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Section I

INTRODUCTTION

GENERAL -~ In 1875, ILS was,K funded by the Instrument
Electro-Optics Group of NASA Goddard to- engage in the development
of a state-of-the-art laser transmitter that could serve as one
element of a visible, precision optical rangefinder. The scope of
the current contract (NAS5-22916) includes a detailed design analysis
of the system and development and test of an operational bread-
board that would have the potential for spaceborne gualification.
NASA's interest in pursuing a development of this nature stems
basically from the recognized need to satisfy geophysical measure-
ment requirements generated by the NASA Earth and Ocean Physics
Applications Program (EOPAP). One such application .centers upon
the use of a spaceborne laser terminal which can range to 2-cm
accuracy'against ground based retroreflectors. The laser system
developed to meet these requirements consisted of a Nd:YAG, sub-
nanosecond pulse oscillator, a double-pass Nd:YAG amplifier, and
a Type II KD*P frequency doubler. As originally conceived, the
program called for completion -of preliminary system tests of the
engineering model in 1978 followed by an initial space flight
demonstration aboard Spacelab in the 1980~81 time frame.

This report describes the results of the design and analysis
efforts undertaken to develop the Spaceborne transmitter design
and includes details of the constructed hardware. Breadboard per-
formance is also reviewed covering evaluation testing that has been
performed to date. A brief overview of the program technical ob-
jectives highlighting key physical/funétional features of the
assembled hardware is given below.

A, PROGRAM OQOBJECTIVES

The contract statement bf work and performance specification
are summarized in NASA RFP Solicitation 5-28413/227. The principal
elements of the program call for the development and test of the
laser transmitter in two phases: The Phase I activity centering
primarily on the detailed design, analyses and preliminary evalua-
tion of breadboard performance whereas the Phase IT activity (as
originally scoped) related to .an advanced development leading to
the delivery of an engineering prototype suitable for integration
into NASA's precision rangefinder engineering model. . For background,

1-1



it is work noting that early in the program the decision was madg to
modify the program objectives to reflect construction of the optical
bed engineering prototype as part of the Phase I eff?rt. The un-
anticipated complexity of this optical bed resulted in schedule de-
lays and cost increases in completing the originally forecastgd
Phase I milestones. However, it is felt the decision to go directly
to an optical bed prototype design-in the initial program phase
could result in savings both with regard to total program co§t and
hardware delivery schedule. The optical bed design is definltely.
suited for implementation in Phase II. Table 1l-1 summarizes detalls
of the program objectives as they are presently defined.

B. HARDWARE DESIGN QVERVIEW

Based upon rationale to be presented in subsequent sec-—
tions of this report, a flashlamp-pumped, Q-switched, actively
modelocked, and cavity-dumped laser oscillator optical configu-
ration is found to have the highest potential for achieving the
level of performance specified for the Spaceborne laser trans-
mitter subsystem. These performance specifications are outlined
in Table 1-2. The requirement to generate very narrow optical
pulses at reasonably high output pulse energies at a wavelength
of 532 nm necessitates implementing an oscillator-amplifier
optical configuration with the oscillator operating in what is
commonly referred to as pulse transmission mode (PTM) operation.
A view of the overall optical system layout is depicted in Figure
1-1. The layout basically reflects implementation of an
oscillator-amplifier configuration with provisions incorporated
for output frequency doubling. In the oscillator section, two
Pockels cells are used to accommodate both modelocking and
simultaneous Q-switching operation with single-pulse selection.
The oscillator derived output is amplified and frequency doubled
to produce the desired pulse output. The optical system is part of the
transmitter assembly; remaining portions of the system include:

® A power supply (specially designed for operation from
28 V-dc prime power);

e A liquid-to-air, closed-loop cooling system: and

® An ultrastable RF signal generator module used to actively
modelock the system.

A view of the assembled hardware subassemblies is shown in
Figure 1-2,
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Table 1-1. Spaceborne Program Objectives

Phage Objectives

I 1. Analyze laser subsystem and system
concepts.

2. Design and fabricate experimental
breadboard incorporating PTM
Q~switching and active modelocking.

3. <Characterize system performance

with principal emphasis on oscillator
evaluation.

IT 1. Generate detailed technical/program
plan.

