, 1972. Dr. Cool is returning to Cornell University at the
end of August, but will continue his association with this project as
a consultant to NRL.

While the laser installation has occupied most of our time
during the past six months, attention has also been given to patential
problems associated with the formation of carbonyl fluoride (COFZ) in
the present device. Our measurements of the rate of deactivation of
C0,(00°1) by COF, and the measurement of absorption of C0, laser
radiation by COF2 performed at the Air Force Rocket Propu%sion Labora-
tory have permitted our estimate of the expected effects of COF, on
laser performance. We expect no serious handicap from COF, formation
provided the partial pressure of COFy does not exceed about 2 torr
which would appear to be an unreasonably large amount of COF2 in the
present device.

2. €0 Laser Research

Flame Lasers

We have experimentally investigated the C,H,-0, flame for
! possible optical gain in the product CO moleculeS.” ACetylene was
cnosen because it is known to produce vibrationally highly excited
CO molecules in reaction with O atoms. It has the advantage over 082
. of being a gas at room temperature, so that one can more readily go

to higher pressures with the CZHZ-O2 flame.
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The laser oscillation range technique was used to probe the
C,H, -0, flame. This is the very sensitive method for mzasuring gain
developed by us that led to the successful operation of the first
flame laser. Quantitative measurements cf the optical gain for the
Pg_g(12) transition were made across the profile of the C,H,-0, flame
at several pressures around 10 torr. The highest gain meastred was
0.05% can~l, The results of the work lead us to conclude that a CO
laser based on that system is feasible. However, because of the
relatively low gain attainable in the flame, such a laser would
probably have a low chemical efficiency.

CO Transition Probabilities

Although a knowledge of the transition probability is central
to the understanding of any laser system, these quantities have never
been measured for the CO laser transitions because of experimental
difficulties, We have succeeded in obtaiaing the CO vibrational
transition probabilities indirectly by measuring the ratios of transi-
tion probabilities for adjacent bands and fitting them to a theoretical
form.

The ratios were obtained by correlating the rotational gain
distributions of adjacent bands using the fact that the distribution
for each band is characterized by the corresponding inversion ratio and
the temperature of the medium. The experimental results show that the
square of the electric dipole matrix element varies linearly with the
upper state vibrational quantum number to within a few percent for the
CO molecule through V = 12,

The particular method that we have developed for this experiment
is applicable to the determination of relative transition probabilities
for cascading bands in any molecules. A paper describing the techniques
and the results obtained for CO has been submitted to the Journal of
Chemicnl Physics and is given as Appendix A to this section.




SHORT PULSE CO2 MOLECULAR LASER

1. Short Pulse Oscillator

Mode locking and pulse shuttering have been used to generate a
nanosecond pulse from an atmospheric pressure TEA laser. The mode
locker utilizes the acousto-optic effect in germanium to modulate the
internal loss of the laser at the cavity mode separation. Problems
of AR coating damage to the modular element due to the high fluxes in
the cavity have been eliminated by the use of a Brewster-angle Ge
modulator. Alternative techniques to achieve mode-locking of the
laser utilizing saturable absorbers and a liquid CS, acousto-optic
cell have not been satisfactory to date. The saturible absorbers
investigated have either too low or too high a saturation flux and the
CS, acousto-optic cell exhibits very high attenuation to aecoustic-drive
frequencies in the region of interest below 100 MHz, The pulse shutter
consists of a 50 mm long GaAs Pockels cell driven by a transmissicn
line triggered from a laser triggered spark gap. The nanosecond pulse
of > 1 mJ is limited at the present time by the low gain of the
1% meter spiral TEA laser oscillator. This oscillator will be
replaced by a 1 meter long distributed discharge oscillator in the near
future. This conversion will produce nanosecond pulses whose energy
will then be limjited orn.y by damage to coatings on the output coupling
optics. We are confident 5-10 mJ in a4 nanosecond pulse can be generated.

2. Double Raman Conversion
=20.¢ laman (onversion

34 Preliminary Raman scattering experiments in H, to shift the
Nd™ :YAG line into the 9.4 4 band of CO_, have been undertaken. These
experiments were hampered by the necess%ty to share the use of the YAG
short-pulse oscillator driver for the glass laser system. These
experiments will be continued when & second separate short pulse
oscillator system now being assembled 1s finished, Although 5%
conversion of 1,06 u to 1.9 u has been achleved, the second conversion
step nas not been observed. Since the Raman gain for the second
scattering process is lower than the first step, competing scattering
processes could be depleting the 1.9 micron pump. These questions
will be investigated more fully,

3. TEA Pre-Amplifiers

Two types of volume TEA discharges were investigated as short
Pulse preamplifier elements. One utilizes two solid Rogowski electrodes
with surface preionization created by UV emission from an auxiliary
discharge while the other utilizes a segmented cathode with surface
preionization created by corona discharges between metal blades and
$lass rods. The solid electrode UV in.%1ated devices achieved higher
peak gains, better pulse to pulse reliability and were more durable than
the devices containing dielectrics. The one meter long 2 ecm x 2 cm
aperture TEA amplifier has displayed a short pulse gain of ~ 20




indicating a gain ccefficient of 3.2% ™l Slightly higher gains can
be achieved with additional energy s:wrage. A second identical
amplifier unit is now being prepared to be followed shortly by a

third 3 cm x 3 cm amplifier. The final 6 cm x 6 cm preamplifier will
be a gset 0of Lumonix 9 cm x 9 cm 0.5 meter TEA lasers now under procure-
ment and due to arrive at NRL in November, The preamplifier chain
will then be an all metal system without fault-prone dielectrics and
will be a reliable and very rugged system.

4, 10 Liter e heam Amplifier

Intensive efforts were undertaken in this last reporting period
to investigate the suitability of the cold cathode high curr: . density
electron gun as the pre-ionizer for the 10 liter e beam ampliifer. A
joint series of experiments were conducted with Maxwell Laboratories
and the Institute of Fluid Mechanics in Marseille to study the laser
properties of a 10 liter discharge stabilized by a 10 cm x 100 cm cold
cathode gun desice. The experimer’s were successful and demonstrated
that high current density beams can puwp CO, in a short-pulse energy-
storage mode. A peak gain of 4.,9% cm~l was achieved in a 3:%:1 mixture
of He:Nz:COZ for a energy deposition of 226 J/4. This figure
represents an instantaneous energy storage of 5-6 joules of optical,
10.6 u energy which can be extracted in a short pulse. A paper
describing this expeviment is included in the latter part of this
report. A complete 10 cm x 100 cm cold cathode e"beam system is now
in the final stages of procurement, It is slated to be delivered
to NRL in mid-December,

5. Saturable Absorbers

While a suitable gaseous or gaseous-mixture absorber which
suppresses the entire CO; gain bands has not yet been discoverec,
these experiments are being continued. Present studies are now being
concentrated on pressure broadened N,F, and mixtures containing this
gas because it displays an extremely wide absorption band. Since a
suitable gas mixture which can cover the entire C0j spectrum will be
difficult to find, experiments are also underway to investigate a
combination of a dispersive element like a diffraction grating and a
passive absorber. The diffraction grating would select out a single
CO, transition by angular dispersion along the optical train while the
saturable absorber would be needed to control the gain in the single
transition of interest.



NEW LASER TECHNIQUES

During this reporting period several experiments have been planned
and their construction initiated.

Prior investigations of the properties of potential vapor dye
laser molecules were conducted using a laser fluorescence technique.
A N, laser was borrowed for this task but had to be returned. Consge-
quently the purchase of a N, laser has been negotiated and it will bhe
delivered to NRL in October }972. The laser will be used to help
evaluate lifetimes of potential visible laser molecules.

Several optical components have been purchased to aid in the
evaluation of solid state materials for high energy storage. These
include etalons and frequency doubling crystals for YAG systems. This
topic has a direct bearing on the solid state, ARPA supported, program.

Most of the current effort has been directed towards the production
of visible laser systems, either chemically or electrically excited.
1t is unlikely that in general exothermic chemical reactions will
selectively produce electronic state inversions in product molecules.
Available data is sparse but suggests that reactions of the type
M+ X, “MX + X hold some promise. (M - rere earth; X - halogen).
Fluorescence spectroscopy of Zare and coworkers on the reaction
Ba + F, = BaF + F has shown that the A and B states of BaF are not
produced but that the higher C state is. This is perhaps the only
example of a simple metathetical reaction where an electronic inversion
is created. In order to capitalize on this fact a reaction system has
to be built so that the reagents can be mixed at a sufficiently high
density to produce a useful gain on say the C — A, or C = X, transitions,
An R-F induction heater has been built which will be used to vaporize
Ba (or Ca etc.) in an oven which will act as a high pressure source of
the metal atoms. The oven is also presently under construction. These
will form a part of a high pressure, fast flow, fast mixing system in
which the alkaline earth-halogen reactions will be investigated.

It is felt that electrical excitation of electronic states holds
more promise in the future than chemically excited systems. The
electron energy in a system can be tailored to match specific
excitation cross-sections and the range of energies available is wider
than those available in purely chemical driven schemes. The concept of
double-pulse electrical excitation is being pursued. Yror example, all
attempts to initiate copper vapor laser action using a simple pulse
technique using a copper compound as the starting material rather than
atomic copper have so far failed. The discharge conditions in a single
pulse are most probably not suitable for both dissociation and subsequent
excitation, A double-pulse technique where each pulse may be engineered
to perform the individual tasks should hold more promise. Similarly, if
laser action is to be attempted using chemically metastable radicals as
the medium, it would be useful to have a pulse to form the radicals




(which takes a finite time governed by the reaction kinetics) followed
by the excitation pulse. A combined R-F, TEA double discharge pulse
apparatus is being designed to use ag indicated ¢bove.




HIGH POWER GLASS LASER PROGRAM

1. Introduction

At the close of the last reporting perind there were clearly a
number of problem areas which required resolution if the NRL laser
dystem was to operate at or near specification:

(a) the original configuration of the French VD 640 laser
appeared drastically inappropriate for short pulse amplification. An
intensive research effort was launched to optimize the system for
subnanosecond pulses;

(b) a parasitic oscillation problem was discovered in the digc
amplifier caused by self oscillation of individual discs at stored
energy levels of about 0.4 J/cm3. An experimental program was begun
in which we evaluated a series of oscillation suppressing edge
coatings developed by Owens Illinois Glass Co,

A parallel but closely coupled design effort to design a 1-2 kJ
disc laser amplifier has been launched and a preliminary design is in
hand.

We have also developed a mode-locked Nd:LaCaSoAp oscillator
which produces time-bandwidth-1imited operation for pulses as shurt
as 5 psec. This represents a substantial extension of the stat. of
the art from mode locked Nd:glass oscillators.

2. French Laser Modifications

During operation of the VD 640 with subnanosecond pulses in the
Previous reporting period, self-focusing damage was noted at levels
well below that expected from reports of short pulse operation at
other laboratories (Hindsight reveals that in the cases of Sandia
and Rochester a large fraction of the energy was not contained in
the short pulse but in the background.) Consideration of the self-
focusing problem revealed several generally true prescriptions for
operation when self-focusing is the limiting damage mechani sm:

= use a minimum path length of glass (i.e. maximum gain per
unit length),

= Propagate a divergent spherical wave through the system as
this will have a much higher self-focusing threshold,

- propagate a TEMoo spatial mode.

Experiments on self-focusing in the various laser glassee were
performed and it was found that ED-2, LG-56 and MG-915 had essentially
the same nonlinear index of refraction and additionally the non-
linear index of refraction was a constant for pulses from 20 psec

to 250 psec. This implies that the self-focusing can follow any

8



temporal modulation on the pulse and give a much lower threshold for
self-focusing. Thus, a further prescription for optimum operation is

- use a time-bandwidth limited oscillator,
These“experiments are reported in more detail in Appendix 1.

These dicta were implemented in the following fashion to optimize
the VD 640.

- modification of the oscillator to incorporate a bandwidth
selecting etalon as the frent mirror of the oscillator. 1In
this mode of operation, if a pulse is generated it has no
fine grain modulation (if the etalon is misaligned no pulse
is generated). Zero degree sapphire was rhosen since the
etalon reflectivity (25%) is very near the optimun coupling
reflectivity,

- Owens-Illinois ED-2 rods were obtained for the system (on
another contract). The higher gain/joule stored of this
glass allowed us to reduce the path length of glass in the
system by 85 cm and also to stage for a 4 x energy gain/stage,

- very careful alignment procedures were worked out to ensure
that the mode propagited would in fact remain very close to
a TEMoo spatial mode.

Figure 1 shows the present system configuration as used for
experiments (through the 45 mm stage) and for disc laser testing
with the full system. The fmproved alignment has worked quite well
to a point, in that through the 45 mm amplifier 25 joule, 250 psec
and 40 joule, 900 psec pulses have been obtained with an essentially
diffraction limited beam quality for several hundred shots. Figure 2
shows a shear plate interferogram of the pulse at 25 J in 250 psec
(1011 watts) before recollimation. It can be seen that the maximum
deviation from fringe linearity is ~ 1/3 fringe.

Unfortunately, this happy state of affairs does not prevail
through the 64 mm rod at full power when there is pre-existing
internal (or surface) rod damage. Up to = 40-50 joules in 250 psec
the beam is well behaved and the shear patters shown in Figure 3a
is obtained. Above that level a rather dramatic change takes place.
The beam zssentially blows up in the sense that the divergence
becomes abnormally high (~ 20-30 mr) and the beam becomes essentially
depolarized and incoherent. Figure 3b shows a shear pattern taken
when this effect is occurring. Experiments were run to elucidate
the functional dependence of this phenomena at 250 psec and 900 psec.
These experiments substantiated several features:

- when the effect occurs the output becomes essentially incoherent
in that when it intercepts a straight edge, no diffraction
pattern downstream is created,

S
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- the effect seems to scale with power density in that the onset
is proportionally higher at longer pulsewidths and near
threshold only the beam center will show this behavior,

- geometrical effects (thermal lensing in the laser rods) are
not of primary importance,

- the effect is not gross self-focusing of the entire beam in
that the output wave does not originate from a point, but
rather corresponds to severe wavefront distortion on a point-
by-point basis,

- the effect is related to the past history of the laser rod in
that a rod with no damage will operate without showing this
effect up to quite high levels (> 100 J in 250 psec).
Realistically it is a limitation to routine operation, since
damage will occur sooner or later.

The most likely candidate effect is wavefront distortion around
any damaged regions in the rod which at high intensity is strong
enough to stabilize the Fresnel diffraction pattern downstream from
the point of inception and give very severe localized wavefront
distortion and subsequent beam steering. This mechanism has the
requisite features to explain the experimental cbservations and the
level at which it occurs (,-1010 watts/cmz) is reasonable.

3. Disc Laser Test Results

Since the close of the last reporting period, the parasitic
oscillation problem ir the present disc laser has been solved and a
sufficient theoretical understanding has been developed to define the
requirements for edge coatings for larger disc lasers,

To achieve the first objective, a black coating was designed by
Owens-Illinois and applied to the NRL laser discs. The coating had
an index of refraction of =~ 1.8 at 1.06 K and was sufficient to
suppress parasitic oscillation at energy storages up to the design
level of 0.6 j/cm3 (see Appendix B for coating test). A series of
experiments on the small signal gain coefficient of the disc laser
with coated ead uncoated discs were performed (Appendix C) and the
performance with the coated discs was found to agree closely with the
computer calculations,

The present generation coating is not unambiguously a success
in that the laser-glass coating interface must be shielded from direct
lamp irradiation to prevent shear damage in the laser glass caused
by differential heating. Shields have veen designed and installed
which prevent this.

Table I lists the results of the iatest sequence of active tests
of the disc laser. It was not possible to achieve operation in the
400-500 joule regime because of the effects noted in the previous

section but an output of 320 joules in a 900psec pulse was obtained.
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The chief hinderance here was some depolarization of the input beam
leading to a loss coefficient of = 2% cm, rather than the much lower
value of .5 - .75%/cm obtained with a well polarized input, The table
lists the pump caergy, input energy, actual output, computed output
(with the actual loss) and computed output with the lower loss.

TABLE I
. EP(kJ) EIN(J) EOUT(U) ECALC(ZA) ECALC(.7SA)
118 60 220 220 250
113 70 280 275 320
150 110 320 325 395

The disc edge shields occluded = 20% of the disc area so that a
smaller beam diameter than that originally envisioned had to be used
(50 cm? rather than 60 cm2) which lowered the output level by =~ 10%,

The output beam appeared to be well behaved and not subject to the
beam breakup phenomena noted witih the final rod amplifier although
the energy density was 50% higher. This is reasonable since the path
length through a disc is very short compared to an equivalent rod
amplifier.

In summary, the disc amplifier seems to functionally behave as
designed and we feel that the piiysics questions as to the viability
of this concept have been answered. We are still limited at the
present time ‘n preparing a suitable input pulse to run the system
to energies in excess of 400 joules but at least have a good under-
standing of system behavior at energy densities equivalent to
operation at 400 joules.

4, 1-2 kJ Disc Amplifier Design

* During the reporting period several design alternatives for a
1-2 kJ disc amplifier were generated and tradeoffs done on each one.
The design constraints were:

- output energy of at least 1 kJ with a 300 joule input pulse;
output of at least 2 kJ with a 500 joule input pulse,

- output energy density no higher than in the present device
at the 5C0 joule level,

- aperture size no larger than practical to fabricate from a
glass manufacturing standpoint at the present time,

- gain across the aperture no larger than practical from a
parasitic oscillation standpoint (see Appendix D),

11
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- coupling efficiency assumed to follow ZAP scaling as lamp
packing densities are changed,

- loss coefficient assumed to be ~ 1%/cm.

Three design alternatives were chosen and the major features of
each are specified in Table II. The first entry is a direct scaleup
of the present system to twice the aperture size and the last repre-
sents the largest disc Owens-Illinois feels it is practical to
fabricate with good optical quality at this time. The intermediate
case represents a system with an output intensity at 2 kJ equivalent
to what we have run in the present disc. In all cases the energy
storage was varied to give a gain no higher than exp. (2.5) across
the disc.