2. Complete experimental breadboard
evaluation including SHG testing.

3. Redesign breadboard to reconfigure
for deliverable hardware.

4. Test and qualify deliverable prototype.




Table 1-2. Spaceborne Laser Specifications

Characteristic

Specification

Cutput Energy

Pulse Rate

A0

Pulsewidth (10% PTS)
Wavelength

Beam Diwergence
Transverse Mode
Polarigzation

Pulse Amplitude Stability

Prime Power

Lifetime (50% QUTPUT)
Volume

Weight

System Thermal Sink

19

0.025 J/pulse

10 pps

200 Ppsec

532 nm

< 28 Jdiffraction limit
TEM,q

Linear

£5% short—term (min)
£15% long-term (davs)

50 to 75 9

10% pulses

1.5 £f£? (0,023 m?)
35 1b (15.9 kg)

20°¢
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The 'Spaceborne laser system developed on the program repre-
sents an advancement in the state-of-the-art of neodymium-doped,
yttrium-aluminum-garnet (Nd:YAG) laser devices. Several of the
fundamental design concepts implemented in this system previously
have been experimentally confirmed., However, to the knowledge of
ILS they have not been synthesized in one laser device prior to
this program. Additionally, the Spaceborne laser implements this
synthesis of concepts in a hardware design that ILS believes to be
space-gualifiable. The system incorporates many unique design and
operational control features which are summarized in Table 1~3. As
configured, the system requires a maximum prime pbwer input on the
order of 300 W and weighs approximately 150 1b.

C. STATUS SUMMARY

As of the submittal of this report, essentially all Phase I
task objectives have been met with the singular exception of ex-
perimentally demonstrating frequency-doubled operation. The per-
formance achieved for the modelocked oscillator for optimum opera-
tion is summarized in Table 1~4. The 1.0 mJ/pulse energy is a
limit for reliable operation imposed by laser damage constraints.
The maximum picosecond pulse energy generated by the oscillator was
3.0 mJ. The maximum pulse energy generated by the oscillator and
double-pass amplifier when modelocking was 28 mJ with an aporoxi-
mate pulsewidth of 300 psec with operation at 10 pps. The pre-
and post-pulse suppression following the amplifier was 25 db.



Table 1-3. Spaceborne Breadboard Design Features

Component

Feature

Transmitter

Optical Construction

Electronic Control

MechanicalJDesign

Power Supply

Cooling Supply

Crossed TIR prism, common-mirror
resonator.

Double-pass amplifier utilizing
phase retarder/mirror Porro
prism.

Dual Pockels cells for PTM
Q-switching and modelocking.

PTM synchronization circuit.
Prelase radiation control loop.
Integral Invar optical bed. -
Flyback design.

Flashlamp simmer mode.

Closed-loop liquid cooling.




Table 1-4, Oscillator Performance

Parameter Value

Pulse Energy 1.0 mJ
Efficiency 0.05%
Pulsewidth 150 psec (FWHM)

Beam Divergence

Mode Diameter (3w)

Pulse Rate

Pre- and Post-Pulse Suppression

Pulse Amplitude Stability

0.98 mx
1.92 mm
10 pps
30 4B

+10%



Section IT

THEORY

A. CONCEPT ANALYSIS

The system concept implemented in the Spaceborne Lager
is a flashlamp~pumped, actively modelocked, PTM Q-switched
Nd:YAG laser oscillator utilizing prelase and a double-pass
Nd:YAG laser amplifier. The laser oscillator concept will be
explained in detail in the following paragraphs. Following
this explanation will be an overview of the synthesis of theories
which provides a mathematical description of the Spaceborne Laser
System.

An optical diagram indicating the essential elements
necessary to implement the Spaceborne Laser oscillator is given
in Figure 2-1. The diagram shows maximum reflectance mirrors
terminating the oscillator, a Wd:YAG laser rod, a kickout polar-
izer, a modelocking modulator, and a Q-switch modulator. Figure
2-2 is a diagram dillustrating the operational event sequence for
the flashlamp-pumped, actively modelocked, PTM Q-switched laser
oscillator. (The time scale for each event is compressed or
expanded to simplify illustration of the actual event seguence.)
The dynamics of the Spaceborne Laser can be divided naturally
into three temporal intervals as indicated in Figure 2-2.
Flashlamp and modelocking modulator turn-on simultaneously
initiate interval I. This interval is terminated when prelase
radiation begins near the time at which the energy stored in the
laser rod is maximum.

The dynamics of interval II involve the most fundamental
idea of the Spaceborne Laser concept. During this interval prelase
radiation is compressed to a subnanosecond pulse via repeated
passes through a modulator whose freqguency is synchronized to the
photon round-trip frequency of the laser resonator. Given fixed
laser and modelocking modulator parameters, the pulsewidth at the
end of the prelase interval depends on the number of round-trip
passes through the modelocking modulator, i.e., the length of
the prelase interval.

2-1
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The buildup time (~ 3usec) of the first normal mode pulse
emitted by the laser is the prelase interval for the present laser
device. Radiation feedback control of the O-switch transmission
was initially attempted to extend and stabilize the prelase radia-
tion duration. This approach was unsuccessful as implemented by
two different experimental circuit designs. The details of these
designs and the results achieved are given in a later section of
this report.

Interval IITI of the Spaceborne Laser event sequence is
initiated by Q-switching — that is, the Pockels cell transmission
is maximized. The subnanosecond pulse is thus trapped between two
maximum reflectance mirrors and is regeneratively amplified by
the oscillator laser rod. During this amplification period, the
pulsewidth of the seed pulse does not change significantly as will
be shown in a following section. When the subnanosecond pulse has
achieved maximum amplitude, the Q-switch is closed and the pulse
is dumped from the resonator. Synchronization of the dump
switching time with the. propagation of the subnanosecond pulse is
achieved electronically by monitoring the pulse amplitude and the
modelocking modulator drive signal. The output of the actively
modelocked, PTM, Q-switched, NA:YAG laser is thus a single subnano-
second pulse.

The overall objective of the theory development on this
program is to develop a mathematical description of the Spaceborne
Laser System concept which provides information on energy output,
pulsewidth, energy output stability, and pulsewidth stability as a
function of energy input to the oscillator and amplifier rods,
modelocker modulation depth and freguency, resonator and amplifier
losses, and prelase temporal interval. The desired mathematical
description of the system concept can be synthesized from laser
O-switching, active modelocking, and amplifier theory plus the use
of empirically determined ralationships between the gains of the
oscillator and amplifier and their respective input energies. The
details of the above theories together with a discussion of the
prelase radiation concept are the topics of the remainder of the

theory sections of this report. The following paragraphs discuss
the synthesis of these theories.

Figure 2-3 is a block diagram illustrating the inputs
required and the outputs obtainable from each of the three
theories and how these input/output parameters interrelate. This
diagram is essentially self-explanatory with regard to these inter-
relationships. However, the diagram also illustrates that calcu-
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lations using this synthesis of models can proceed in several
ways. The constraint on laser outpit energy imposed by laser
material damage limitations indicates the calculational path
chosen for use on this program.

Laser damage constraints on the Spaceborne Laser per-
formance are evaluated in a design section of this reporit.- An
important conclusion of this evaluation is that the laser oscil-
lator output energy is limited to low levels. Laser amplifiers,
of course, perform most efficiently when the input enexgy is
high level. Thus system efficiency will be maximized for the
Spaceborne Laser by operating the oscillator at its highest
energy output level within the optical damage constraints,
Defining this maximum energy output level is the primary input
to calculations using the laser system model.

Most of the input parameters to the Spaceborne Laser
System model can be and have been selected via design studies
presented in this report. The experimental relationships between
the gains and pump energies of the oscillator and amplifier .can
be determined. Also, the oscillator and amplifier losses can be
determined experimentally. Finally, the one remaining para-
meter, the prelase interval, can be known experimentally. Thus
all the information necessary to use the system model is accessible.
Parametric calculations using the system model are presented in
the theory sections of this report. These calculations indicate
the range of overall system perfdrmance that can reasonably be
expected. The sensitive parameters for energy output and pulse-
width stability are also determined.

B. Q~SWITCHED LASER MODEL

The laser model selected to describe the PTM Q-switched
Nd:YAG laser is the rate equation model !. The Nd:YAG energy
levels and energy transfer dynamics are first presented to deter-
mine the particular formulation of the rate eguations for the
Q-switched Nd:YAG laser. Solutions of these equations are then
presented which are employed to give characteristic performance
of the PTM Q-switched Nd:YAG laser. Finally, enexrgy output and
pulse envelope stability are investigated analytically wvia the
laser model.

The energy level structure of Nd:YAG and the energy trans-
fer processes relevant to Q-switching are shown in Figure 2-4.
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The laser transition from the upper sublevel of the "Fi/2 level
to the third sublevel of the “I,;/, energy level is indicated in
this figure via the thick arrow. The remainder of the arrows
indicate energy transfers between the sublevels of the *Fiy/. and
hIll/zenergy levels, respectively. These energy transfers between
sublevels occur as a result of the neodymium-ion and YAG crystal
interactions (phonon-ion interactions). The numbers in paren-
theses to the right of the energy sublevels of Figure 2-4 are

the percentages of the total energy in each energy level that is
stored in a particular energy sublevel. These percentages were
calculated by assuming a Boltzman ion population distribution
within each energy level. This assumption is valid if the energy
transfers between sublevels of each energy level are much faster
than any other energy transfer processes involving the *F,/, and
*I,:/, energy levels. This hypothesis will be shown to be true
for all processes except stimulated emission in the following
paragraph. It will also be shown that energy transfer processes
other than the phonon-ion interactions and stimulated emission
are much siower than the Q-switching process.