Present indications are that either the first or the second (and
probably the second) is the best choice from the standpoint of
efficiency. One further design constraint has been added from a
systems standpoint:

- the aperture size shall be small enough to permit a Faraday
rotator isolator to be added on the ovcput to isolate the laser
from the target,

The tradeoff here is not as clear in detail but certain features
are obvious. For a given umiformity (i.e. extinction ratio) the
energy in the rotator magnetic field will increase as the cube of
the diameter. The difficulties of obtaining high Verdet constant,
high damage threshold glass in this size cannot be exactly evaluated
yet but they are appreciab&e. Table III illustrates this dilemma
for a coil designed for 1G° extinction ratio with Owens-Illinois
EY-1 and Schott SF-6

TABLE 111

DESIGN E(gy.1)*J E (sr-6)"J
1 60 360
2 130 780
3 200 1200

Owens-Illinois ¥Y-1 is a variant of the basic ED-4 glass with
407% Terbium oxide by weight. If the glass technology proves out this
glass will be the choice for large aperture Faraday rotators. The
numbers given in Table III are based on the measurements done at NRL
(Appendix E).
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5. Short Pulse Bandwidth Limited Oscillators

During this reporting period, we have investigated extending the
methodology used to develop the mode locked Nd:YA4G lasers to other
hosts with the objective of generating shorter pulses while maintaining
time-bandwidth limited operation,

The selcction criteria for materials for this usage "ere:
- broader fluorescence linewidth than neodymium:YAG

- crystalline host so that the nonlinear index of refraction
would be small compared to Nd:glass.

The first candidate material tried has been evaluated and found
to perform with fairly spectacular results. This material is Nd doped
into a Lanthanum Calcium Sodium Apatite structure (SOAP) which has
been developed by Westinghouse., Our results to date indicate: (see

Appendix F)
- time bandwidth limited operation ~ 5-6 psec pulses
- pulge trains with > 10% of the energy in the strongest pulse
- an emission wavelength 10611.4A which overlaps the second
strengest transition in Nd:YALG preamps which can be used to
amplify the oscillator pulses. A formal publication is in

preparation at this time. Figure 4A shows a typical pulsetrain
and Figure 4B shows the output spectrum of the pulses.

14
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Shearing Plate Interferogram of 50 J 250 psec pulse

FIGURE 3a.
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APPENDIX A

A METHOD FOR MEASURING RELATIVE TRANSITION PROBABILITIES
OF CASCADING MOLECULAR BANDS:
APPLTCATION TO CO FUNDAMENTAL BANDS'

N. Djeu
S.K. Searles

Laser Physics Branch
Optical Sciences Division

Naval Research Laboratory
Washington, D.C. 20390

ABSTRACT

A general method is presented to determine the relative transition
probabilities for two molecular bands which have one vibrational
level in common, It is based on optical gain (or loss) measurements on
a number of vibration-rotation transitions in each of the two bands,
The method has been applied t CO fund #nental bands in the ground
electronic state to yleld |R | /[Rv |2 for v = 6 through v = 11,
where RV . 1is the rotationless matrix element of the dipole moment
connectYng the v-1th and vth vibrational levels. The results were
fi&ted by using the wave function approximation for R -1’ and the ratio

/R 1= 9, 0002 was obtained,

I. INTRODUCTION

Experimental radiative transition probabilities are directly
available only for the lowest few vibrational bands in molecules, since
they are determined from absorption or emission intensity measurements
which require appreciable known populations in the absorbing or
emitting states. Relative transition probabilities can be found for
bands which share the same upper or lower vibrational level, inasmuch
as no knowledge of the population density cf the common level is
required. But conventional intensity measurements do not yield
information on the relative strengths of cascading bands. In this
paper we report a general method which gives the transition probabilicy
for one band relative to that of a second which originates from the
vibrational level that the first band terminates in. This opens ap
the possibllity of determining the absolute transition probabilities for
highly excited bands from known low lying band intensities through

* This work was supported under ARPA Order 2062 by the Advanced
Research Projects Agency.




successive ratios.

In the case of CO, the v=1 —-v = 0 in the ground electronic
state is the only fundamental band for which the transition probability
has been measuredl. Though various calculations yield values for the
squares of the electric dipole matrix elements |RV_ |2 which agree
with each other to within a few percent up througﬁ v =~ 10, there has
never been any direct experimental evidence to support those calcula-
tions. In measuring directly the ratios |R"+1|2/|Rv |2, the present
experiment corrobc.ates the results of thosd calculXE}ons. The ratios
|RV*112/|RY_ |2 are first obtained from gain measurements on the P
branch traXs}tions of the vy = 6 =v = 5 through v = 12 = v = 11 bands
in a cw CO laser. They are then fitted to the theoretical model using
the wave function approximation for the matrix elements. Each RV_ is
expanded in terms of Roi, with the exgans on truncated after thevf}rst
four terms. Using known values of R “/R.* and R03/R01, we determine
Ro /R," from the experimental data, ThesSe numbers are then used to

calcul ate |R:_1| in terms of |Ro 12,

Because of the relatively low gain present in the CC laser, we had
to resort to a rather unconventional method for gain measurements in
order to obtain highly accurate data. A single mode, frequency scanned
laser is used for that purpose. The laser oscillation range technique
for measuring relative opticsl gains is described in some detail in
Section I1II. Additional congiderations about this technique can be
found in a forthcoming paper”,

I1I. BASIS FOR EXPERIMENT

Consider a molecular system with its vibrational levels greatly
overpopulated with respect to the translation-rotation temperature.
These conditions are commonly found in electrical discharges, exothermic
chemical reactions, gasdynamic expansions, etc. The optical gain (or
loss) distribution of the rotational fine structure of a vibrational
band in such a system is characterized by the rotational temperature
and the ratio of the population densities of the two connected
vibrational levels. The distribution is a very sensitive function of
the latter if the two vibrational levels have comparable population
densities. This fact allows one to determine the relative densities
of the two vibrational levels from the rotational gain-loss distribution
of the band. 1f measurements are made on two cascading bands in a
molecule, the ratio of the two corresponding transition probabilities
can be found. In what follows we restrict our attention to diatomic
molecules, but the principle can clearly be extended to polyatomic
molecules,

The small signal optical gain coefficient for the P branch
vibration-rotation transition (v, J-1) = (v-1, J) gigh mixed Doppler
and pressure broadening can be written as follows:~’




3 2
Sy O = iz \/ e R, 12T 1,
X [Nva exp(-Fv(J-l)h c/kT) =N By exp(-Fv_l(J)h c/kT)]

&v_(v,P(J))
2(Vv-y(v,P({])) p.’
X Re w( AVD(V) \’P/r. 2 4+ 1 AVD(V) \’Rm 2 (1)

Here k 1s the Boltzmann constant, T is the temperature of the medium
(assumed to be the same for ftranslation and rotation); M is the molecular
mass, c¢ is the velocity of light, and Nv and B are the population
denait; and the rotational constant for'the vtR vibrational level. Also
|RV_1 and f(v, P(J)) are the rotationless matrix element and the
vigration-rotation Interaction factor for the transition, and w(v, P(J))
and 4v (v, P(J)) are the line center frequency and the pressure broad-
ened wldth (including natural broadening) of the transition. The
rotational energy function F_(J-1) and the Doppler broadened width

Avp(v) are given by v

Fv(J-l) °-Bb(J-1) Jd

and

A\:D(v) =-‘2:J % or 2.

Finally, Re w (x + 1y) is the real part of the complex error function.7

This somewhat involved expression can be understood in two parts.
The part preceeding Rg w gives the gain at linecenter of the vibration-
rotation transitions,” while the function Re w itsgelf is aimp%y the
lineshape function for mixed pressure and Doppler broadening. Note
that the linecenter gain distribution is not appreciably altered by
pressure broadening so long as the J dependence of the pressure
broadened width is slight.

In general, all the spectroscopic constants in Eq. (1) ars known
8o that the only parameters to be determined are T, Av ,iRV_ | N_ and
Nv- . However the last three guantitiea only appear iR the }orm 3f the
pro&ucta IRV_ 12 N and |Rv N ;. This means that there are in
effect onlyvfour uanowns n Eq. Yl}. It also means that neither the
matrix element 'R:-1|2 nor the population densities N and N,_, can be
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determined uniquely from fitting Eq. (1) to experimental data on
rotaticnal gain distributions. However, if gain distributions are
known for two succesfi e bands v+ 1 v and v~v -1, it is clear
that the ratio |Rv+ | /|RV_ |2 can be obtained from |RV+1|2 Nv and
|R:_ I N . Furthgrmore, gn}y relative gains for the two bands are
needed, since the population density of the common vibrational levels

cancels itself when the ratio is taken.

For some applications, the quantity of real physical significance
is the Einstein A coefficient. For the P§J) transition it is related
to the rotationless matrix element |Rx_1| by the equation

wd RY 120 5, )
3 2 J-1

A(v, 3-1) = 8
3hA

(2)

So long as the vibration-rotation interaction is small (1.e. f(v, PQ))
>~ 1), we have

v 3 v+l ,2
A, 3-1 _ @Y R B
A(v, J-1) w1l 'RV !2

AP(J) v-1

where A¥ J 1s the wavelength of the P(J) transition in the v = v = 1
band. g ghould be pointed out that the ratio in (3) is taken between
A coefficients for transitions connecting the same rotational levels,
This condition is implicitly assumed whenever we mention ratio of
Einstein A coefficients in this paper.

III. TECHNIQUE
The ratios IRV+1|2/|R3 |2 are expected to vary only slightly

with v after the first few G{brational levels, It is therefore
essential that highly accurate relative gain distributions be obtained,
8o that the v dependence of the matrix element ratios is not obscured
by the scatter of the experimental results. Conventionally gain
measurements are made by sending the output from a laser oscillator
through a second gain tube (the amplifier) and noting the increase in
the transmitted signal when the amplifier is turned on.' But with that
method it is very difficult to measure small gains with good accuracy.
Typically the relative error for a measurement giving a 107 optical
gain would be roughly 10%. To circumvent this difficulty, we have
developed a new technique which has the additional advantage of
requiring only one gain tube, the cscillator itself. The remainder of
this section will be devoted to a Jdetailed description of this new
technique.




We begin with a discussion on the operat:ion of a single mode
frequency tuned laser. Consider first the single mode oscillation
condition in a laser illustrated in Fig. 1. The gain profile of the
lager medium as a function of frequency is given by the factor Re w in
Eq. (1). The cavity loss, on the other hand, is generally frequency
independent. It 18 represented by the horizontal dashed line. The
laser cavity as a whole has net gain only in the frequency range Av.
But the condition that there is net gain over part of the gain curve
does not by itself mean that there will be laser oscillation. Whatever
medium i8 inside a laser cavity of length £, there can be oscillation
only at the .discrete set of frequencies given by n c/2£, where n is an
integer. The cavity 18 said to have modes geparated by ¢/2£ shown
as short vertical lines on the frequency axis. Whenever one of these
cavity modes falls at a frequency for which laser gain exceeds cavity
loss, there will be oscillation at that frequency. For the case
1llustrated in Fig. 1, there would be cscillation at the frequency of
the middle mode. Furthermore, the middle mode is the only mode that
falls within Av, creating a situation known as single mode operation.

When the cavity length is changed, each cavity mode will move
along the frequency axis. In that process, the frequency of laser
oscillation changes accordingly, resulting in a frequency scanned (or
tuned) laser output. For a cavity length change equal to one half the
wavelength of the laser transition, one cavity mode is moved to the
position previously occupied by its adjacent mode. In practice, the
change in cavity length can be accomplished by, for example, the use
of a piezoelectric transducer which converts an applied ramp voltage
into a linear translation., So long as AV < ¢/2£ there can be at most
one mode oscillating at any time. The output of such a laser is then
called a single mode frequency tuning curve. Since jAv is the frequency
range over which there is oscillation as the cavity length is swept,
it is known as the laser oscillation range. A schematic of a single
mode tuning curve is illustrated in Fig. 3 near the detector. The
frequency range covered by each mode is c/2£ centered at the line center
of the transition.

Consider now a distribution of gain profiles for a number of P
branch transitions in a vibration-rotation band as illustrated in
Fig. 2, The actual spacing between lines is typically 103 times the
linewidth at a pressure of a few torr. The precise distribution of
these lines, including the frequency dependence of each, is given by
Eq. (1). 1In the particular example shown in Fig., 2 three of the
trangitions have sufficient gain to overcome threshold. Therefore,
each of these can be made to produce a single mode frequency tuning
curve in a wavelength selective cavity, provided that the oscillation
range for the P(J) transition Avp < ¢/2& for each J. Thr. dispersive
element used for wavelength selecsizn is typically a prism or a
diffraction grating. If the wavelength dependence of its optical loss
is slight in the region of intercst, one can assume that the cavity loss
is the same for all transitions. It is clear then that there is a




definite relationship between the cavity loss and the oscillation
ranges § .o the one hand and the parameters in Eq. (1) on the
other hand.”’Given a sufficient number of AvP U for a fixed cavity
loss, one should be able to determine the proéuzts IRv |2 N and
[Rv_ N,.1 (relative to the cavity loss), the pressiré brolidened
wiXté Av Y-as well as the temperature of the medium T. Suppose one
introducés a frequency independent variable loss 4, e.g., variable
diameter iris, into tre laser cavity in addition to the fixed loss
L. Then the experiment can be done for a number of L + 4, and
statistical averages can be taken.

IV, EXPERIMENT AND RESULTS

The experimental arrangement used for making the relative gain
measurements is shown schematically in Fiz. 3. The CO gain tube
contained a flowing mixture of 0.3 torr €0, 0.2 torr air, and 2.5 torr
He. It was excited by a 3 mA D.C. glow discharge with less than 1%
ripple. The discharge was 0.5 m long, and approximately 85% of its
length was cooled by liquid nitrogen. The 2.55 m cavity was formed by
a 3 m radius of curvature silver mirror and a 300 lines/mm grating
blazed for 4 um. The mirror-grating assembly was mounted on an air-
bags suspended steel beam which was physically isolated from the
discharge tube. The mirror was attached to a piezoelectric transducer
modulated by a ramp voltage repeated at ~ 1 sec intervals. A variable-
diameter iris was placed directly in front of the mirror both to insure
fundamental mode operation and to act as a variable loss device. To
minimize water vapor interference, the regions between the NaCl
Brewster's angle windows and the mirror (grating) were flushed with
N2 except for about 10 cm near the grating. The frazquency scanned
laser output was coupled off the grating and sent into a gold doped
germanium detector. One sweep of the pilezoelectric transducer would
generally cover two modes, Photographs were taken of the frequency
scanned signal displayed on an oscilloscope. Since the separation
between adjacent modes, c/2£, 18 known, the oscillation ranges were
readily calculated.

The experiment was done in two steps. The first wes a determination
of the lineshape function Re w, for which AV and T were needed. The
oscillation ranges of four or more P branch Eransitions ia one band were
measured for a given setting of the iris. For a chosen set of Ay and
T the line center gain q;zil relative to total cavity loss L + { bas

o

calculated for each trans n according to
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where the J dependence of Avp has been dropped. Then a linear least

v 2 v 12
square fit by varying ‘Rv-ll Nv and 'Rv-ll Nv-l was performed to

minimize

) " G |
2 .Z (J)exp ) (5)
) %)

Y

where GP{J)iis the line center gain calculated from Eq. using the
J

19)
assumed R3-1‘2 N,, and |Rz_1|2 N,_,. The value of xéin minimized

v |2 v |2
by the parameters ‘Rv-l‘ N, and le-i’ N, 1> a8 a function of Avp

and T showed a local minimum at T = 90°K and Av /4w, = 0.2 .3 These
numbers are very reasonable in view of the follgwing congiderations.
The value of the optical collision frequency of 6,2 x 107 sec-l implied
by the measured Av, is to_be compared with the hard sphere collision
frequancy of 6 x 1 ! sec~l for ground state CO at the partial pressures
of He, CO, and zir used and a temperature of 90°K.11 0On the other
hand, assuming that all the electrical energy into the discharge is
dissipated into heat which is distributed uniformly across the laser
tube, we estimate a temperature of 94°K at the center of the tube.

Once the lineshape function was determined, a second experiment
was performed to get more accurate values for the parameters |RV 1| N
and TRV |2 N, .. Oscillation ranges for all the lasing transi¥ions
within'each bXﬁ& were measured at a large number of cavity losses.
Relative line center gains at each L + £ were calculated using Ej. (4)
with the previously determined values of Av_and T. Relative gains
obtained at different cavity losses were al? normalized to one
arbitrary scale so that averages could be taken. Two runs, each
covering four consecutive bands, were made under slightly different
gain medium conditions. The respective averaged results are summarized
in two columns in Table 1. The numbers given for each run are on the
same arbitrary scale, but the results for the two different runs should
not be compared directly.

The linecenter gains given in Table 1 were least square fitted by
Eq. (1) without the lineshape factor to yield |R¥_1|2 N, and IRV_ |2 Ny-1.
The least square error 2 was calculated according to Eq. (S)VWith the
temperature T varied 1°zha¥ a time, The minimum in occurred at the
same temperature for all bands to within a few degrees. The T giving
the smallest regardless of band was chosen as the true temperature
for each run, ey were T = 91°K and 93°K for the first and second
runs respectively., The experimentally measured gain distribution and
the best theoretical fit for the v=7 = v = 6 band are shown as the

points and the solid curve in Fig. 4. The largest deviation of an
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experimental point from thsory is about 1%. Finally, ratios of the
best |[RVF1|2 N, and IRv N, at the true temperature were taken, and
we obtalned thé ratios o% the ‘matrix elements shown as open circles

in Fig. 5. Each circle in this figure actually represents a grand
average inasmuch as it is derived from a statistical fit of the
relative rotational gain distributions of two consecutive bands which
are averages of data obtained u«t different cavity losses.