A phenomenological theory of the phonon-ion interaction
yields the following equation ¥ for the rates of these processes:

Wy (T) = Bexp (BAAE) [1 - exp(-hv/kT)] N " (2-1)
where T = temperature in Kelvin degrees,
hv = phonon enexgy,
N = number of phonons in interaction,
AE = energy gap of transition,

and B and A are phenomenological parameters unique to the par-
ticular ion host crystal. Although the above equation is for
multi-phonon interactions, its extrapolation to the single phonon
energy transfer processes between the sublevels of the upper and
lower Nd:YAG laser level is assumed to be valid. It is to be
noted that phonons of the proper energy to bridge the gap between
the sublevels do exist in YAG". The calculations of the sub-
level energy transfer times.are admittedly an estimate since the
extrapolation discussed above may lack accuracy. However, an
estimate of the sublevel energy transfer times is necessary since -
to the knowledge of ILS - these parameters have not been deter-
mined experimentally.



8 _ .3 3
For YAG, B = 2.24 x 10 sec L and A = 3.5 x 10 Cm

Table 2-1 presents the energy transfer times calculated via

the above equation for interactions within the sublevels of the
*F, , and “Ill » energy levels. The time constant calculated

for’ interactioh between the *I,,,, and "I, ,, ground level is

600 nsec. The fluorescence lifetime of thé ‘F, , energy level

is 240 usec and optical pumping of this level t¢pically extends
over  100-200 usec. Clearly, all three of the latter energy
transfer processes are slow compared to the typical time interwval
of the Q-switching process of 100-200 nsec. Thus, only the
stimulated emission and the crystal-ion interactions need to

be taken into account in the formulation of the rate equations
for the Q~switching of the Nd:YAG laser. It is also obvious that
the phonon-ion interactions between sublevels are much faster
than any energy transfer processes other than stimulated emission.
Thus, the energy distribution among the energy sublevels of the
*F3 ,2 and *I,, , levels are as shown in Figure 2-4 prior to laser
emission. /

From the above discussion, a proper formulation of the
rate eqguation for Q-switching of the Nd:YAG laser is indicated
which involves equations describing the ion population dynamics
Of each of the sublevels of the "F, , and “I,,,, energy levels
plus an equation describing the phoéon density’ dynamics. These
equations could not be soluble analytically. Thus, an approximate
formulation of these eguations utilizing an empirical parameter
is made. This empirical parameter is the time-averaged decrease
in population inversion between the upper and lower 'laser levels
per photon emission from the upper level. This parameter,
denoted as a, can be estimated from the calculated time constants
of the interactions between energy sublevels or can be determined
empirically. (Note that o = 1 for an ideal four-level laser and
a = 2 for an ideal three-level laser.) A comparison of the results
of the rate equation theory to be presented and a numerical

iterative approach developed at ILS indicates that ¢ is between
0.7 and 0.8.

An estimate of o, the decrease in population inversion
per photon emitted, is made by time-averaging the laser dynamics
over a single round-trip through the laser resonator. From Table
2-1, the time constant for repopulation of the upper laser sub-
level of the *F,,, energy level by the lower sublevel is 6 nsec.
The time constané for decay of the lower laser sublevel of the
*I,, ,» energy level to the remaining “I,, ,, sublevels is 1.6
nsec( The round-trip time of a photon wiéhin the Spaceborne
resonator is 9.48 nsec. When a single photon is emitted by a
neodymium ion, the actual population of the upper laser sublevel
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Table 2~1. Energy Transfer Times

Transitien X Transfer Time
{Nanoseconds)
P/, 17w 27 6
"L/ 3+ 1 18
3+ 2 15
3+ 4 5
35 &
3+ 6 6.5
3+ X 1.6
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decreases by ~0.4 units and the pcpulation of the lower laser
sublevel increages by 0.2 units if given time to eguilibrate
afer emission of a single photon. The net population inver-~
sion decrease is thus 0.6 units per photon emission if eguili-
bration is allowed time to occur. The 9.48 ngec round-trip
time of the laser resonator does not permit this to occur. A
calculation of the equilibration of the *F; ,» and~“111/2 levels
over the resonator round-trip time after emission of a’ photon
vields a decrease in net population inversion of ~0.8 units
(exponential eguilibration processes are assumed). This value
of 0.8 for o will be used in the rate equation modal.

The rate equations ! for Q-switching of the Nd:YAG laser
which takes into account, in an approximate manner, the sublevel
dynamics of the “Fa/z and “111/2 energy levels are:

dd oN& Y
el el IR i B
dat =(Tr ) (Tr )

an _ oN& $
at “l 3

r
where
o = Stimulated emission cross section,
& = Photons/unit volume {referenced to rod volume)
N = NQ-Nl = active ion inversion/unit volume,
2 = Laser rod length,
v = ~%ﬁn{R?£?} = total losses per single pasg in
resonator,
T, = L/c = single-pass resonator transit time,
L = Resonator length,
e = %elocity of light,
R = Reflectivity of output mirror,
T = 8ingle pass transmission of resonator,
o = Decrease in inversion per photon emission.

2=10



The term {oNL/T )¢ in the first eguation is the increase
in the number of photons per unit volume on a single pass through
the resonator due to stimulated emission. By the definition of
the parameter, &, the term in the second eguation is clearly the
decrease in the net population inversion during a single resona-
tor transit. The term -~ (y/T }¢ in the first equation is the
decrease in the number of pho%ons on a single resonator transit
due to losses and output coupling.

The above rate equations are analytically soluble and
explicit eguations are obtained for the energy output for the
case of PTM Q-switching. A fast Q-switch is assumed as is the
case for the Spaceborne Laser. An analytical expression for the
O-switched pulsewidth is not cbtainable from the above equations.
This must be obtained numerically. However, an approximate ana-
lytical treatment of the pulse dynamics yields an explicit egua-
tion for the pulsewidth which is accurate within a few percent.
The eguation for the energy output! and the pulsewidth’® of the
internal radiation .intensity of a PTM Q-switched Nd:YAG laser are:

. f(hvy AS 1,1 1 _
Eaut = (? ) = 1 2 + 3 in A (2-4)
Estored L 1 1
o ee— T - X+ = = ; 2-5
Eout = 1 3 z n 2 { }
T (FWHM) = 24929 T , and (2-6)
Ve-T+5 » )
o B 8 8
. _ 2.49297
where T{FWHM) = e p= R
A out stored)
A = lLaser rod cross-—section area,
g = ¢N& = Single pass gain coefficient,
B o= L= (pump energy) /(threshold energy),

Y
(2n/e) /2a (1/RT %) = L/ey.
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The above equations are utilized to ‘generate characteristic
performance -curves for the Spaceborne Laser. Figure 2-5 is a
graph depicting energy input/output curves versus resonator loss.
An empirical relationship between pump energy and energy stored
in the laser rod is utilized. Figure 2-6 is a graph showing the
pulsewidth of the internal radiation intensity of the PTM O-switched
laser as a function of resonator loss for a fixed output energy of
5.0 mJ/pulse., Figure 2-7 is a graph of the internal radiation
intensity envelope as it would appear if the dump switching did
not occur in the PTM Q-switching operation. The envelope curve
was obtained numerically. Superimposed on this envelope are the
modelocked pulses with a pulse centered at the peak of the envelope.
The purpose of this graph is to indicate that energy output varia-
tion will occur due to jitter between the radiation intensity
envelope and modelocked pulse temporal position. This jitter is
probably unavoidable and the graph in Figure 2-7 predicts approxi-
mately a 5% amplitude jitter in energy output due to this phenomena
alone for the case of a 25% resonator loss/pass. From Figure 2-6,
it is clear that higher resonator losses result in shorter pulse
envelopes. Thus, the energy instability due to the modelocked

pulse and envelope positions will increase with increased resona-
tor loss.

This phenomena described above is clearly dominant in importance
over other sources of energy output instability such as gain or
loss variation from shot~to-shot. The latter parameters can be
controlled more carefully, but the envelope-pulse position jitter
is apparently unavoidable. Clearly, a low resonator loss to
stretch the pulse envelope is the desirable solution to this
problem. However, if this is not feasible in practice, operation
yof the oscillator at lower output energy levels in order to
stretch the pulse envelope may resolve the problem.