V. ANALYSIS

The matrix elements in Eq. (1) are defined by

- [rpw v, ar 6)

where Y and Y are the vibrational wave functions, and the dipole
moment function ﬁ(r) is usually expressed in a Taylor series expansion
about the equilibrium nuclear separation r, as

-}

M(r) =Z Mi (r - re)i . (7)

i=0

For the CO molecule, the coefficients M, have been determined through
i = 3 from absorption intenfity data on the fundamental and th$+1 2
first two overtone bands. However, the matrix elements |Rv |
calculated by Young and Eachus using their derived dipole moment
coefficients are noticeably smaller than those implied by our results,
The discrepancy is perhaps to be expected in view of the large
uncertainties in the Mi Moreover, probably the qua tic term in

£q. (7) should be incliided in the evaluation of |RV+ | for the high
v levels needed in the present work,

An alternative way of expressing the dipole moment function is to
expand it in terms of all the mfgrix elements connecting the ground
vibrational level as follows:

M(r) =) RE Y,/ (8)
i=0

The matrix elements for the fundamental bands can then be written as

1 sz: Ré f(“'wf"v”'o) v, dr. 9)

i=1
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Because of th: rapid decrease of Ri with 1, only the first few tegrms
are needed in the actual calculation. After Trischka and Salwen,” we
shall refer to this approach as the wave function approximation. The

w1
integrals C ' (i) f(‘i’WI‘l’vl‘fo)‘l’idr appearing in Eq. (9) have been
evaluated by Herman and Rubin14 for the case of the Morse oscillator.
They obtained the formula

v (1)=‘/ (s-21-1),, (8-2w2) _, (8-2v),

Cv-1 T (v-1)! V! (s-2D), (5-2v-1),,(5-2v-1), |
v-l v
(-w1) (-v) (5-2v-1)
{ m L+m
XZZ X ml  (5-2vH2), (5-2V) (2v-1-4-m),  (10)
m
1=0 m=0
where
a(atl) +++ (atn-1); n 21
(a) = {
1; n=0
and

S=4 De/we,

where D is the dissociation energy referred to the minimum of the
potential curve and w, is the vibrational frequency for infinitesimal
amplitude.

We chose to fit our results with the wave function approximation
instead of the Tailor series expansion for two reasons. First, the
matrix elements R (i = 1, 2, 3) are known with higher accuracy than
the coefficients ﬂi(i =1, 2, 3). Hence, the chances of improving the
expansion in the forTer case seemed better. Also, the task of evaluating
the coefficients C’' (1) is simpler than doing the necessary integrals

for the Taylor series expansion.

Since only the first three Ri in Eq. (9) are known, an approxima-
tion for R:,H']'tf the following form was used:

3
vl E : i vl 4% vl
Rv = R Cv (1) + R Cv ). (11)

0 0
i=1

*
# is used here to signify that the effect of the

The notation R0




truncation is absorbed by the last term.

Toth et nll have compiled in their Paper a list of the various
measured intensities of the CO 1-0, 2-0, and 3-0 bands. Taking the
megn vilue for each band, we calculated the ratios Ro /R.1 = 0,061 and
R /R * = 0.0042. The signs of all three matrix elementg have been
shown to be the same in Cashion's convention™’ by Young and Eachus.
These ratios were used in the data analysis,

The coefficients C:+1(i) were evaluafed with § = 4De/ug = 16715 by
use of a computer. All'the necessary Cz+ (1) could be calculated
with sufficient accuracy when double precision arit9$ftic retaining
25 significant figures was employed, The ratios |R -1/ were
then numerically least square fitted to the experiméntal dafa with the
assumption that all experimental poirnits have eggal uncertainties,
The smallest mean 8quare error occurred for Ry /Ro1 = 0.00014 in the
sign convention of Cashion2 T?e ratiog of matrix elements calculated
from Eq. (11) using the RQ*/RO and Ro /Ro1 quoted in the preceding
Paragraph and the best Ro /Rol determined from the Present experiment
are shown as dots in Fig. 5. The dependence of the C¥*l (i) on v gnd i
1s such that the contribution of higher §6 to RV+1 isvgreater for
larger v, Consequently, the value of R was determined mainly by the
experimental points with higher v. This explaing the relative closeness
between the best calculated results ard experiment to the right of the
figure,

For v =~ 10 each term in Eq. (11) 1is roughly one half of its
Preceding one in magnitude and has the opposite sign. If this trand
eonting&a for a faw more terms, ap ons Egr Teasonably expoct, thon the
Erus should be approximately 1.5 HE . We thus estimate that
Rt/ 0= 0.0002.. This, te sur knovwle ge, ls the first quantitative
determination of Ro4 for the CO molecule.

From the opening statement of E e lfst Paragraph, one sees
immediately that a 10% change in Ry /R8n will be caused by a 2% change
in Rozlkol or a 5% change im‘R03/R01. the other hand, a 1% change
in each of the experimental ratios in the same direction would result
in a 40% change in R04*/R01. It thus appears that the Principal
uncertainty in R b4 may come from experimental errors in the pregent
work. Figure 5 shows that the largest deviation of an experimental
point from the best fit is about 2%. The laser tube used in the
present experiment has only 85% of itg discharge length cooled by a
tube wall at 77°F, It is therefore expected that there would be
slight axial variations in the vibrational level population densities
as well as in the temperature, A lagser tube with a more uniform
active medium should yield improved results,

*
Once R g /R 1 is known, the matrix elements |R:_1|2 can be
calculated with hi B accuracy from Eq. (l1). The resilts when
normalized tec |R01T are displayed in Table 2. The variation of
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|R‘_1|2 with v is seen to be almost exactly linear, indicating that the
effects of mechanical and electrical anharmonicities almost exactly
cancel each other. Also shown in the table are the normalized Zinstein
A coefficients. Due to the frequency factor, they increase much less
rapidly with v.

VI. CONCLUSION

In summary, we have presented a new method for measuring the
relative transition probabilities of two consecutive molecular bands.
The principal requirement for good accuracy of the technique is that
all three vibrational levels involved be nearly equally populated.

An application of this method to the fundamental bands in the ? §round
electronic state has ylelded for the: first time the ratios |R | /

|Rv_ |2 for seven consecutive bands. The experimental ratios’
substantiate earlier calculations of |rY |2 for the samg transitions.

They imply an almost exactly linear depgﬁ&ence of ‘Rz_ll on v,

It is of interest to compare the regylts from the present work with
the theoretical calculations of Cashion. By equating Rlv from the
harmonic oscillator model to RV fr?m the Morse oscillator model, he
obtained an expression for RgpV/R V=%. He showed that all the Rov
should have the same sign for sufficiently low v. This has been
demonstrated to be the case for COi as we mentioned earlier, for the
first three v by Young and Eachus. The present experiment extends
Cashion's contention to v = 4, The magnitude of R04 obtained by us 1is
only about 2/3 of the theoretical value calculated by Cashjon. However
as we have indicated in the last section, our value for Ro could be
in error by a fairly large fraction.

The method of measuring relative transition probabilities described
inin this paper can be applied most immediately to the other existing
molecular laser bands. In cases where the single pass optical gain 1is
large, it may be more convenient to use the direct probe method for
measuring gain rather than the laser oscillation range method which
involves a fair amount of work in data reduction,

It 1s worthwhile to point out that an elaborate experimental
procedure was adopted in the present work only because we desired an
accuracy close to one percent for the ratios of the matrix elements,
For many applications considerably lower accuracies would probably
suffice.

The approach presented in Section II can also be used to deduce
relative matrix elements for parallel bands which share the same upper
or lower level. We emphasize that the method is equally applicable to
molecular bands which are mostly absorbing. Thus, relative transition
probabilities in molecular systems with optical loss can also be
measured, This 1s an important point for the widespread use of the
method, since only a limited number of molecular bands have been
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observed tc exhibit optical gain., Experiments on non-lasing bands

should be practicable with the use of a tunable IR laser. Investigations
of this type should prove to be particularly interesting for polyatomic
molecules,
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FIGURE 1

Illustration of single mode laser oscillation condition
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Qp(g+1)IN ARBITRARY UNIT
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FIGURE 4

Experimental P branch linecenter gain distribution for
V=7 wv=6, The curve corresponds to a theoretical
distribution with T = 93°K and N7B7/N6B6 = 0.792,
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Ratio of matrix elements for adjacent CO fundamental
bands as a function of v. Open circles are experimental
values; dots are best theoretical fit.
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TABLE 1

Experimental linecenter gain distributions. Results in
the two columns are from two separate runs. Each set
is on an arbitrary scale.
exp . exp
W1 P(J) B (J) W1V P(J} 9 ()
12-11 P(5) 0.890 9-8 P(5) 1.224
P(6) 1.325 P(6) 1.834
P(7) 1,483 P(7) 2.066
P(8) 1.486 P(8) 2.094
P(9) 1.235 P(9) 1,803
P(10) 0.950 P(10) 1.425
P(11) 0.669 P(11) 1.050
11-10 P(5) 0.995 87 P(5) 1,227
P(6) 1.499 P(6) 1.897
P(7) 1.740 P(7) 2,230
P(8) 1.669 P(8) 2.245
P(9) 1.364 P(9) 1.902
P(10) 0.942 P(10) 1.481
P(11) 0.712
10-9 ?(6) 1.612 7-6 P(5) 0.908
P(7) 1.904 P(6) 1.660
P(8) 1.833 P(7) 2.060
P(9) 1.517 P(8) 2.092
P(10) 1.060 P(9) 1.869
P(11) 0.705 P(10) 1.465
P(11) 1.047
9-8 P(5) 1.053 65 P(7) 1.318
P(6) 1.725 P(8) 1.499
P(7) 1.995 P(9) 1.509
P(8) 1.991 P(10) 1.266
P(9) 1.637 P(11) 0,945
P(10) 1.165
P(11) 0.792
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TABLE 2

Matrix elements and corresponding Einstein A coefficients
calculated from the wave function approximation using

ROI‘* obtained from experimental results.

v IRy 1%/ IRo1|2 Ay Aol
1 1.00 1.00
2 2.00 1.93
3 2.99 2.78
4 3,98 3.56
5 4.97 4.28
6 5.96 4.92
7 6.95 5.53
8 7.95 6.09
9 8.95 6.59
10 9.97 7.04
11 11.00 7.46
12 12.00 7.81
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APPENDIX B

COLD CATHODE ELECTRON BEAM CONTROLLED (O. LASER AMPLIFIER*¢
2——_—
H.G. Ahlstrom and G. Inglesakis
Institute of Fluid Mechanics
Marseille, France

J.F. Holzrichter and T. Kan
Naval Research Laboratory
Washington, D.C. 20390

J. Jenson and A,C. Kolb
Maxwell Laboratories
San Diego, California 92123

ABSTRACT

A large area cold cathode (10 cm x 100 cm) electron gun has
been constructed and used to control a CO. laser amplifier. Energy
deposition of 226 J/liter in a time of 1 iisec has led to a gain of
4.9%/cm in an atmospheric pressure 002 laser mixture,

t To be published in Applied Physics Letters,

* This work was supported by the Advanced Research Projects Agency
under ARPA Order 2062,




Receni experiments hy Fenstermacher, Nutter, Leland and cher(l)
and by Daugherty, Pugh, and Douglas-Hamilton(2) have shown that an
electron beam will stabilize large volume COy laser discharges. The
electron guns for thefe experiment? ysed thermionic emission from hot
filaments in a diode( ) or tetrode 2 structure. Another posgsible
source of electrons for laser control 1s the cold cathode. In contrast
to the thermionic cathode which is capable of supplying moderate )
current densities (< .1 A/cm?) for arbitrary pulse lengths, the rold
cathode coperates satisfactorily at high current densities (>1 A/cmz)
and for time periods less than a few microseconds. A cold cathode
electron gun is very simple in design, can be economical in certain
applications, and is ideally suited for pumping laser amplifiers for
an energy-storage mode of operation. Thus it is important to show that
C0, laser media can be satisfactorily pumped under control of these
high current density, short duration e-beams. We have constructed a
large area (10 cm x 100 cm) planar cold cathode electron gun and have
conducted preliminar¥3e£geriments on the control of a discharge in a
CO2 laser amplifier, ‘>’ Using a 3:%:1 mixture of He:Ny:C0, at
atmospheric pressure, we have measured an unsaturated gain coefficient
a of 4.9%/cm at 10.6 u, for an energy input of 226 J/liter into the
gas.

Work by Loda and DeHart(S) has demonstrated that large area cold
cathodes (10 cm x 10 cm) can supply uniform electron current densgities
of 1 - 10 A/cu? at 200 keV for time durations of up to 5 usec. These
cathodes are in principle very simple. One merely applies a rapidly-
rising voltage pulse to a conductor which has a sharp edge facing the
anode. The most likely mechanism for diode operation begins with
field emission from the regions of high field stress (> 107 V/cm)
which are centered on sharp edges or whiskers. The rapid heating of
these microscopic Projections leads to their vaporization and the
creation of a conducting plasma which serves as the source of electrons.
This plasma, however, causes the impedance of the diode to collapse
when it reaches the anode and short circuits the anode-cathode Space.
Before the imgedance collapses the diode operates in a space charge
limited mode(>) and the V-1 rs}gtion approximately follows Child'sg
law for a planar diode, I = V /430d2, where d is the cathode-anode
spacing in cm and V is the voltage on the diode in volts, and I is
the current in amperes.

Our 10 cm x 100 cm cold cathode was constructed from strip razor
blade material, in order to enhance plasma formation at the edge.
The 10 cm long blades were oriented transverse to the axis of the gun
and placed on .050" centers. The blades were rounded on the corners
and held in a smoothly shaped holder which was mounted in the horizontal
pPlane 5.5 cm from the foil support structure (see Fig. 1) on specially
designed Teflon insulators. The diode was connected to a six-stage
Marx generator, which erected to 28? kV in a time of 100 ns and had an
output capaclty of 0.05 uF. The LgF voltage drop in the cable and
cathode inductance reduced the cathode voltage by 44 kV. This yielded,
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after 0.3 usec, a current of 4 A/cm2 which agrees with the calculated
space-charge limit. If the transmission factor of the foil (.0015" Al)
and support structure are taken into account, one would observe a

pezk current density of ~ 3 A/cm? in the laser gas. The experimental
current dens{ty is estimated to be 0.3 to 0.8 A/cm® from the gas
conductivity 1) and from Faraday cup measurements. The deviation from
simple geometric transmission through the foil support structure is
most likely caused by large transverse moments imparted to the
electrons upon emission from the razor blade edges. This is supported
by the results of J.C. Martin(6), which indicate that the half angle
of electron emission from a razor blade cathode is about 45°,

Electron beam uniformity measurements are required to complete
the studies of these electron guns. Moreover, higher diode voltages
should be used to enhance the cathode plasma formation process and
ensure good uniformity of emission. Measurements on the imp:dance
collapse of the diode indicated that the plasma closed toward the
anode at a rate of about 4 cm/usec. This is greater than the rate
measured by Loda and DeHart which is ~ 1.5 cm/usec.

The laser plasma was generated at atmospheric pressure between
a 10 cm x 100 cm AL anode and stainless steel wire cathodes (see Fig. 1).
The electrode spacing for most experiments was 5.0 cm. The gas was
contained in a plexiglass box which had been lined with absorbing
material on the inside surface to prevent parasitic oscillation., In
addition, the NaCl windows were canted in opposite directions and the
Al anode was sandblasted to prevent specular reflection. A sealed-off
probe-laser utilizing an invar cavity was operated at 10.6 u [P(18)
to P(22)] to probe the amplifying medium., The probe beam was directed
through the amplifier box, into a screen room, and on to an Au:Ge
detector that was cooled to 77°K. The detector, bias circuit, and
oscilloscope system had a risetime faster than 1 usec, and the system
was measured to be linear over the dynamic range of the gain measure-
ments., The laser frequency was brought to line center with a plazo-
electric translator; no beam wander due to the e-beam proiuced plasma
was evident,

Figure 2 shows the gain coefficient plotted as a function of
electrical energy deposited into the gas. In the insert of Figure 2
is a typical oscillogram showing the time history of the sustainer
current pulse and development of the optical gain, Notice that the
gain peaks in the afterglow of the sustainer discharge., Variations in
the energy deposition into the laser plasma were achieved by changing
the E/P ratio for a fixed pumping time of typically ~ 1 usec. The
peak gain was measured for gn E/P ratio of 6.6 kV/cm. Extrapolating
from Fenstermacher's data(l , a0.5 A/em? electron beam will control
about 39 A/cm? of sustainer current (E/P = 5.0 kV/atm-cm). This is
in substantial agreement with our results. Under these conditions,
sustainer energy is delivered to the gas at the rate of 190 J/liter/usec.
Limitations of charge storage in the Marx bank driving the diode




precluded investigations where the conductivity of the plasma was
maintained for times greater than 1 usec. The optical energy-storage
efficiency as refleczfg by the gain is lower than that observed by
Fenstermacher et al, This may be due tn the different rates of
energy deposition in the two devices. The scatter in the data is most
likely due to a reduction in the e-beam range in the gas as the cathode
voltage dropped and to random nonuniformities in the e-beam as the
diode impedance collapsed. Since the probe laser sampled only a very
small volume, any deviation in the pumping rate over this volume shows
up in the total small signal gain.