15

10

E.= 0.0 = =—QE-9A
095 £ = hwag = 1 9

[ %]

0.10 om® (BEAM AREA)
0.8
= 4.8 X 10" 9eq2

#

g B @
]

T, = 752
= T5%/PASS T, = 6o%/pass

TzAw 50% /PASS

e

2 3 4 5 b
PUMP ENERGY (J)
P2785

Figure 2-~5. PIM Q-switched Energy Input/Output
Curves vs Resonator Losses



PULSEWIDTH (NSEC)

150 —

100
EOUT= 5.0 MILLIJOULES
L =125 cm
50
1 I I | ]
0 0.1 0.2 0.3 0.4 0.5
FRACTIONAL LOSS/PASS, {(1- TE)
p27868B

Figure 2-6. Envelope Pulsewidth vs Resonator Losses



ST-¢

NORMALIZED INTENSITY

1.0

o
(5]

//’ Eout = 5,0 mJ

125 cm

—
]

25% LOSS/PASS

| | | l ] - 1 I

TIME - 1.0 DIV = 14.48 NSEC

Figure 2-7. Modelocked Pulse Amplitude vs Time



C. TRANSIENT MODELOCKING

The mathematical treatment of transient_and steady-state
active modelocking by Kuizenga and Siegman 6:7 has been proven
experimentally to be a viable description of the active modelock-
ing process in N&:YAG. The basic approach of their treatment is
to approximate the lasex material gain function, the modulator
temporal function, and the initial pulse shape of the intracawvity
radiation as gaussian curves. Via this approach, the initially
gaussian pulse remains gaussian after transmission through the
laser material and modulator.

In the steady-state analysis, the changes in the gaussian
parameter of the intracavity radiation pulse caused by the modu-
lator and the laser material on one round-trip through the laser
interferometer are equated. From this eguation, the steady-state
value for the gaussian parameter and thus the pulsewidth of the
modelocked pulse are determined as a function of the laser material
and modulator parameters.

The analysis of active modelocking in the transient regime
is initiated by setting up a differential equation in time for
the gaussian parameter of the intracavity radiation pulse. The
changes in the latter parameter caused by the modulator and the
laser material on each round trip through the laser interfero-
meter divided by the round trip transit time are the rate terms
in the abovz mentioned differential equation. This equation is
easily solved to yield the modelocked pulsewidth in the transient
modelocking temporal regime,

The medulator gaussian parameter derived via the gaussian
approximation to the modulator transmission function depends
solely on the temporal duration of the modulator gate. Similarly,
the- laser gain bandwidth determines the gaussian parameter derived
from a gaussian f£it to the gain curve. The curvature of the gain
function at its peak dictates the effective bandwidth of the laser
material for the modelocking process since only axial modes near
the peak participate in laser action.

The effects of the modulator and the laser rod on the tem-
poral and spectral character of the laser output are competing
ones. The gain function of the laser rods acts to decrease the
spectral content of the laser radiation and conseguently also
acts to increase the temporal duration of this radiation. The
modulator acts to decrease the temporal duration of the laser

Li



radiation and thus acts to increase the spectral content via the
generation of frequency sidebands of the initially oscillating
axial modes.

At least two distinct stages of transient modelocking can
be identified prior to the achievement of steady-state modelock-
ing on the basis of the relative magnitude of the effects of the
modulator and laser rod. For moderate duration modulator time
gates, the increase in the spectral width resulting from the appli-
cation of this gate to the "intracavity laser radiation is at first,
negligible compared to the frequency bandwidth of the laser mater-
ial gain. Thus, in the first stage of transient modelocking the
modulator essentially goeverns the temporal and spectral character-
istics of the laser radiation. As an example, consider the case
where the duration (FWHM) of the time gate is = 3.5 nsec. This
corresponds to a. sinusoidal modulation at 75 MHz with a modulation
depth of 1.0 from the equation for the modulation function M(t) =
cos[® sin (w _t)]. This temporal width corresponds to a spectral
width of 140"MHz or =0.005 cm™' according to the Fourier relation-
ship between time and frequency. Figure 2-8 clearly shows that
this spectral width is negligibly small compared to the NA:YAG
gain curve shown as a function of frequency.

Thus, in the 'initial stage of transient modelocking the
modulator characteristics determine the pulse duration of the
modelocked pulse. EKuizenga and Siegman derived the following
equation for the modelocked pulsewidth for the first stage of
transient modelocking,

Tp _ /;n2 1 (2-7)
- ﬁchfm»,M

where
qn = modulation depth,
fm = modulation fregquency,
M = number of passes through modulator.

To quote Reference 7, "From a physical viewpoint, equation (2-7)
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remains valid so long as the pulses' spectral width is narrow
encugh so that it is not affected by the atomic linewidth®.

Stage 2 of the transient approach to steady-state modelock-
ing begins when equation (1) ceases to be valid. In this stage
the pulsewidth of the modelocked pulse begins to be comparable
to the steady-state pulsewidth. Eguivalently, in this stage the
spectral width of the laser radiation haé& been increased by the
action of the modulator to the point where the freguency depen-
dence of the gain function becomes significant (see Figure 2-8).
In this temporal regime of the active modelocking process, the
laser rod reduces the effectiveness of the modulator to decreass
the pulsewidth via gain discrimination. ZXuizenga's and Siegman's
derivation ’ for the modelocked pulgsewidth in stage 2 of the
transient approach to steady-state modelocking yielded:

T

T o= 0 (2-8)

P Ytanh {MXMO)
where

T, = steady-state modelocked pulsewidth,

M = number of pasgses through modulator,

M - _._..........____l E’
o 16Vg £

Af = laser line bandwidth,

g = unsgaturated laser gain.

The steady state pulsewidth is given by

©¥2 1n 2 T \ K -
Ty © B f_ AT - (2-3)
Q w m m /

A basic assumption made in all analyses presented previously
is the following. It is assumed that the modelocked pulse formed
during the prelase or (Q-switch buildup time is essentially unchanged
during the period of high intracavity radiation intensity just prier
to ejection of the pulse from the resonator. The analysis below
shows that this assumption is walid.



The change in the temporal gaussian pulse parameter caused
by passage through the rod and modulator are given by Reference 6
to be:

2
AE = - _4.9-...5;__
rod ﬂz(Af)z (2~-10)
2.2, 2
and AE modulator = 47 emfm (2-11)
where g = the saturated gain,
Af = fluorescence bandwidth of laser line,
Om = modulation depth,
fm = modulation freguency,
and € = gaussian pulse parameter of modelocked pulse

just prior to entering high intracavity
radiation regime.
_t2
( £ is defined by f£(t) = e ¢ -)

The number of round trip passes made by the pulse in the
high intracavity radiation regime prior to extraction of the pulse
from the resonator was shown by previous ILS analysis to be =10
for intracavity losses of 36% per round- trip. The net change in
the gaussian pulse parameter is calculated for 10 passes to be

AE ) = +15 x 1078 (2-12)

A% = 10 (Ag modulator

net rod

where @m = 1.5; £, = 75 Mhz; g = 0.96gO = 0.624; and

Af = 160 GhZ. The gaussian pulse parameter corresponding to

an initial 200 psec (10% pts) pulsewidth is 2.3 x 1020. “The
gaussian pulse parameter following the 10 passes through the
interferometer prior to pulse extraction is E+AE = 2.45 x 1020,
This value of the gaussian pulse parameter corresponds to a pulse
duration of 194 psec (10% pts). Thus it is seen that the change
in pulse duration during the period in which significant energy



is extracted from the rod is negligible and in fact a desirable
shortening of the pulse. This could have been predicted from
Equations (2-10) and (2-11) which show that the only changes in
these egquations from the low intensity case is the replacement of
g, (the unsaturated gain) with g (the saturated gain). Since g
is less than dor the laser rod contributes to pulse lengthening
less in the high radiation intensity temporal regime than in the
low intensity regime (the pre-lase period).

Figure 2-9 presents the pulsewidth versus prelase time
for two resonator loss parameters and a gain value which in each
case yields a 5.0 mJ/pulse output enerqgy.
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D. PRELASE CONCEPTS

The calculations presented in the previous section show
that the desired pulsewidth {200 psec € 10% points) for the
Spaceborne laser can only be obtained by several hundred reso-
nator round-trip transistions. This corresponds to several
ksec, a time much longer than typical Q-switch buildup times
(~ 100 - 200 nsec). The generation of low level radiation
(prelase radiation) for the necessary témporal duration permits
the attainment of the desired laser pulsewidth.

The duration of prelase radiation should be precisely
controlled in order to obtain shot-to-~shot pulsewidth stability.
Also, the level of the prelase radiation should be precisely con-
trolled in order to prevent depletion of the energy stored in
the laser rod. In this manner, laser efficiency can be maintained
at the level obtained in the absence of prelase radiation. One
manner in which precise control of both the duration and level
of the prelase radiation can be obtained in a pulsed laser is via
an active radiation feedback control loop.

A feedback control loop was implemented in the Spaceborne
laser by detection of the leakage radiation from the resonator
and control of the O-switch loss via an applied variable voltage.
The detector is the input to an electronic circuit which increases
or decreases the differential voltage across the Q~switch cell when
radiation within the resonator increases or decreases respectively.
Thus, the loss of the cell increases/decreases when the prelase
radiation increases/decreases. The two experimental circuits
designed to perform the feedback control on prelase radiation were
unsuccessful as described elsewhere in this report. The problems
encountered were difficult and the prelase approach described in the
following paragraph was emploved.