The results of these experiments indicate that the cold-cathode
electron gun should offer a relatively simple means of controlling
large-volume gas lasers. This method is particularly useful in
situations where rapid, high current pumping is desirable (<2 - 3 usec),
as 1s the case in C0O, amplifiers designed for nanosecond pulse
amplification, At the measured gain of 4.9% cm'l, 5 to 6 joules of
optical, 10.6 u energy is stored in the medium which can be extracted
in a nanosecond pulse.
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APPENDIX G

DAMAGE MEASUREMENTS WITH SUBNANOSECOND PULUES*

John M, McMahon

Naval Research Laboratory
Washington, D.C. 20390

1. Introduction

There is currently a great deal of irterest in generating
intense subnanosecond pulses for laser CIR applications as well as
for other purposes. Success in construction of relatively efficient
solid state lasers which generate terawatt (or higher) level pulses
and which operate reliably for many shots will require either that the
pulse shape and intensity be tailored in time and spatial extent such
that non-linear effects do not predominate or that geometries be
chosen in which these effects can reasonably be expected not to occur,

Disc amplifiers, for example, appear to be relatively immune to
gself focusing (if only in that the surfaces will damage first). They
however are somewhat unattractive from an efficiency and convenience
standpoint compared to a solid rod system.

We have investigated the self focusing problem for three laser
glasses in common use (Owens-Illinois ED-2; Soveril MG 915 and Schott
LG-56). Measurements of N, are reported on unpumped rods for pulse
durations between 20 psec and 25) psec. Measurement techniques for
subnanosecond pulses are not presently as quantitative as might be
desired. Pulse duration measurements by non-linear optical techniques
may lead to erronmeous results unless great care is taken, Energy
measurements are complicated by plasma formation in the calorimeter at
very low levels compared to q switched pulses (== 50 mJ/cm? on carbon)
which reduces the signal to noise ratio to (typically) less than 20:1
and there are difficulties in measuring near and far field intensity
distributions with a high precision and wide dynamic range at 1 um.

2. Measurement of N, in Laser Glasses

In the 1970 ASTM symposium, J. Davit(l) of CGE and M. Duguay and
J. Hansen(2) of BTL reported on measurements on Ny for several glasses
by various methods. Duguay and Hansen reported some measurements at
~ 8 psec on BK-7 and LASF-7 glasses and Davit on tests done at 2 nsec
on LG-56 and MG-915 glasses. While BK-7 might be expected to behave
in a similar fashion to the laser glasses Davit tested, the value of
Ny was about an order of magnitude larger than the BTL value. This
suggests the possibility thLat for very short pulses Ny might be

*This work was supported by the Advanced Research Projects Agency

under ARPA Order 2062.
Paper presented at the 4th ASTM-NBS Symposium on Damage in Laser
Materials, Boulder, Colorado, June 14-15, 1972.
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smaller due to mechanisms important on the nanosecond time scale not
being able to respond to short pulses. Another possibility was that
since neither author used a laser which produced a time band width
limited pulse, both measurements could be consistent with a model in
which some of the pulse energy Js in very short temporal spikes.

For the measurements reported here we used a mode locked Nd:YAG
oscillator-amplifier which has bee:u described elsewhere.(3) This
system produces a TEM,, spatial mode output single pulse with an
energy adjustable from 1-200 mJ in a pulse whose width can be adjusted
from 20 psec to 1.3 nanoseconds by the use of transmission etalons in
the cavity. Our measurements and those of Carmen and co-workers ?X
LLL indicate that the pulse is essentially time-bandwidth 1imited(%)
with a smooth Gaussian spectral and temporal output. Figure 1 shows
the geometrical arrangement of this device.

For the trapping measurements the beas iwas propagated ~ 3 meters
to get rid of near field Fresnel fringes and the pattern checked and
found to be a Gaussian down to below the e-3 points., The beam was
then run through a sample rod and the trapping length noted from the
side during 10-20 shots for each sample. In all cases the start of
the filament was characterized by the emission of blue light (presum-
ably from plasma breakdown in the track). This was somewhat enhanced
in the ED-2, presumably due to the ultraviolet pumping the cerium which
then fluoresced in the region of 4000-5000 }.

Table 1 lists the geometries and absorption coefficients of the
samples tested. The Soveril glass tested was a rod made by the old
process and had a significantly higher absorption coefficient than
MG 915 made by the continuous flow process. The LG 56 rod was
supplied by CGE with the NRL VD 640 and had a low absorption
coefficient for LG-56. We initially questioned whether this was LG 56
or LG 630 and were assured by CGE that it was LG 56.

In the actual sequence of experiments the laser was tuned to
run at a given pulsewidth and then the samples were each irradiated
for 10-20 ghots and the mean trapping length, peak energy density,
pulsewidth and spatial distribution determined. The lager was then
tuned to the next pulsewidth and the sequence repeated. Table 2 shows
the results for pulse durations of 20 psec and 250 psec. The pulse
peak powers and beam parameters were Po =8 x1010 y/em?2, b = 1.: mm
and P, = 1 x 1010 W/em2, b = 1.5 mm, respectively,

The difference in beam parameter was caused by the beginning of
focusing in the YAG preamplifiers which was not severe enough to
noticably perturb the temporal or spectral structure of the pulse. The
cone angle of the self-phase modulated light from the samples was
>~ 0.1 radian at 250 psec and = 0.25 radian at 20 psec. Typically
3-10 filaments would be formed which would traverse the length of the
rod,




Table 3 gives trapping data on ED-2 for a somewhat more complete
gset of experiments. Data sets were run for 20 psec, 125 psec and
250 psec "clean" pulses and also for a pulse 125 psec long with the
etalon misaligned to give two spectral components of equal intensity.
These interfered giving a peak intensity ~ four times the intensity
for a non-structured pulse. This caused a reduction in trapping
length of a factor of two.

Table 4 gives the calculated value of Ny for the glasses tested
with an estimated absolute accuracy of *407%. The value of BK-7
should be taken as a upper limit since lbample > Zfoc*

3. Discussion of the Results

The data all showed an excellent agreement with §§11ey's formula
for the parametric variation of self focusing length(

X
N
! b f o)l
l‘foc 4 (Nz) E ° (1)

Additionally, over the range of temporal values tested Nz for a
particular glass was found to be sensibly constant.

It was additionally shown that N, will follow temporal structure
on the pulse. If we had assumed our Structured pulse to be smooth, an
Nz value four times the observed value would have been obtained.

Under a given set of conditions there did appear to be small but
experimentally significant differences in self focusing length. That
there is a difference between ED-2 and LG-56 is not too surprising
since the two are dissimilar glasses, but the difference between the
LG-56 and MG-915 is surprising, since they are essentially the same
glass. These may be related to the difference in absorption
coefficiant of the two glasses.

4, Systems Considerations

Based upon the values of N, reported here there appear to be no
fundamental difficulties in ampiifying pulses to high energies if the
trapping length is long compared to the amplifier length and the
pulse is temporally and spatially smooth. Unfortunately, these
conditions are rarely met (for more than a few shots).

Dust particles on surfaces can provide nuclei for wavefront
disturbances which can then cause trapping in the next stage. Ihot by
shot this damage can then propagate through the system. This problem
can be minimized 1f the amplifiers are spaced in the far field of any
filaments generated in the previous amplifier.
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TABLE 1

SAMPLES TESTED

GLASS TYPE 4(cm) x(cm'l)
ED-2 30 3x1070
MG-915 (cast) 30 7.5 x }9
LG-56 50 3 x 1075
BK-7 6 3 x10
TABLE 2
RELATIVE DATA ON TRAPPING LENGTH
TYPE 2(250 psec) Z(20 psec
ED-2 2% * 1 6.6 * 1
MG-915 2 t 1.5 6.1 1
LG-56 21 + 1.5 5.6 £ 1
BK-7 = eeeeee-- 6+ *

* The 6 cm sample only trapped occasionally (= 30% of shots) and
within 1 cm of the surface.

TABLE 3

TRAPPING DATA ED-2

t(psec P ngcmzz b (mm) Z(cm)

20 8 x 1010 1.1 6.6 .5
125 1.2 x 1010 1.2 18 ¢ 2
250 1 x 1010 1.5 26 1
125% 4.8 x 1010 1.2 9.2 + 1.6

* Etalon misaligned to cause temporal beats with a four-fold enhance-
ment of peak power,




TABLE 4

N, VALUES (esu)
&~

BK-7 6 x 1074 -14

ED-2 (7 £3) x 10_/

MG-915 (7 ¢£3) x 10_,,

LG-56 (8 £3) x 10
C-5



It is also generally very difficult to aveid Fresnel fringes in
the beam pattern. Based on the experiments of Guiliani,(6) a Fresnel
fringe itself may be expected to have a high threshold for trapping
(since it would be a one dimensional process). However, in a
circularly symmetric beam, the Fresnel fringes may accentuate damage
by moving energy into the beam center where it may tend to form an
intensity spike. We have(’sen such a spike forming at times and we
understand that Bettinger at CGE has seen such a spike form and
then self-focus. This effect seems to be somewhat diminished if any
apertures in the system are non-concentric,

Operating the CGE VD 640 amplifier train with 250 psec pulses
outputs of 50-60 joules have been achieved with little or no
degradation over = 100 shots. A limited number of shots have been run
at levels of 90-100 shots. No degradation has been observed to date.
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APPENDIX D

REFLECTIVITIES OF OWENS ILLINOIS LASER
GLASSES WITH DIFFERENT SURFACE PREPARATIONS

J.F. Holzrichter

Naval Research Laboratory
Washington, D.C. 20390

1. INTRODUCTION

Recent studies of the construction of large laser systems have
pointed out the need for careful consideration of amplified spontaneous
emission and self-oscillation within the laser medium itself. These
effects can seriously reduce the efficiency of the laser system by
extracting energy from,the gain medium in undesirable modes,
Proposals for large Nd doped glass laser amplifiers are suggesting
glass disks of up to 25 cm in major diameter and up to several cm
thick. Internal "whisper" modes within these disks and amplification
of spontaneously emitted light that is scattered off of the edges or
surfaces of the disks can seriously reduce their energy storage
capability.

We have made some simple measurements on the internal scattering
efficiency of rough ground, polished, coated surfaces of 1% Nd-Owens
Illinois ED-2 laser glass. These measurements have been made using
an integrating sphere technique. They point out the wide variation
in scattering efficiency of glass surfaces as a function of angle
and surface preparation. These measurements in conjunction with recent
computer codes that can trace rays in arbitrary geometries with
arbitrary absorption coefficients (including gain) can be used to
estimate the extent of the above problems.

2. MEASUREMENT TECHNIQUE

Figure 1 shows the technique that was used to measure the internal
reflectivity of various surfaces. The incoming laser beam enters the
small integrating sphere (a ping-pong ball painted with BaSO paint)
and scattere off of both glass surfaces, We are interested only in
the scattering from the rear surface. The front surface reflection is
allowed to escape from the sphere through a small hole that is suitably
positioned and the rear surface reflection scatters within the sphere.
After the first bounce off of the sphere, the interior of sphere is
uniformly illuminated and subsequent ray trajectories are statistically
identical. This is independent of the specular or diffuse nature of
the surface reflectivity. The germanium photodiode (Electro-Nuclear
No. 653) is pointed so that only scattered light is received. It
detects the relative amount of scatter from various glass samples.

The sphere can be calibrated by using a BaSO; surface to provide

D-1



total diffuse scattering. The incoming laser beam is chopped at

200 Hz with a tuning fork modulator and the modulated signal from the
photodiode is detected with a lock-in amplifier. A 1.15 micron He-Ne
laser was used because of its availability and because most scattering
and absorbing processes in the materials that we have examined are
esgentially independent of wavelength in the 1.06 to 1.15 micron
region.

The linearity of the system was verified with known attenuators
and the scattering accuracy was verified by comparing the fromt
surface Fresnel reflection from a piece of ED-2 glass to a BaSQ,
covered plate. The 67 reflectivity agrees with the Cary 14 measure-
ment of 5.5%.

An error is introduced in that diffusely scattered radiation
from the rear surface that is below the critical angle will be
trapped within the glass. The extent of this effect can only be
estimated in the present system and is discussed in Section 3. Care
must be taken to ensure that only laser radiation that is scattered
from the back surface is measured. A slight amount of scattering
of the front surface reflected beam from the edge of the exit hole
could lead to erroneous results. Effects to reabsorption of scattered
light by the test surface, and from non-specular scattering from the
front surface have not been considered. These effects would be small.

3. EXPERIMENTAL RESULTS

The data presented in the following Table (Table 1) was taken
with the experimental apparatus that was discussed in Section 2.
The samples were 0.63 cm thick slabs of Owens Illinois ED-2 glass
that were smooth ground (22 u Al,04 abrasive) one side and smooth
polished (pell polish) on the other. Sample No. 2 was coated with
Owens Illinois black glass on the ground surface. Sample No. 1 was
not coated at all, and Sample No. 3 was smooth polished on both sides
and then coated on one side with the Owens Illinois black glass. On
this sample there was no diffuse reflection. The incident beam was
13° from the normal. The reflectivities are corrected for the front
surface Fresnal losses.

The black glass coating is black "solder" glass that was specially
developed for the purpose of cladding ED-? laser glass, It has no
Owens Illinois designation to date,.



TABLE 1

SAMPLE NO, REFL. (u VOLTS) % REFL, COMPARED 7 REFL. CORRECTED
SIGNAL TO 38804 FOR CRITICAL
ANGLE EFFECTS
BaSO4 4200 100% 100%
1, Smooth Grnd. 100 2.6% 6.5%
No coating
2. Smooth Grnd. 45 1.2% 2.7%
0.1. Coating
3. Smooth polish 10 0.27% 0.27%
0.1I. Coating
Front surface refl. 220 5.2% 5.2%
Smooth grnd. to laser 390 9.2% 9.2%
beam

The data is reproducible to within * 10%, and on measurements
that can be checked with the Cary 14, the agreement is good. However,
the corrected data depends on the surface being Lambertian. Angular
measurements indicate that at normal incidence this may be reasonable,
however, this data is certainly less accurate, probably * 25%.

The amount of light that can escape from a Lambertian surface
inside a medium of higher index is restricted by total internal
reflection at low angles.
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The detected signals from the diffuse absorber are corrected by
multiplying column 3 by 2.4 and are placed in column 4 of Table I.

Low Angle Scattering

Additional data on the low angle scattering efficiency is
presented in Table II. This data was taken by conparing the reflected
light to the incoming laser light as measured directly wiih the
integrating sphere. See Figure 2. The laser polarization was perpendi-
cular to the plane of incidence.

TABLE I
Scatter from Following Raw Signal Percent Trans. As
Sample u Volts Function of Internal
Angle From Surface
(Corrected for Fresnel
Losses)
Angle Signal Angle Refl.
Laser Signal 50 100%
Attenuation thru 2 surfaces 44 887%
No, 3 Smooth polish 1.6° 33 1.6° 74% spec.
0.I. black glass 3.2° 25 3.2° 547. spec.
6.4° 17 6.4° 38% spec.
9.5° 12 9.5° 27% spec.
No., 2 Smooth grind 3,2° 21 3.2° 477 mostly
spec.,
0.I. black glass 6.4° 12 6.4° 27% mostly
spec.
Smooth poligh 3.2° 35 3.2° 79% mostly
spec.
ED-2 surface 6.4° 39 6.4° 85% mostly
spec.

In this configuration, light that is scattered at large angles
will not be detected and this can lead to some errors. The data in
the last column for a polished ED-2 surface should be 100%, because
the beam would undergo total internal reflection. This indicates
that some light has not been accounted for. The data in this table
show that at low angles, irrespective of the surface preparation the
reflectivities are high.
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Introduction

Successful predictive design of large aperture disc amplifiers
requires a thorough knowledge of the operative physics in several
areas which are not normally too important in solid rod laser amplifiers,
Conversely, a disc amplifier represents a geometry in which the relevant
physics can be studied with a higher degree of certitude.

These effects of special moment for disc amplifiers can be ranked
in order of importance;

(1) free lasing and/or superfluorescence in the discs,

(2) since one pumps through the faces, any active (i.e. pumped)
losses will be present to a much more severe extent than in a rod
amplifier,

(3) damage to the discs due to the intense optical radiation of
the flashlamps.

During the past nine month period we have explicitly investigated
the first two categories of effects and perforce the third. To assist
in this effort we have employed several power ful computational tools
as well as reasonably standard experimental techniques, The Monte-Carlo
optical pumping code (ZAP) has been used to predict the energy storage
and a modified code used to perform superfluorescence calculations,
quasi-analytic models have been used to predict free lasing thresholds,

Experimentally, the VD 640 glass laser was first used for gain
measurements both with long (30 nsec) and short (250 psec) pulses,
This was not too satisfactory for several reasona; the spatial profile
was not too uniform and the other demands for the use of the laser
system made it difficult to prosecute the experiments with as much
vigor as might have been desired. The delivery of a Chromatix Model
1000 C Nd:YAG laser in December eased this restriction and additionally
offered much greater flexibility in the type of experiments which
could be pursued,
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Free Lasing and Superfluorescence Results

Early experiments with the French laser as the pump laser showed
no gain anomolies as long as the rough ground edges of the discs were
isolated from the gold plated holder by a black anodized copper strip
(a first attempt to paint the edges black was unsuccessful since the
paint disintegrated in a few shots). The operation was restricted to
< 55% of the maximum bank energy by the facts that we had only 15 lamps
in these tests and also that the trigger isolation capacitors then
used disintegrated at 18-19 kv,

In December operation with the Chromatix laser and a full system
revealed that the gain did not materially increase above the level
previously reached as the pump energy was increased to 150 kJ. This
was not expected at that level because of free lasing or superfluor-
escence, so a set of experiments was prosecuted to determine whether
or not some active loss was dominating. This investigation is described
in the next section in more detail. It hzd convincingly negative
results which left only free lasing and/or superfluorescence as the
possible mechanisms.

Several alternate edge treatments had been under consideration
for some time and a black solder glass (G9000) developed by Owens-
Illinois was chosen as a more likely candidate than the two ceramic
glazes which were also formulated for several reasons:

(1) a lower firing temperature resulting in less chance of
having to reanneal the discs;

(2) an index of refraction more nearly matching the index of
ED-2 (1.7 vs 1.56).

This coating was applied to eight (8) discs and an identical
sequence was run from 25 - 72 % of the bank energy using the Chromatix
laser to produce a 1 kW, 200 nsec probe pulse every 20 usec during the
pump pulse. Figure 1 shows the peak small signal gain coefficient/
disc as a function of the edge treatment. Two subsidiary experiments
are included one, with pyrex glass shields in place and one with the
black copper strips removed. In the former case the peak sains were
essentially the same with and without the shields; in the latter
case, fluorescence probes revealed that even at the lowest operating
voltage at which the lamps would trigger (10 kV), the rolloff occurred.
By extrapolating the fluorescence back to a well behaved region the
estimate shown in Fig. 1 was obtained.

The analysis codes strongly suggested that the problem was relaxa-
tion oscillations in the discs rather than superfluorescence and the
relative levels at which oscillation commenced with and without the
black copper strips tended to strongly reinforce this conclusion.
Figures 2 and 3 show data which compares the gain as a function of time
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for the black glass coated discs with the case with copper strips. The
fluctuations in the gain values were marginally statistically signi-
ficant and much more suggestive of the energy storage in an oscillator
near threshold than a system being depumped by superfluorescence.

The results with the black glass edge are in excellent agreement
with ZAP and the superfluorescence code predicts a rolloff of only
~ 3% (which is included in Figure 1) due to superfluorescence at full
energy. Figure 4 shows that the full data set with the black §lass.
It is also predicted that the discs will not oscillate below e gain
with this coating. There are however two caveats at this time; the
coating appears to be damaged to some degree by ultraviolet from the
flashlamps and perfect adhesion of the coating to the discs was not
found so the full predicted gain may not be feasible. The first
problem is being investigated now and the second is relevant to
larger systems; this system will operate with the prescat coating.

Active Loss Investigation

Earlier results on rod amplifiers at NRL, AFWL and AO had suggested
the possibility of active losses playing some role at high pump energy
densities and when the gain rolloff was discovered this possibility
was pursued.

Operation with pyrex shields revealed the same rolloff occurring
at essentially the same level and ruled out ultraviolet lamp emission
below 3000 A. A concurrent experiment in which the transverse gain
through the center of the disc was measured showed the same roll off
and argued against the cerium in the ED-2 playing any dominant role
since then it would have been a surface effect (because of the large
absorption cross-section) and the gain through the center of the disc
would have continued to rise.

The possibility of a broad band transient color centering was

ruled out by spectrally tuning the Chromatix laser to 1.12 mu and -1
.946 mu. In both cases there was no effect to a precision of +.002 om ~.
This left only the possibility of an excited state absorption in the
neodymium system itself. This was checked by performing the small
signal gain measurement at 1.052 u, 1.064 u, 1,074 u and 1.079 u and
comparing the relative magnitude of the gain coefficients at the other
wavelengths to a; and normalizing the measurements to Duston's
fluorescence data on ﬁd-z. This is shown in Figure 5. In all cases

the gain rolled over at ~ 507 pump energy. Figure 4 shows this data.
At the inversion level achieved (~ .42 J/cm3 ) this data and the highest
level data shows that if there is any excited state absorption it must:

(1) have a spectral shape very similar to the fluorescence curve
which would be fortuitous, or

(2) have a peak magnitude < 1%/cm.



It appears that an excited state absorption (if it occurs), is not a
particularly significant mechanism for disc amplifiers since high energy
densities compared to those projected are required for it to play a
significant role. It should be noted that there is no basic inconsis-
tency between this conclusion and observations on rod amplifiers as

they were at much higher stored energies. The superlinearity of the
earlier NRL and AFWL results however suggests that they were contamin-
ated by superfluorescence.

Damage to Disc Surfaces

In conversations with LASL representatives and John Meyers of
Owens Illinois it appears that LASL has seen massive surface damage
to discs and that one possibility is that the cerium oxide powder
Owens Illinois favors for final polishing forms an amalgam with the
glass with a very high ultraviolet absorption coefficient, In the
course of reviewing why we had not seen such an effect we found that

(1) eleven of the sixteen NRL discs were repolished with Linde B
abrasive after the black paint disaster,

(2) the remainder had to be repolished after a subsequent flash-
lamp explosion.

In approximately 350 shots to date on the disc amplifier we have
observed the following phenomena on a less spectacular but persistent
fashion,

(1) any unremoved polishing compound will be burned into the
surfaces,

(2) we have had a problem with gold from the mounts flecking
off and being deposited on the surfaces. This seems to have been
caused by improper surface preparation before plating and after ~ 200
shots this effect has disappeared,

(3) 1in several discs internal bubbles have appeared which are
not oriented along the optic axis but rather follow skew paths rather
as if they were there initially and irradiation has increased the size
to a noticable extent,

(4) random small damage spots apparently caused by dust particles.

None of these effects have had any significant effect on the laser
performance of the device but they are cosmetically unpleasing,

Summary of Results to Date

The dominant problem in the operation of the NRL system i1as been
shown to be pre-lasing of the discs off the disc edge. It appears that
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the black glass coating Owens Illinois has developed will suffice to
permit operation of this device at up to the design levels.

Projected Experimental Program (6/30/72)

(1)
(2)
)
(4)
(5)

v(

Check geometrical sealing of ZAP program.

Check gain to full pump energy.

Look for excited state absorption at higher inversioms.

Run to full energy (400 - 500 J) with 250 psec pulses.

Measure pump uniformity by doing x-y scan with Chromatix laser.

DISC LASER
kV)  oi(disc)  qt(ll)  N/emd)  €x) €
10 .1025 1.130 .316 1.14% 1.24%
12 .1375 1.516 .436 1.09% 1.185%
14 .1613 1.78 498 .915% .995%
16 .185 2,04 .575 .81% .88%
17 .193 2.14 .595 . 75% .8167%
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ABSTRACT

In disc laser amplifiers, the achievable inversion (and thus the gain and
energy output) is limited by fluorescence amplification and parasitic
oscillation. 1In this paper, analytic results and Monte Carlo calculations
of both these effects are presented for spheres, circular discs, and
elliptical dises. The effects of gain, fluorescence line profile, refractive
indices, and disc thickness on fluorescence amplification are presented,

The loss rate is seen to increase rapidly above an across-diameter gain of
exp (5) or so, independent of thickness. Parasitic oscillation is analyzed
as a function of edge and face index ratios, and of edge roughening, Above
exp (3) gain, parasitic suppression is difficult, even with a rough edge.
Parasitics thus appear to present more difficulties than fluorescence
amplification. The effects of both processes on peak inversion achieved
during a pumping pUIii are also presented. In conclusion, the maximum
practical size of Nd”' glass laser discs is estimated to be about 30 cm
due to the effects of parasitic oscillation and fluorescence ampliiication.

Authorization
NRL Problem K03-08.502

Project No. ARPA Order 2062

This is a final report on one phase of the problem; work is continuing on other
phases,
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I, INTRODUCTION

Multi-disc laser amplifiers are presently of interest in the production
of high-energy light pulses for the generation of dense, high-temperature
plasmas for x-ray generation and controlled thermonuclear reactions. Disc
amplifiers, as compared to rod amplifiers, have the advantages of more
uniform pumping, easy heat removal, small size of individual glass pieces,
and less susceptibility to self-trapping. However, the design of these
amplifiers must be carefully carried out if costly and time-consuming mis-
takes are not to be made.

One of the problems which must be understood before disc amplifier

(

-9
design is undertaken is that of fluorescence amplification 1-%) (sometimes

called amplified spontaneous emission, superfluorescence, or - incorrectly(lo)
- superradiance). Fluorescence amplification makes energy storage in
lasers more and more difficult as the inversion level rises. Section II
of this paper is a discussion of analytical and Monte Carlo calculations
of the limitations due to fluorescence amplification in various geometrical
shapes relevant to the disc laser problem, and of the effects of varying
size, shape, gain, refractive index, and line profile,

Another problem which arises in disc amplifier design is parasitic
oscillation. Such oscillation sets a sharp upper limit to the achievable
inversion, and often is a more serious problem than fluorescence ampli-
fication, In Section III of this paper, parasitic oscillation linits to
achievable gain in a single disc will be calculated as a function of the

reflections due to the refractive indices of a disc and its surroundings,

and as a function of the edge ioughness of the disc.
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Both fluorescence amplification and Parasitic oscillation act to limit
the maximum practical size of the discs in a disc amplifier, since both pro-
cesses get worse as a disc becomes larger (assuming constant inversion density).
Accurate analysis of both effects is therefore required to determine the exact

limitations on size and gain.

I1I. FLUORESCENCE AMPLIFICATION

Many materials, wnen Properly pumped, exhibit fluorescence (the sponta-
neous emission of photons). The fluorescence arises when the upper level of
the fluorescent transition is populated by the pumping process, and
radiative transitions to the lower level take plac:. Once the pumping is
turned off the fluorescence usually decays exponentially with a time
constant called the fluorescent 1ifetime T. An exponential decay implies
that the process is linear - that is, that the fluorescence is linearly
Proportional to the population in the upper level,

Suppose, however, that the Pumping was so intense that an invers:on
exists; the population in the upper level is greater than the ropulation
in the lower level. The pumped material then exhibits optical gain at the
transition frequency, and may be used to amplify light in a laser amplifier
or oscillator. However, the fluorescence continues under conditions where
gain exists; in fact, the processes of spontaneous emission (fluorescence)
and stimulated emission (gain) are inextricably interconnected, This means
that fluorescent light, once emitted within the volume of the material,
will be amplified before it reaches the edges. This increases the effective
fluorescence loss rate, which is the same as decreasing the instananeous

F-6

o e
U W T T e - -




fluorescent lifetime. Because the gain, and thus the added loss, now depends
on the inversion level, the fluorescent decay process is no longer linear.
Instead, the decay rate becomes faster as the inversion level increases.

This fluorescence amplification problem is especially severe in large laser
systems, since the long path lengths available lead to large total gain and
thus large amounts of fluorescence amplification,

So far we have considered what happens when the pumping is over.
However, the fluorescence and gain processes also exist during the pump
pulse. If the fluorescence amplification is negligible, so that the system
is linear, then doubling the pumping amplitude will double the inversion.

In general, the peak inversion will be linearly proportional tc the pump
pulse amplitude. This proportionality will be destroyed if gain exists in
the material. In the presence of fluorescence amplification, equal incre-
ments of pumping will yield smaller and smaller inversion (and gain)
increases, because the decay rate per unit of inversion will increase with
the inversion. The details of pumping in the presence of fluorescence
amplification are studied in Section IV,

In this section we will consider only single-pass fluorescence
amplification, That is, the edges of the discs will be assumed to be
totally absorbing, so that once the fluorescent light hits an edge it is
not reflected back into the disc again, This is the best possible edge
condition for an amglifier, since if the disc edge is not perfectly black
the light will be reflected back into the disc and excite further stimulated

emission, thus increasing the fluorescence loss rate. We are therefore
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calculating an upper bound on gain due to the effects of fluorescence
amplification, since any actual disc will return some reflected light, thus
increasing the loss rate and decreasing the gain. We here limit ourseives
to the black-edge case because once light is reflected from the edges
oscillation will occur at some gain level and a different method of analysis
must be used to find this level (see Section III),

A, Fluorescence Amplification in a Sphere

We first calculate the stimulated emission in a sphere, not because

(11)

sphere lasers are of interest but because an exact analytical calculation
is possible in this case. In addition, the sphere forms a simple system in
vhich to demonstrate the effects of line shape.

1. Single-Wavelength Calculation

Consider a laser material in the shape of a sphere. We will assume that
a spatially uniform inversion exists throughout the sphere, and make a
calculation of the instantaneous rate of fluorescence amplification, The
inversion causes the material to have a gain coefficient g, such that the
intensity of a pencil of light rays increases as P = Po exp (o), where 4
is the path length along the ray direction. Suppose that spontaneous emission
releases a power of I per unit volume, If the sphere has a diameter D, the
total spontaneous emission is I =« D3/6. We will calculate the amount by
which this spontaneous emission is amplified.

Introduce a system of spherical coordinates centered on the surface of
the sphere (Fig. 1). The angle ¢ is measured from the sphere diameter,

and 6 gives the rotation around the diameter. The distance r is measured

F-8
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Fig. 1 - Coordinate system for the analysis of fluorescence
amplification in a sphere of diameter D. The origin is at the
sphere's south pole,
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along the direction defined by 6 and ¢. The element of volume in these
coordinates 1is r2 sing dr d8 d¢, and the fluorescence from this volume is

I r2 sing dr d8 d¢. We assume that this fluorescence is emitted isotropically.
An element of sphere surface of area dS at the origin of coordinates will
intercept a fraction of the fluorescence equal to the projected area of dS in
the direction of the volume element (dS msg) divided by the area of a sphere
centered on the volume element and passing through the origin (4 x r2),
However, the fluorescence will be amplified by a factor exp (axr) before it
reaches dS. Thus dS will intercept a total radiation (spontaneous plus

stimulated) of

i—n exp (ar) as¢ sing dr d8 dg ds.

Now integrate this expression over the volume of the sphere to find the

total flux on the area dS:

21 n/2 Dwso
dp=-1—4‘:—sfde/d¢/dre°’cw¢sin¢

(o] o (o]

/2 DS
=I—2d—s-fd¢/dre°’cw¢sin¢

(o] (o]

/2
=-;—ad—sfd¢ (eCL D‘w‘b-l) ws¢ sing .

(o)
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With the change of variable u = a¢, the flux becomes

1
dp = L—gé./fhu u (?QDU - 1)
20
o
1 ds aD 1 1 1
= — e — |+ — - .
2a. d oD %

By symmetry, all elements of the sphere surface receive the same flux, so the

total emission hitting the sphere surface is
I G I A U W W
N o/ (ap)? '

To find the amount M by which the original spontaneous emission has been

multiplied, divide by the total spontaneous emission 1 n D3/6 and find

B
_ 3 |2e Sy, 2 .
M= 25 [B (1 B)+ 7 1] ,

where we have introduced the variable B = op. Note that B is the log of the

gain straight across the sphere. The ratio of stimulated to spontaneous

emission is

™

3 2e" 1 2
A= EE [-——' (1 - %) + Eﬁ - ].] -1.




Our calculation has been for a single value of q. However, in actual
laser materials the fluorascence and gain are distributed in wavelength
according to some line profile, with values from zero to the peak value being
represented. The effective values of the spontaneous emission multiplier M
and the stimulated-spontaneous ratio A are therefore found by averaging the
single wavelength values over the line. From the viewpoint of fluorescence
amplification, the worst possible case would be a flat-topped or rectangular
line profile, since in that case the line average is equal to the peak value,
For more realistic line profiles, in which values less than the peak are
represented, the line average is less than the peak a by an amount which
depends on, the line shape.

It should be noted that M = 1 + A for any line shape, since by definition
M= (J+K)/J=1+J/K and A = J/K, where J is the spontaneous radiation
and K is the stimulated radiation.

2. Lorentzian Line Profile

Let us, for example, calculate the values of M and A for a Lorentzian
line profile. The gain (and the fluorescence, which has the same line

shape) have the form

%

200 - 2 ) 2
W

1+

where qp is the gain at the peak of the line, Xo is the center wavelength and

W is the full width at half maximum,
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Since all that matters when averaging over a line is the fraction of the
line representing different values of a, we need to find a function which gives

this amplitude weighting. For any symmetric shape of o, we have

+o

[aMdA

+o
a dA

%
J/~G,M %A da
Y, a

/

Introducing the variable x = u/qp, we have

o
Q-IQ-
Q>

da

1
M=j M (c.p) pL(X) dx

o]

where the Lcrentzian weighting function pL(x) is given by




Since the integral in the denominator is the beta function B(},%) = =,
we have
1

PL(X) = —
n W/x(1-x)

The line-averaged value of the stiilated/spontaneous ratio is given by

1
AL =/ A (apx) pL(x) dx
)
1
_3 2¢"* (1__1_)+_2____1 |
21 J dx 82}:2 Bx B3)(3 Bx Jm

where 8 = ch. Unfortunately, the various terms of the integrand lead to
(cancelling) infinities. We therefore calculate AL by a less direct method.

Firstly, we determine the power series expansion of A by expanding the
exponential and combining terms. We find

3BX g, 2 8,3 R4
Sl N NN V.
A= +05 tag taept e

n

ppe—
- el (n+3) (1) !
where Bx = ap.
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Then the line average is

ann-%

o n=1 (l-x)}i (n+3) (nt+1)!

We reverse the order of summation and integration, and use the fact that the

integral over x is a beta function to find

2 3 4
-38,38 .58 .8
A"Te*80 t7e8t 1026t v

1

_f: 38 8 2r-1
= (m#3) ()] O \2r .
n=1

Since the series must be summed numerically to find the AL correspondin ; to
some specific B, the error due to truncating at any n must be known. Let

the relative error due to ignoring terms beyond m be gn’ 80 tha

A = (%1 a_ s“) (1 + em)

where

~ 3 g 2r-1)
T @)@t :
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Then we have

As m becomes large, the ratio of successive coefficients of @ in the expansion

of AL becomes

o+l _ (n+3) (2nt+1)

1
a_ (m+4) (n+2) (204 2) 0+ %

We therefore have an upper limit tn the truncated part of the series:

1
e 0 - w1 /8 \" am+1€n+
n§m+-1 *a® <nz=:0 or1P (“*9/2> .8 7

T m9/2

Therefore

m
where Zm =y . aan'
n=

3. Gaussian Line Profile

We may find the effect of a Gaussian line profile having the form

(x- xo>2
-\

a=oq, 2

n
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by the same method used for the Lorentzian line. In this case, the amplitude

welghting function is

1
-1 gn X

pG(X) =

and term-by-term integration of the series expansion of A yields

2 3 4
a-38 B8 g, 8
€ gz 30 9 505

- ag" :
X @) (T ST

n=1

In this case, as in the Lorentzian one, the ratio of successive coefficients
approaches n + 7/2 as n » ®, and so the truncation error limit given for the
Lorentzian line profile also applies to the series expansion of A for a
Gaussian line profile.

4, Summary of Analytic Sphere Results

Table I gives numerical values of the ratic of stimulated :o spontaneous
radiation A as a function of B (the log of the across-sphere gain at the
line peak) for flat-topped, Gaussian, and Lorentzian line profiles of the gain
coefficient, For small valucs of B, we see that A is linearly dependent on
B with a coefficient which depends on the line shape. The rise of A with R
becomes faster as B approaches unity, and is very fast for values of B much
greater than one. We shall see later that this behavior is typical of any
shape of laser material. The fact that decay rates rise sharply for g > 1

means that pumping becomes more and more difficult in thisg region.
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TABLE I

Ratio of stimulated to spontaneous radiation A in a sphere as a function of

the log of the across-sphzre gain at the line peak B for flat-topped, Gaussian,

and Lorentzian line profiles.

B AFLAT Acauss ALORENT
.01 ,003760 .002657 .001879
.02 007540 .005326 ,003765
.65 .01900 .01340 .009470
1 .03852 .02710 .01913
.2 07917 05543 .03905
.5 .2153 1484 .1040
1. .5000 .3352 .2326
2. 1.396 8790 .5980
5. 12.97 6.4 4.153
10. 595.6 206.8 123.4
20. 3.457 x 10 8.097 x 10° 4.670 x 10°
50, 6.097 x 10 8.778 x 107 4.992 x 107
100. 7.984 x 10°° 8.055 x 10°8 4.562 x 10°8

5. Monte Carlo Calculation

The amount of fluorescence amplification in a sphere was also calculated

by means of a Monte Carlo optical power flow program.

Since analytical

results are available in the case of a sphere, it may seem pointless to

duplicate the results with an approximate method.

T PN T VL,

R R T

s LB
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program can be used with geometric shapes of arbitrary complexity., Thus it
is much more general in its application than analytic methods, but of course
any such program should be checked in a geometry where the results are known.
This is the reason for its use in the case of a sphere.

The Monte Carlo program is called “AP. It traces optical power flow in
systems which are made up of segments bounded by planes, spheres, cylinders,
cones, conic surfaces, and so forth, or in combinations of such segments. The
material in the segments is specified by its refractive index and absorption
(or amplification) coefficient. The system surfaces may have constant or
angle-varying reflection, both specular and scattering. Each optical ray
carries with it up to two hundred wavelength intervals. The bulk and
surface properties of the system may vary with wavelength, and the optical
power in each wavelength interval will change according to the system
properties at its particular wavelength. Rays are started at random from
specified sources (surface or volume) with given initi-l wavelength
distributions of power, and traced through the system to find the deposition
or extraction of power in all the system elements. A ray cut-off scheme is
used which assures that ray truncation error is small without wasting time
following weak rays. ZAP was designed for accurate modelling of laser pump
cavities (a job it does well), but it is also well suited to the calculation
of fluoresceice amplification in arbitrary geometries,

The sphere geometry was specified to ZAP, and runs of 2500 rays were made
for various values of B to achieve an accuracy of two or three percent.

The rays were started at random throughout the sphere, to correspond to

uniform inversion. All rays hitting the sphere sur{ace were totally absorbed.
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Runs were made for a flat-topped line (one wavelength), for a line with a
Gaussian profile, and for a line with a Lorentzian profile. The Gaussian and
Lorentzian lines wcre modelled by dividing a line profile into equal intervals
of wavelength., The gain coefficient and starting power in each wavelength
interval were then taken proportional to the value of the gain coefficient at
the center of the interval. It is necessary to go a large distance out on
the tail of the Lorentzian line in order to get a proper weighting of low
values of the gain (recall that the Lorentzian amplitude weighting function
approaches infinity as the amplitude approaches zero). The final result,
with the above number and spacing of wavelengths, is about 1% high for a
sphere when the calculation is exact. To this systematic error, the
Monte Carlo method adds the previously mentioned random error of 2 or 3%.

A comparison of the analytic and Monte Carlo results for a sphere is
shown in Fig. 2. The agreement is quite satisfactory, since the exact
result lies within the Monte Carlo error limits in all cases.

B. Circular Disc

We will now consider the case of a circular disc, which is of considerably
greater practical interest. We will first perform an approximate analytic
calculation which is exact for infinity thin discs at low gain, and then
find the results for thick discs and/or high gain by the Monte Carlo method.

1. Analytic Approximation: Thin Disc, Low Gain

Consider the spontaneous fluorescence emitted from a small element of
volume in a circular disc with a totally absorbing edge. Some of the radia-
tion will strike the edge directly, while the rest will hit the faces. Both

components will be amplified as they travel, The radiation which goes to
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Fig. 2 - Analytic and Monte Carlo values for the ratio A of
stimulated to spontaneous loss as a function of the product
B of the gain coefficient and diameter for a sphere. Curves are
shown for three different line profiles of the gain coefficient.

F-21




the faces can be further separated into two parts. Some will strike at less
than the critical angle for total internal reflection, in which case most
will be transmitted and a small fraction (- 5%) reflected back into the disc.
Some will strike at more than the critical angle, and will be totally
reflected back into the disc. This totally reflected component will continue
go bounce back and forth between the faces until it finally strikes the black
edge. The path length for this process is the same as if the radiation had
gone straight to the continuation of the edge beyond the faces (Fig. 3).

Thus there are two parts of the circular disc gain calculation: the
radiation below the critical angle, and that above the critical angle,

a. Radiation below the critical angle

Consider a circular disc of diameter D and thickness L. A volume element
at a distance r from the disc center emits a pencil of radiation at an angle
¢ from the normal to the disc (Fig. 4). The distance from the point of
emission to the edge is 4; the ray travels a distance L csc ¢ before it hits
the edge. Note that this result is independent of the position along an
axis normal to the disc faces (the z-position) of the emitter. The distance
L depends on the angle 8 from a disc radius through the emitting element to

the emitted pencil. From Fig. 5 we see that

¥

2
L=\/(-§) - (r sin )% - r wo .

The radiation is multiplied by a factor of exp (g 1 csc @) as it travels to

the edge; we recall that g is the gain coefficient in the material.
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We must integrate over the disc volume (i.e., over r) and over solid
angle. The fractional disc volume at radius r is 8r D'2 dr, and the fraction
of solid angle at 6, ¢ is (lm)'1 sin ¢ d@ d¢. The angle ¢ varies from ec
to n-Oc, where Oc is the critical angle, but by symnetry we can tgke twicg
the integral from Oc to /2, Likewise we may take twice the integral from
0 to n for 8. The above-critical-angle integral for the ratio M of total to

spontaneous emission ig then

D/2 2
8 /2 1/2 = Q(JDT' - rz si.n2 0-r cwe)
“1'_2' drfd¢fd8rsin¢exp o
"D B 0 sin ¢
c

This is somewhat clarified by use of the dimensionless variable u = 2 r/D,

whence
1 n/2 =« —_—
2 ﬂ(«l-uz sinze- ucwe)
M1=;—jduﬁ¢ﬁ0usin¢exp .
0 ec 0 2 sin ¢

For the low gain condition o << 1, we can expand the exponential in its

power series and produce & gimpler integral:

, 1 n/2 x ,' uD(Jl -2 sinze-mre)
M1=-fdl£/d¢ dé u sin ¢ |1 + t ... .

no 8 0 2 sin ¢
c

The first term in the series yields the simple result cwec, but the second term
is more difficult. Sin ¢ cancels in numerator and denominator, so the ¢ integral
is just (n/2 - Oc), leaving
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1 n
- ap (x| . ( 2 2 )
M1 mec+n (2 Gc)fdl:/-dbu Jl-u sin® 8 - uas8 J .
0 0

In the O integral, the a O portion integrates to zero, leaving twice the

complete elliptic integral of the second kind

) ]
2E (uz) =!d6 (y1 - u? sin? e).

v

so that
1
M=m9+-2—qg Z_ 9 du u E u2
1 c i 2 c
0
which by the change of variable q = u2 becomes
1
- D (n _ f
M1 a ec + n 2 ec dq E(q)
0

thus yielding the final result

M = @ ec+%9(%- ec)(25+c) + ...

where G = ,9159656 <++ is Catalan's constant.
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8. Radiation above the critical angle

Let us follow the radiation emitted at above the critical angle for
total internal reflection by a volume element at distance b from the disc face
(Fig., 6), Starting at angle ¢ from the normal to the face, the ray travels
a distance b sec ¢ before it hits the face. The relative strength is now
exp (o b sec ¢). A fraction T is transmitted through the face and (for our
purposes) loest, while (1-T) is reflected and crosses the disc. The path length
to the opposite face is L sec ¢ (recall that L is the disc thickness), and
so the reflected ray is amplified by exp (a L sec ¢). It then again loses
a fraction T to the outside, and (1-T) recrosses the disc, is amplified, and
1s partially transmitted and partially reflected. The bouncing process
continues until the ray hits an absorbing edge. Let the relative strength
at the first encounter of the face be P = exp (o b sec ¢), and define the
gain on a pass all the way across the disc to be K = exp (a L sec ¢). Then

the ray strength is as follows (Fig. 7):

1 at the start

P at the initial face intercept
P(1-T) after the first reflection

P(1-T)K after crossing to the o;posite face
P(l-T)ZK after the second reflection
P(l-T)ZK2 after the second full crossing
P(l-T)3K2 after the third reflection
P(I-T)3K3 after the third full crossing

and so forth. The total amount radiated is then PT + PT(1-T)K + PT(I-T)ZK2

+ PE{I-T)3K3 + .., which sums to PT/{1 - (1-T)K] if we take an infinite number
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of terms. Of course, the actual ray will terminate after a finite number of
bounces, but the error in the infinite-bounce approximation is small as long
as the gain across the disc times the reflectivity is small, in which case

the ray strength is reduced to a negligible value in just a few bounces. This
smali-gain case is exactly the one we are calculating, so we will use the
infinite-bounce approximation above, which overestimates the actual result.

We must integrate over angle and position to find the overall average
gain. The fractional solid angle at angle ¢ is sin ¢ d¢/2, and the fractional
volume is db/L (note that the r and 9 integrals have vanished because there is
no r or § dependence in the infinite-bounce approximation). Then the above-

critical-angle radiation contributes approximately

Gc L
~1 T exp(g b sec ®) sin ¢
M2 ”Lﬁ‘bfdb 1 - (1-T) exp(a L sec ¢)
0 0

where we have (by symmetry) taken twice the ¢ integral from 0 to Gc rather
than the integral from 0 to Gc plus the integral from x - Gc to n. For

ol << 1 we expand the exponentials in the integrand and divide to get

Gc L
.1 . ob , (1-T) gL
MZ—Lﬁ¢ﬁb81n¢(l+w¢+Tcw'¢ i...)
0 o

Qc B
=fd¢sin¢ 1+ B2 oo
0



which integrates to

While performing this calculation we have made another approximation: we have
assumed that the transmission T is independent of angle, and have ignored the
fact that T depends on polarization. In actual fact, T decreases as ¢
approaches the critical angle, and more radiation returns to the disc to be
amplified, If we use the normal-incidence value for T, this approximation
underestimates the actual result, and (hopefully) tends to offset the over-
estimate due to the infinite-bounce approximation. In any case, both
approximations get better as the disc gets thinner, since then even a ray
starting near the edge takes many bounces to get to that edge, and the
across-disc gair is low so even if a ray takes more bounces to exit than
we calculate (due to greater reflectivity) the added radiation is small,
Y. Total Result

Adding together the results above and below the critical angle, we find

that for low gain (oD << 1 and oL << 1) and thin discs we have

8
Mal+qp(%-“—°)(%+c) +a1.(%-%)om(§le—> E
c

This result is for one value of 0, and thus corresponds to a flat line
profile, Values of m corresponding to other line shapes may be calculated
as in the sphere case.
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With a Lorentzian line profile, the amplitude weighting function is
pL(x) = [ﬂJx(l-x)]-l. We can write M in the form M = 1 + Ba()\), where

B 1s independer.t of )\. Then

1
ML = [ax l1+Bgx
0 m,/x(l-x)

where ¢ 18 now the gain coefficient at the line peak.

We thus have

or
:-1+ D l_& l+G . Ll__l %_].'_
M=l+ad \z - 2\2 Tet\2r T 4) Mwe_ )

-1
With a Gaussian line profile, Pc = (,,/-n on x) and we get

1
M Efdxl’r_n.n_x_
N1 fn x

0
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We thus have

or

8
oD 1 clif 1 alLfl 1 1
M _a_:l.’.t - - —=N=4+ + = —_— - - 37! —— o
¢ V2 (2 i XZ ) V2 (T 2) (wec)

Since the low-gain result in any geometry will always have the form
M=1+ Caor A= Cg (where C 18 a constant depending on the geometry), the
. flat-topped, Gaussian, and Lorentzian lines will always have the low-gain ratios
2:./2:1 exhibited for the sphere and cylinder.
2. Monte Carlo Calculation

ZAP was used to find the stimulated-spontaneous ratio A in circular
discs. Again the inversion (and thus the gain coefficient) was assumed
spatially uniform, The reflection at the face was taken as the average over
polerization. In Fig., 8, we see the results for flat, Gaussian, and
Lorentzian line profiles in discs whose thickness is 207 of their diameter.
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Fig. 8 - Monte Carlo values of the ratio A of stimulated to
spontaneous loss as a function of the product B of the gain
coefficient and diameter for a circular disc of thickness equal
to 207% of its diameter. The ratio of the refractive index
inside the disc to that outside the faces is 1.56. Curves are
shown for three different line profiles of the gain coefficient,
The low-gain, thin-disc approximation is shown for comparison.
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The refractive index inside the discs was 1,56 times the index outside and the
circular edge of the disc was totally absorbing., The A ratios are shown as a

function of B = g D, where g is the gain coefficient at the line peak and D

is the disc diameter. Also shown is the small-gain, thin-disc approximation.

The approximation is seen to be good below B 2,1, even for discs this thick.

The A curves have the same general shape as the curves for a sphere;
except for a faster rise when A is greater than one (this faster rise is due
to the longer path available in the cylinder due to total internal reflection
from the faces).

The amount of fluorescence amplification in a disc depends on the disc
thickness and on the ratio of refractive indices inside and outside the
sphere, as well as on the gain coefficient, As the cylinder index approaches
the index of its surroundings, less and iless of the light inside it under-
goes total internal reflection, and A becomes lower, For exact index matching,
no light returns into the disc and A has its minimum value, The variation of
A with index ratio is shown in Fig. 9 for various values of B. The low-
gain, thin-disc approximation is also shown in Fig, 9, and is seen to match the
Monte Carlo results well except at low index ratios, where the angle for
totsl internal reflection increases and the infinite-bounce approximation
breaks down,

The Monte Carlo results for the variation of A with relative disc
thickness are shown in Fig. 10, The values for B = ,1 are compared to the
low-gain, thin-disc approximation. The approximation is seen to be good to

at least 80% disc thickness. The most interesting feature of these results
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is the very slow increase of fluorescence amplification with disc thickness.
Tais slow increase arises because much of the fluorescence amplification in a
disc is due to rays which are totally reflected at the faces of the disc, and
the contribution of such rays is independent of disc thickness. Since useful
laser gain is roughly proportional to disc thiciness, discs should be as
thick as possible within the constraiuts of pumping uniformity, thermal
distortion, self-trapping, and fabrication difficulty. There is also an
obvious advantage in trading a thick, weakly-doped disc for a thin, highly-
doped disc, since fluorescent 1ifetime usually decreases with doping.

C. Elliptical Disc

Analytical computation is difficult in the case of an elliptical disc,
and unnecessary in light of the good fit of the Monte Carlo results to the
sphore and circular disc cases. Therefore only Monte Carlo calculations
were made in this case. The computations were for discs whose major and minor
axes were in the ratio 1:0.5, which is typical of laser glass tilted at
Brewster's angle in air if the beam is round. The thickness was 1/7 of the
major axis, since this corresponds to an actual disc in use in a multidisc
laser amplifier in our laboratory. Once more, the inversion was uniform,
the ingide=outside refractive index ratio was 1.56, and the curved edge was
totally absorbing.

The ratio of stimulated to spontaneous radiation, A, is shown in Fig. 11
as a function of B = o D, where D is the disc major axis. The results are
about 707% of those for a circular disc of diameter equal to the ellipse

major axis, for low values of B. As P increases, this fraction decreasces.
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Fig. 11 - Monte Carlo values of the ratio A of stimulated to

spontaneous loss as 4 functiun of the product R of the gain
coefficient and major axis for an elliptical disc of minor axis
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refractive index ratio is 1.56. Curves are shown for three
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The radiation absorbed by the disc edge and that exiting from the disc
face were found separately in the elliptical disc calculations. These values
are shown in Fig. 12 as a function of B. We see that the greater part of the
stimulated radiation increase at high @ goes to the disc edge, rather than
to the disc face. In high energy systems, the edge absorber may thus have
to withstand large loadings.

D. Discussion

We have studied the problem of fluorescence amplification, in which the
fluoresceuce emitted by a material with optical gain is amplified by stimulated
emissior as it passes through the material, thus increasing the natural
fluorescent loss rate. We have defined the ratio of total loss to fluorescence
M and the ratio of stimulated to spontaneous loss A.

Fluorescence amplification causes pumping to become more and more difficult
as the stored energy (and thus the gain) increases in a material. In effect,
the energy decays with an instantaneous fluorescent lifetime given by /M,
where T is the natural or low-gain lifetime., This means that as the pump
strength is increased, inversion will not increase in proportion. The resulting
pump efficiency decrease is a slow functicn of the pump energy, rather than
the abrupt upper limit due to parasitic oscillation (Section III), The exact
details of the process depend on the geometry of the material and the
fluorescent line shape, but in general pumping is quite difficult when the
gain across the longest dimension of the material is about exp (5) = 150
or more (we assume that the natural lifetime is not extremely long, so that
its decrease by a factor of 10 is a serious problem). The effect of fluore-

scence amplification orn pumping will be considered in detail in Section IV.
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The line shape of the fluorescent emission (and gain) is important because
a line with broad, low wings has less fluorescence amplification than a more
rectangular line, for the same peak value of the gain. For low gzin, we
have shown that the ratio A has the relative values Z:VE:I for flat (rectangular),
Gaussian, and Lorentzian gain profiles; Monte Carlo calculations show that
these relations are roughly maintained at higher gains., Actual laser
materials often have complicated, multi-peaked line profiles, but in principle
we could find the single-wavelength value Al for the geometry we are using
and then (perhaps numerically) integrate this with the amplitude weighting
function corresponding to the laser material we are using. 1In practice, it is
undoubtedly sufficient to estimate where in the flat-Gaussian-Lorentzian
family the actual line shape lies and to interpolate to find A for that
line shape.

The geometry of the amplifying material strongly influences the amount of
fluorescence amplification. In the simple case of a sphere, A and M depend
only on the product of the gain coefficient g and the disc diameter D, and
of course on the line shape. When we consider a circular disc, we find that
A and M depend not cnly on gD, but also on the refractive index ratio between
the inside and outside of the disc, and on the ratio of thickness to diameter
of the disc. An index match between inside and outside is desirable since it
leads to the least possible fluorescence amplificatien. However, in short-
pulse high-power lasers the index-matching material may cause problems due to
self-focusing damage, so this remedy is not always available, The fluorescence
amplification is also ieast for vanishingly thin discs, but of course such

discs have insufficient gain along the path of the actual laser pulse to even
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overcome their own surface losses. Since the increase of fluorescence
amplification with thickness is slow, it is not harmful to increase the disc
thickness until it is limited by other considerations. For example, the
deposition of pump energy changes with disc thickness, but this question is
beyond the scope of this paper. An elliptical disc has the same type of index
and thickness behavior as a circul;r disc, but the fluorescence amplification
is somewhat less than in the circular case. Elliptical discs have the addition-
al advantages of smaller size and hence lower cost (when compared to circular

discs tilted at Brewster's angle to a circular beam) and closer coupling to

the pump sources,

III. PARASITIC OSCILLATION

Parasitic oscillation takes place when a material with optical gain has
in it (or through it) a light path which returns on itself. Uuder this
condition, the material will break into oscillation when the gain is large
enough to overcome the path losses. Such undesired oscillation will make
it impossible to increase the stored energy in the oscillating volume, since
once oscillation begins all further pumping is immediately converted into
oscillating power and lost. If the mode of oscillation fills an appreciable
fraction of the laser volume, it thus sets a sharp upper limit to the available
stored energy, and therefore the gain. If the mode gain does not vary greatly
with frequency across the gain line profile (or if it oscillates so rapidly
as to effectively sample all values of gain in the line), then the place

where oscillation will begin is the line peak., This means that the maximum
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gain coefficient g determines the oscillation threshold, so that rectangular
line profiles are the best from the view point of parasitic oscillation,
since they maximize the available laser output at the onset of oscillation.
Parasitic oscillation cannot be calculated by ordinary Monte Carlo
methods, since the power in oscillating modes typically flows in precise
directions at any point in space. Unless the Monte Carlo algorithm is
lucky enough to start a ray at exactly the correct positica going in exactly
the correct direction, it will not find the mode at all. Imagine, for
example, the simple case of two reflecting plane mirrors 1 cm in diameter
spaced 10 cm apart, with a laser material between them. In the case of
such large mirrors, we can ignore diffraction and do a simple ray-tracing
analysis. The mode occupies the whole volume between the mirrors, so the
Monte Carlo method just has to get the angle right. In fact, however, there
is only one exactly correct direction - the direction perpendicular to the
mirrors. Rays at a small angle from the correct direction will bounce between
the mirrors a number of times before they miss a mirror and exit from the
system. On the average, a ray at an angle € from the system axis will

bounce N times, where N is given by

ad
= 24€

where d is the mirror diameter and 4 is the inter-mirror distance. If the
Monte Carlo method starts rays at random in angle, the probability of getting

N or more bounces from a ray is
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2
PV = (4TdL) :

The rapid decrease of p as N increases means that a very large number of rays
must be started to get a ray with many Bounces. For our 1 cm by 10 em
resonator, we must start 16,000,000 rays (on the average) to get one with

100 or more bounces. Clearly, random-starting ray-tracing methods are not
suitable for mode finding unless considerable modification is made to them.
Without such modification, a Monte Carlo algorithm may give what seem to be
perfectly reasonable results even in the presence of an oscillating mode
above threshold.

Since our Monte Carlo program is unsuitable for the analysis of
parasitic oscillation, a simplified analytic method was used instead.

The method uses a simple ray-tracing viewpoint which ignores diffraction
effects. 1In addition, phase is ignored and only amplitude is considered.

Both these simplifications are justified on the basis that typical discs used
in large lasers are very much larger than a wavelength, so that modes have low
diffraction loss and close spacing in wavelength.

We will first consider lossless modes which rely on total internal
reflection, then modes which have some loss and thus require gain in the
laser material to achieve threshold, and finally the effects of a rough
disc edge on the mode threshold,

A, Lossless Modes in a Circular Disc

It is possible for a mode which is totally lossless to exist in a

circular cylinder because all reflections are by total internal reflection.
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Considcxy, for example, the disc shown in Fig, 13, The disc faces are in
contact with a medium with refractive index n, the disc itself has index
n,, and the (smooth) edge of the disc is clad with an absorbing material

of index n, (we ignore any imaginary component of the absorber index).

If the edge coating index n, is less than n,, then total internal reflection
is possible off the inside of the disc edge, and a ray can bounce losslessly
around the disc perimeter in a plane parallel to the faces (Fig. 14). 1In

addition, 1if the outside index n, is less than the disc index n,, a ray

1
can bounce from face to face of the disc by total internal reflection
(Fig. 15).

In general, a ray may bodnce off both the faces and the edge, and the
ray path will be complicated (Fig. 16). We can describe such a path in terms
of two angles: Y measures the angle of the ray from a disc diameter (Fig. 14),
and O measures the angle from a normal to the faces (Fig. 15). The angle of
incidence on the faces is thus §, and the angle ¢ of incidence on the edge
obeys as¢p = ax’¥ sin 6. Thus as O becomes smaller, ¢ becomes larger. For a
ray to be lossless, we must have both 6 > Bc = sin-l(nl/nz) and

o> ¢c = sin-l(n3/n2). This dual condition sets a lower bound on ¥, since

we must have s} < cw¢c/sin ec. Thus we must have

n n 2
Y > ! n_2 1-(5—)
1 2

which implies that the lossless oscillation exists only outside a center

portion of the disc of radius R = D/2 sin Yo, where Yo is the minimum value of VY.
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ABSORBING EDGE COATING

Fig. 13 - The disc configuration considered in the parasitic
oscillation calculation. A circular disc of index n. is
embedded in a material of index n;. The edge of the disc is
clad with an absorbing material o% index nj.

F-48



Fig. 14 - Typical lossless ray path possible if the disc iundex is
greater than the edge-coating index. Total internal reflection
takes place at the reflection points.
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We conclude that if the edge coating refractive index is less than the
disc index lossless modes can exist in a circular disc. This means that
as soon as there is any gain at all in the material oscillation will commence
and further gain rise will be inhibited. The actual mode volume depends on
the edge/disc and outside/disc refractive index ratios. It is clearly
desirable to have the coating index larger than the disc index, since then
lossless modes do not exist.

B. Lossy Modes in a Circular Disc

Even if there are no lossless modes in a disc, it will still oscillate on
lossy paths if the gain is high enough. We wish to find the maximum gain
achievable without parasitic oscillation, so we must find the mode with the
least loss,

Consider a path which reflects off the disc faces by total internal
reflection, but which has only partial reflection at the edge. We will use
the same angles Y, 6 as we used in the previous section to describe the ray.
Let us assume that the edge reflection is given by Ro, the larger of Fresnel's
reflection coefficients. Then

[singtﬂ]z
sin(gtr)

where r = sin-1 (nz/n3 sin @) and ¢, as before, is given by ¢ = cw'l(nl/n2
asY) when O is equal to ec. The path length between edge bounces is
D as¥/ sin Gc =D nz/n1 as¥, where D is the disc diameter. To oscillate, the

net gain must be equal to unity, or
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o Dn2
12 = sy
sin(g-r) 1 .1
[sin(¢+r)] ¢

where q is the gain coefficient at the line peak, ¢ = cw-l(nlln2 oas¥) and
rse= sin-l(nzln3 sin ¢). We could now vary Y in this expression to find the
minimum @ required for oscillation, but it is sufficient to examine the

behavior at ¥ = 0 and ¥ = /2. Solving for gD, we have

2n.0n sin(gtr)

1 sin(g~r

n2 asy

B(y) =a D=

and

Y21+ o

B(0) = 2 pin
\/o+p -1 -9

where p = n1/n2 and g = n3/n2, while

2
B(x/2) = - .
o -1

We have again used the variable £ = qD.

The calculation is only valid for n; <n, and n, >n,, or p <1 and
o >1. In this region 8(0) is always less than B(n/2), so we find that the
lowest threshold modes are those in which the ray proceeds across a diameter
of the disc, bouncing from face to face at the maximum angle which will

produce total internal reflection, Such modes obviously fill the entire
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disc volume. The threshold condition may be written

2 2 2
2n1 ‘Jnl -n2 + n3 + n1

Boprr = — In .
CRIT ~ n, ‘]n"l'z_n? I n32 - n

Since the worst-case rays are those that travel diametrically across a
circular disc, we expect the threshold for an elliptical disc of major axis
equal to the disc diameter to be essentially the same as the citcular.threshold,
since the same path is available. The surface curvature at the reflection
points is of course larger in the elliptical case, but this should raise the
threshold only slightly, since all it does 1s make the resonator somewhat
more unstable.

In addition to the modes involving reflection off the edges, a relatively
thick disc may also oscillate between its faces. The threshold for this process

is easily calculated, since the face reflection at normal incidence 1is

n, - n 2
R==( 2 1
n, + n1

and the gain from face to face 1s just exp (oL, e L is the disc thickness.

We must have R exp(al) = 1, or

n2 + n1
(GL)CRIT =26 n, - n, *

Of course, this result also applies to elliptical discs.
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C. Combined Oscillation Diagram

We may show the effects of both lossless and lossy modes on a single
diagram in the p, ¢ plane (recall p= nl/n2 and ¢ = n3/n2). When lossless

modes fill the disc from a radius R outward, we use

1 2
sy == 41l -
Y pv j

and

to derive

Thus the locus of constant R in the Py 0 plane is an ellipse. This result
applies if p <1 and g < 1; if p > 1 then there is no total internal reflection
off the faces and the answer becomes independent of p, since the oscillations

lie in planes parallel to the digc faces and ignore the condition at the

faces,
Lossy modes obey
\lg2+92-1 + p

B=2p0m )
o+p™-1 - p

80 we may draw loci of constant B in the P, 0 Plane to show how much gain

may be achieved before oscillation commences- The lossy mode calculation is
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valid if ¢ > 1 and p > 1, and again if p > 1 the expression becomes independent
of p.

The diagram showing lines of constant oscillation-free radius R and lines
of constant across-disc gain log B .s shown in Fig. 17. From the view point
of oscillation suppression, the best place to operate is with both edge and
face index-matched, since oscillation is impossible under these circumstances.
If other considerations make such operation undesirable, the degree of
oscillation difficulty encountered with other choices of refractive indices
is easily evaluated from the diagram,

D. Parasitic Oscillation with a Rough Edge

Since the oscillatory modes considered above rely on rays which follow
specific paths, one method of reducing oscillation tendency would seem to
be the roughening of the disc edge, so that an initially parallel beam would
be smeared out in angle. This ought to remove much of the energy from the
mode, thus increasing the loss. However, energy will also be scattered into
the mode from rays initially not involved. Clearly, a quantitative analysis
of this situation is required. Again a Monte Carlo approach is inapplicable,
since a ray which is randomly scattered at the edge has the same low
probability of getting into the high-gain region of the mode as was the
case with specular modes. Of course, we expect the active mode vclume in
space and angle to be larger with a rough edge than in the specular case,
but the amount by which this helps the Monte Carlo method is hard to estimate.
The rough-edge oscillation was therefore analyzed by a method related

to the well-known method of analyzing m.les in an optical resonator. An
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Fig. 17 - Combined diagram of lossless and lossy parasitic
oscillation as a function of the index ratios of a circular
disc. In the lower part of the diagram(n3/mn; < 1), the

fraction of the disc free of lossless oscillations is shown.

In the upper part (n3/n2 > 1), the @ required to commence
oscillation along lossy paths is shown. See text.
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initial angular distribution of optical power was assumed at the disc edge,
and the power was then transported across the disc (with gain), reflected
with loss, and scattered in angle. 1In general, the distribution after this
process was different, in both amplitude and shape, from the original
distribution. The gain coefficient was adjusted after each iteration to
keep the amplitude constant, and the process was reiterated until the
angular distribution of power had reached an equilibrium state. After

many such iterations, the gain had the value appropriate to the oscillation
threshold, and the angular power distribution was that of the oscillating
mode. Once again, diffraction and phase were ignored.

Since radiation which is totally internally reflected from the disc
faces has much higher gain travelling across the disc than radiation which
is only partially reflected, the power was assumed totally lost when it
was partially reflected, With this assumption, all points on the disc
edge are equivalent, and only the angle of the optical power is important
(as opposed to its position). The hemisphere of possible angles was
divided into sectors of equal solid angle, and the resulting matrix of
powers was iterated as above., The edge roughening was simulated by taking
the unit vector along the direction of the reflected ray, and adding to it a
random vector with uniform distribution throughout a sphere of radius
F o586, where F <1 and 8 1is the angle from the reflected ray to the normal,
The resulting vector was then renormalized to unity. Various amounts of
surface roughening were simulated by varying F from zero (specular reflection)

to one (very rough). The edge reflectivity R was independent of angle.
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The increase in threshold due to increasing F is shown in Fig, 18
for various values of the edge reflectivity., There is obviously improvement
over the specular case, but it is not as great as might be expected. From
a practical viewpoint, it is very hard to reduce the reflectivity of a rough

surface to the low values achievable by index-matching a smooth surface,
because of the many pits and cracks in a rough edge. Therefore one should
be cautious when attempting laser improvements by edge roughening,
E. Discussion

We have shown that lossless modes exiat for certain refractive index
ratios between the inside, outside, and edge. of a circular disc. Even if
these modes are suppressed by proper choirz of the indices, lossy modes
will still exist. Such modes place an upper limit on gain, since once the
gain reaches the mode threshold for oscillation, no further gain increase is
possible in the mode volume, Highest gain is achieved for close index
matching between the disc and the material in contact with its faces, and
between the disc and the absorbing coating on its edge. We have shown
what gain is possible if proper matching is not feasible for reasons not
connected with oscillation.

Even if the absorbing iaterial on the edge is a good index match to the
disc, there may be areas of less-than-perfect adhesion, or chips and cracks
in the disc edge. Such flaws will have reflection larger than the coating-
disc interface, and in practice will make the achievement of very high

absorption at the edge difficult. If the higher-reflectivity flaws are small,
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Fig. 18 - The moderate improvement in oscillation threshold
achieved by various amouncs of edge roughening, F is proportional

to the amount by which the reflected rays are smeared out in
angle about the specular direction.
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diffraction will spread the reflected energy, but we have seen that such
spreading causes only small threshold improvements. Thus a well-index-
matched material must be applied extremely well to a flawless surface if

a high parasitic oscillation threshold i- to be achieved.

IV. EFFECTS ON PUMPING

Our discugsion so far has been confined to an instantaneous snapshot
of the fluorescence amplification and parasitic oscillation processes.
Lasers are usually pumped by relatively slow pump pulses, and we are
interested in knowing what decrease in efficiency is caused by the loss
processes we have calculated during such a pulse. We will first find the
effect of fluorescence amplification, and then the effect of parasitic
oscillation.

A. Fluorescence Amplification

In the low-gain case, when fluorescence amplification is negligible,
the stored energy decays with.the fluorescent lifetime 7. The gain has the
same behavior, and so we may write a differential equation for the .across-
disc gain log B in the form

B=p(t) - B/7

where p(t) is the pump pulse (in appropriate units). At higher gain,
fluorescence amplification increases the loss by a factor M, and so we have

8= p(t) - PM (BT
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If we normalize to 1 = 1, and assume a half-sine approximation to the pump

pulsz, we get

xg
E-T%sin(%'i)-m(a) 0<t<T

where Bo is the area of the pump pulse and T 1s the base width of the pump
pulse (in units of the fluorescent lifetime). 1In the range 0 <M < 5, we
may make a good approximation to M for any of the geometries and lineshapes

studied by using the form

M = exp (FB+G32+HB3).

Note that F may be found from the low-gain value of A, since A =F f when
B << 1. We may then find G and H by fitting a straight line to
@nM/B - F)/B=¢G + HB.,

Once M 1is approximated, we may integrate the differential equation for
B until it reaches its peak value. A Plot of such maximum values is shown
in Fig. 19 as a function of the pumping ﬁo’ for various values of the pump
pulse width., We see that fluorescence amplification is more serious for
slow, large-area pump pulses while faster or smaller pulses suffer less
loss. 1In the design of a flashlamp-pumped laser, the effects of current
density oa the pumping efficiency of flashlamps, and the effects of energy
input on flashlamp life, should be integrated with thisg decay information
in order to choose the optimum operating point,

Spatially uniform gain has been assumed in 4ll our calculations of

fluorescence amplification, However, the removal of energy due to
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fluorescence amplification will be spatially non-uniform in general. Thus the
gain will become non-uniform during a pumping pulse even if the pumping is
uniform. The analysis of this problem is beyond the scope of this paper, but
it is clear that proper tailoring of the spatial distribution of the pump
energy can reduce or eliminate the difficulty.

B. Parasitic Oscillation

Parasitic oscillation causes a rapid limitation of stored energy, rather
than the slow limitation we have seen above for fluorescence amplification.
This is because a mode below its oscillation threshold contributes little
to the loss rate, but once the mode is over threshold the loss rate is equal
to the energy input rate. Thus the gain is sharply limited at the oscillation
threshold. Figure 20 shows again the curve of gain versus pump area for a
pump pulse of base width equal to the fluorescent lifetime, and also shows
the type of gain saturation expected from the onset of oscillation. The
oscillation threcshold is shown for various ratios of the refractive index
of the disc edge coating to the refractive index of the disc; this ratio
determines the reflectivity at the edge. We have again assumed a disc-to-
environment index ratio of 1,56. This diagram illustrates that unless
very good index matching (or other reflection suppression) is used, parasitic
oscillation will limit available energy storage well before fluorescence

amplification losses become appreciable.

V. CONCLUSIONS
The effects of fluorescence amplification and parasitic oscillation on

laser energy storage and pumping efficiency have been analyzed. Fluorescence
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amplification sets no definite upper limit on stored energy, but instead
makes pumping more and more difficult as the energy density rises. Parasitic
oscillation, on the other hand, sets an abrupt upper limit to stored energy
at the oscillation threshold.

Fluorescence amplification is minimized by index-matchiag the material
in contact with the faces of a laser disc to the refractive index of the
dise. Increasing the disc thickness causes only a slow increase in the amount
of fluorescence amplification, gso thicker discs are of value if pump uniformity
ard thermal distortion limits are not exceeded,

Parasitic oscillation will occur at very low gain levels if the edge
cladding material has a lower refractive index than the disc material., 1If
this error ig avoided, the level at which oscillation occurs will be
maximized if the cladding index is as close as possible to the disc index.

In addition, index-matching the faces raises the oscillation threshold,
Roughening of the edges does not cause a great increase of the oscillation
threshold, and may increase the average reflectivity of the edge, thus
doing more harm than good,

What limitations do fluorescence amplification and parasitic oscillation
place on glass laser amplifier disc size? Figure 20 shows that parasitic
oscillation is the worst problem, Unless stringent precautions are taken,
oscillation will set in at an across-disc gain of exp(3) or less, assuming the
disc is in air to avoid self-focusing problems, With .5 J cm-3 stored, the
line-peak gain will be on the order of ,1 cm-l. This implies a 30 cm disc

at most. This value will vary with stored energy and the amount of gain per
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unit stored energy, but values much smaller than those quoted increase
the amount of energy lost to the fixed loss coefficient in the glass.
Thus operation with discs of dimension larger than about 30 cm will be
very difficult, and operation in the 30 cm region will require great care

in edge treatment to suppress parasitic oscillations.
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ABSTRACT

EY-1 is a terbium-silicate glass recently developed by
Owens-Illinois. It offers great potential as a Faraday rotator-
isolator in high power laser systems because of its high Verdet
constant, V = -4,06 * 0.1 x 10°2 min/Oe-cm at 1.064 4. This allows
one to use shorter lengths of glass and lower magnetic fields than
with other rotator glasses. We have measured V in this glass at
1.06 u with fields up to 60 kOe and, in addition, the change in V
with temperature and wavelength:

(g%) = -2,2 + 0.4 x 10"* min/Oe-ca-°C
1.064u

(QY) = 1.1 £ 0.2 x 10" min/Oe-cm-cu” L,

a)‘/ 12°C

The requirements that these numbers impose on the field, temperature
and wavelength stability and uniformity are discussed.

PROBLEM STATUS

This is an interim report on a continuing problem.

AUTHORIZATION

NRL Problem K03-08.502
ARPA Order 2062



I. INTRODUCTION

Fargday rotators are used in laser plasma experiments to isolate
the laser from light back-reflected from the target. These back-
reflections are especially serious in large multistage laser systems
because low reflected light intensities can be amplified to destruc-
tive levels by propagating backwards through the amplifying chain.
The use of Faraday rotators and polarizing optical elements offers
one method of preventing this destructive feedback. This paper
considers some design concepts concerning Faraday rotators for laser
systems and presents measurements made on Owens-Illinois EY-1
Faraday rotator glass, ’

II. DESIGN CONCEPTS

The design of a Faraday rotator system for a high power laser
(>'1012 W) is governed by the diameter of the laser beam and the
length of the Faraday rotator material. The length is determined by
the self-focusing length of the material at the desired laser power
density. The Verdet constant and the length determine the necessary
magnetic field strength,

Glasses are presently used as the Faraday rotator material in
high power laser systems. Recently Owens-Illinois has developed for
commercial sale a terbium-silicate base glass, EY-1, that has a
Verdet constant of about -4 x 10~2 min/Oe-cm. It is a paramagnetic
glass. A similar glass composition wazlfirst formulated fgr3§araday
rotator purpcses by Robinson and Graf. For comparison‘“s7/, at
1.06 u, Schott SF-6 lead-silicate glass has a Verdet constant of
+ 1.9 x 107 min/Oe-cm and a common sods lime silicate glass has a
Verdet constant of + 0.65 x 10-2 min/Oe-cm. These last two glasses
are both diamagnetic. The high Verdet constant of EY-1 allows a
shorter length of material to be used for a given field. This
reduces the energy in the ?2§netic field and increases the self-
focusing damage threshold. The base glass is similar to the Owens-
Illinois laser glass ED-2 and congsequently it should exhibit
desirable surface and bulk damage characteristics.

III. EY-1 GLASS MEASUREMENTS
We have measured the follbwing properties of EY-1 glass:
(1) Verdet constant V up to 60 kG at 1.06 u and 19°C.
(2) (%%) change in V with temperature at constant wavelength
A at 30 kG

(3) [3Y\ change in V with wavelength at constant temperature
)Y T at 30 kG.



fhese numbers determine the field strength of the system and the
temperature and wavelength stability required to maintain a given
extinction ratio with crossed polarizers,

The experimental arrangement is shown in Fig. 1. The Verdet
constant was ?gfsured by noting the change in rotation with magnetic
field 8 = VIH'?/, ¢ is traditionally measured in minutes, 4 in cm,
H in Oe, and V, consequently, in min/Oe-cm, The magnetic field was
Provided by the NRL magnet facility and was constant to *1% over
the sample volume (.0 cm dia x 3.9 cm long). The rotation was detected
by messuring the null in transmitted light through Glan-Thompson
Prisms with a photomultiplier detector. The extinction ratio was
100:1, and the angular error was * 20 min. The temperature was
monitored with an iron-constantan thermocouple that was thermally
attached to the glass surface with silicone grease. The reference
Junction was held at a constant temperature in ice water, and the
overall temperature was held to +1°C during the constant temperature
experiments,

A Chromatix Model 1000C Nd:YALG lager was used as the light
source. The wavelength was varied by adjusting3£he wavelength
selector prism on the laser to the different Nd°  1laser transitions,
and the laser was operated at about 10 PP8 in a pulsed mode. No
attempt was made to synchronously detect the pulses or to usge boxcar
integration techniques because the accuracy of the experiments was
sufficient for Faraday rotator design purposes.

III-1. Verdet-Constant vs Field Strength

Figure 2 shows the rotation as function of field strength,
The Verdet constant at 1,064 1 and 19°C is V = -4.06 + 0.1 x 10-2 min/
Oe-cm. This is lower than the value quoted in Ref. (1) because of
the lower Tb content(6),

II1-2. Verdet Constant vs Wavelength

Figure 3 shows the variation in the Verdet constant with wave-
length, The field was held constant at 30 kOe * 1% and the temperature
was held at 12°C to + 0.2°C. The laser was tuned over the available
frequencies from 0.946 u to 1.079 K, and the change in rotation was
determined. The change in Verdet constant is:

ov = 1.1 % 0.2 x 10" min/Oe-cm-ca™ L,

oA 1 o 120



The rotation increases with frequency and the variation per cm-l is
about 10-3 x Verdet congtant at 1.06 u.

I1I-3. Verdet Constant vs Temperature

Fiqure 4 shows the variation in the Verdet constant with tempera-
ture(©,7) This measurement is the least accurate of those made. The
sample was heated with hot air and allowed to cool to the equilibrium
magnet temperature. During the cooling period the temperature was
found to be reasonably uniform ip the sample by chenging the direction
of hot air flow and remeasuring . Also the rate of cooling to the
Plexiglass holder was slower than the calculated rate of thermal equili-
brium in the glass itself (~ 5 sec), which indicates that a reasonably
flat temperature profile existed across the sample. The measurements at
the highest temperature are less accurate as they were taken under the
most non-uniform heat distributions in the sample. The value is:

§¥ = -2,2 + 0.4 x 10m4 min/Oe-cm-°C.
A= 1,064

This value per degree Kelvin is about 10-2 x Verdet constant at i.06 p,

The Faraday rotation by a pafgm;gnetic material as a function of
field and temperature is given by'’:s//.

6 = AL tanh (u _H/KT) + BH

e

ueH (1)

2=c {H/T for T <<1

vhere £ = Verdet constant at the specified wavelength ), e is magnetic
moment” in Bohr Magnetons,H is field in Oe, k is Boltzman's constant,
{4 is the sample length, and A is a constant. B is a temperature
independent term which is usually found to be negligible 7, 1t will
not be considered further here. Thus

d_(eﬁ_)-ﬂ._‘:_._% (2)

dT AT T2

which in our case for T = 12°C, yields:
dv

-4 o
ar - -1.4 x 10 " min/Oe-cm-°C.



This is less than the measured value, and outside of the experimental
error limits, A systematic error may be due to the fact the center

of the glass rod is slightly higher in temperature than the edge where
the temperature was monitored. This is caused by the cylindrically
symmetric temperature profile of a cooling thin cylinder., This however
would not reduce the value by more than 20 - 30%. We use the
experimental value which is higher than the theoretical value. The
measured value allows one to calculate the required temperature
uniformity conditions in a Faraday rotator system.

IV, EXTINCTION RATIO VS CHANGE IN VERDET CONSTANT(3’8’9)

For transmission of unpolarized light through crossed polarizers,
which we assume is the normal operating con?&tion of the Faraday
rotator, the following equation is obtained ) (see Fig. 5):

I,=%1 sin2(8 - x/4) (3)

in which 6 = 6(y) where y can be field, temperature, or wavelength,
and 6 is defined such that I_ = 0 at © = /4, The rotation of the
direction of polarization by the glass is nominally set to be 45°,
but variation in the rotation with temperature and wavelength may
occur, To determine the effect of these variations we note that:

for 0 =n/4+ 48
sin? (0 - +/4) ~ a6
A6 = 33 Ay (46 measured in radians) (4)
—r1 (2 )
then I'.l‘ X Io (ay A‘/)

= 20 ,)?
TI =% (%; A%) s Extinction Ratio = E. (5)
0

Using the relation & = 4 HV where

28 v
TR
then
I 2
I_.(8 v
= i &) 6)
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(1) Transmission vs change in temper _s_ure (y = T °K) using equation ()
and the measured values for V and 3T (6 = 45°):

—7——5 6.76 x 16° Oe-cm

<I<x>

§¥ = -2,2 x 10'4 min/C2-cm=-°C = -6,5 x 10-8 rad/Oe-cm-°C

1
£ = 0,96 x 10 (4n)?, o1 1n °c.
(o]

To maintain an extinction ratio of « 10-4, one sskz hold the

temperature to * 1,5°C.

(2) Transmission vs change in wavelength (y = cm-l) using
equation (6) and the measured values for V and

V°= 6.76 x 10° Oe-cm

. 1.1 £ 0.2 x 10-5 min/Oe-c:m-c:m-1

-2

= 3,3 x 10'9 rad/Oe-cm-c:m-1
Ly -8, ...2 -1
'I—=2.45x10 (8\)°, O\ incm .
o

I
In Nd3+ glass, where A\ = 100 cm-l, I—T ~2 x 10-4. This extinction
ratio is tolerable in a large Nd glasg system,

(3) Transmission vs change in magnetic field (y = H in Oe). From

equation (5):
I 2
E = -I— - (—a— )
o



using

%S = 1V, then

E =} LZVZ Aﬂz

or

8
Using He= I

N
=

S J2E
H

e L]

For an extinction ratio E of 10'4, and 6 = 45° = .79 rad.

2

ﬁﬂsl.axlo" - 1.8% .

The magnetic field inhomogeneity must be less than 1.8%.

V. ABSORPTION

Faraday rotator glasses typically have higher intrinsic
absorption coefficients than normal optical glass. This is due to
the strong opti<al transitions in the UV and blue spectral regions
which provide the field dependent indices of refractioxz2 A figure of
merit that has been used for Faraday rotator materials(2) ig v/a.
Where V ig the Verdet constani in min/Oe-cm and g is the intrinsic
absorptio? 0qsff1c1ent in em™ ", At 1.06 u, o for EY-1 is less than
0.005 ca1,(®) for Schott SF-6 it is m 0.001 em~!,(3) The Schott glass
is probably superior to the EY-1 glass using this figure of merit,
However, the selection criteria for Faraday rotator glass that is to
be used in high energy laser systems is maximum damage resistance and
highest Verdet constant. Residual intrinsic absorption and tempera-
ture and wavelength stability are secondary considerations. EY-1
appears to be s very suitable material for high power optical rotators.
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ROTATION THROUGH POLARIZER IN DEGREES
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Fig. 2 - Rotation vs field at 19° C, Vertical bars show
uncertainty in the data points.
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Fig. 4 - Rotation vs temperature at constant wave-
length and field, H = 30 kOe and A = 1,064 4. Points
and crosses are different data sets. The thermo-
couple response is 18,9° C/mVolt.

G-14



%1 sowy; '3 ‘opes vopoupm ey o

enba #) "4 Swusny il panpuswen oqr “ye| ey woy uepou) uy 'Oy
1yl penpawiodu)) “wayeis I0jU|os] JoTmod JEpRIN] JO opTEeYos - ¢ B
H3
| H3ZIHY10d
AvVOVHY4 b ~ 2
¥ o1 3
“ﬂ Ay 03ZWVIOMNN
€ H3ZI¥v10d p
D
.l‘
(P ™ Yo
L7 Gt

oSt



APPENDIX H

MODE LOCKING OF CaLaSoap:Nd*t

J.P. Letellier

Laser Physics Branch
Optical Sciences Division

Naval Research Laboratory
Washington, D.C. 20390

ABSTRACT

Nonlinear effects have generally precluded the generation of
time-bandwidth limited pulses shorter than 15-20 psec. In this letter
the generation of 5 psec time bandwidth limited pulses from a
crystalline neodymium host with properties intermediate between
Nd:YAG and Nd:glass is reported.

Mode locking has been obtained in a number of neodymium hosts,
but reliable tim -bagdwidth limited operation has been obtained only
in neodymium:YAG 1,2) " In neodymium glass, very early weak pulses may
exhibit time bandwidth limited behavior and picosecond duration, but
self-focusing and the consequent self-phase modulation destroy the time-
bandwidth limited character of the more energetic pulses in Egg pulse
train (as has been shown by the elegant work of Carmen et all’)),

In order to generate time-bandwidth limited pulses shorter than
the 15-20 psec reported from Nd:YAG, a host material with a smaller ny
value than Nd:glass and a broader bandwidth than Nd:YAG is required.
This letter reports the demonstration of apparent time-bandwidth
limited operation with one such material, neodymium doped calcium
lanthanum silicate oxyapatite (CalLaSoap:Nd). The properties of this
material have been reported by its developers; those relevant_to this
investigation are that the fluorescence linewidth 63 >~ 53 em ~ and
the induced emission cross section is =~ 1.6 x 1017 cm2, (4)

A laser rod 5.4 cm long and 6.4 mm diameter of CaLaSoap doped
with 2 wt7% neodymium was flashlamp pumped and mode locked in a 110 cm
long cavity formed by one 100% reflectivity 5 meter radius mirror and
one flat 75% reflectivity mirror. The rod had flat AR coated ends, but
had to be cocked at two degrees to the optical axis to prevent the
formation of satellite pulse trains, Eastman 9740 dye in 1,2=Dichoro-
ethane was used in a flowing dye cell = 0,13 mm thick.

* This work supported by the Advanced Research Projects Agency under
ARPA Order 2062,
t+ To be submitted to Applied Physics Letters for publication.
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Figure 1 shows an oscillogram of the pulse train taken from a
Tektronix 519 oscilloscope at 50 nanoseconds/cm. The total energy was
~25 mJ in a TEM,, spatial mode. The pulse train duration was only
roughly optimized to be as short as possible using a 757 mirrzg’ A
55% mirror would have been a more optimum choice in principle s but
was not available at the time. It should be noted that scatter from
the AR coatings apparently caused some interpulse noise to develop late
in the pulse train,

The spectrum of the entire pulse train was recorded on a Baird
Atomic 2-meter spectrometer having a dispersion figure of >~ 3.2 A/mn
at 1,06 um. Figure 2 shows a densitometer scan of a representative
spectrogram. The center frequency was determined to be 1.06]13 um -1
and the width at half intensity was determined to be 1.1 cm + 0.2 cm .
No evidence of gross spectral broadening corresponding to self-phase
modulation was observed, hence the interpulse noise appeared to
correspond to scattered light from the rod ends with the same spectral
content as the main pulse rather than to pulse breakup due to self
focusing,

The pulse duration was examined using two photon fluorescence in
a 10 cm long cell of Rhodamine 6B, A half width of =~ 5 psec was
obtained by this method with a contrast ratio of =~ 2:1, e experi-
mental set up was similar to that of Clobes and Brienza(1 in which a
similar contrast ratio was obtained photographically while a thin cell
and photomultiplier set up gave a 2.9:1 *+ ,2 contrast ratio.

One final experiment was done in which the spectra was found to
substantially overlap the fluorescence line of the second strongest
Nd:YAG transition ( F3/2 -04111/i) at 1.06111 um to an extent
sufficient to permit amplification of this pulse in Nd:YAG amplifiers,
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