Prelase radiation is generated in the present laser device
by setting the O-switch bias voltage slightly below the lase hold-
off voltage. TIn this manner, a low energy normal mode pulse is
generated when the maximum gain of the laser rod occurs. The build-
up time for this normal mode pulse of ~ 3.0 usec is the prelase
duration. Q-switching is dynamically synchronized to occur near the
peak of the normal mode pulse. The synchronization is accomplished
by direct lase detection via a circuit which initiates O-switching
when prelase radiation exceeds a preset level. The preset thres-
hold level can be varied experimentally to adjust prelase radiation
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intensity. The disadvantage of the above-described prelase tech-
nigue is that the prelase interval fluctuates from pulse to pulse.
This occurs because of normal mode pulse amplitude fluctuations in-~
duced by small net laser gain fluctuations which in turn result
from flashlamp-rod coupling variations from pulse to pulse.

Experimentation is planned with the pulsed, guasi-~CwW
flashlamp pumping mode used in the Lawrence Livermore SHIVA mode-—
locked oscillator. This pumping mode with the Q-switch bias
voltage set to allow low level lasing results in quasi-CW opera-
tion prior to Q-switching. The duration of this lase period is
set by the CW pumping duration to allow damping of normal mode
spiking prior to Q-switching. The ahove prelase technique will
provide prelase durations of ~150 psec and thus ensure the genera-—
tion of steady-state modelocked pulses with insignificant varia-
tions in pulse profile or pulsewidth from pulse to pulse. The
disadvantage of this prelase technique relative to the one pre-
sently used is an increase in oscillator flashlamp power from
25 to 75 Vatts.

E. AMPLIFIER MODEL

The theoretical model which describes the characteristics
of amplifier action for modelocked pulses is developed with
consideration given to equilibration times of the energy transfer
processes. For subnanosecond pulses with double pass transit
times of less than 2 nsec through the amplifying medium, one may
assume that equilibration effects between levels are negllglble.
With reference to the description of energy transfer processes
as developed in the section on Q-switching dynamics, the value
of &, the time-averaged decrease in population inversion, may
then be established. By neglecting equilibration times, the
decrease in the upper laser level population per photon emitted
is just equal to the increase in the population of the lower laser
level. Thus, a=2 represents the change in the population inversion
per photon emitted for amplification of modelocked pulses using
Nd:YAG.



The rate eguations 8 which describe the amplifier dynamics

with consideration given to the sublevel dynamics of the laser
medium are:

3¢ (X, t) 9% (X, t)
——— + —_— = - -—
5t c Y gen (X, t) ¢(X,t) (2-13)
gﬁ%—’—tl = - aoon(X,t) ¢(X,t) (2-14)
where
&(X,t) = Photon/Unit Volume,
n(X,t) = Inversion/Unit Volume,
g = Simulated emission cross section,
c = Velocity of light,
@ = Decrease in inversion per photon emitted.
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The rate of change of the photon density is proportional
to the product of the functions of the photon density and inver-
sicn density with the stimulated emission cross section foxr the
particular laser level under consideration. The rate of change
of the inversion density is just the negative of the rate of the
photon density multiplied by the factor w. These equations may
be solved analvtically to yield: ?

@i{t~X/c}
P = -gn X T (2-15)
1 - 1 - e o‘) exp {—adc~/f ¢i (t7) dax”
Q
Where
55 = Uniform inversion/unit volume,
¢i = Input photon density,

Application of a sguare pulse input given by:

£§)i(t) = tPo 0¢ t < T, and

0 otherwise:
vield an accurate approximation to the solution of the energy

gain eguation. The energy gain eguation 8 for the sgquare input
pulse is:

G = —— gn 31+ "R [e%0% _q
B [sRefu]

Where
$ = Input photons/unit area,
o = Decrease in inversion per photon emitted,
¢ = Stimulated emission cross section,
2 = Laser rod length,
n_ = Initial uniform inversion/unit wvolume.



The energy gain equation expressed in terms of the energy stored
in the upper laser level and the amplifier input energy is:

B E_ ./ A
hv/on stored/a IN - 1
2o + B At A -9
GE EIN/A tn {1 exp hv/o [}x hv/oa ] (2-17)

IN = Amplifier input energy,
E s

stored = Energy stored in upper laser level
y:3 = Amplifier rod area,
hv = Saturation energy'(O.BBJ/cmz for N4:YAG).
g

Employing this expression for the energy gain equation one
may determine the output energy for a given set of input and
enerqgy storage conditions. Given initially an energy storage of
179 mJ (corresponding empirically with a 9.0 Joule pump energy)
with a .2827 cm rod area exposed to an input energy of 5 md/
pulse one may calculate the expected ocutput energy for a double-
pass amplifier system. On the first pass:

i

.200 (-619/.) [(.0177/.2) _ ]f )
s = o177 M jlte e i (2-18)

= 4,08

which multiplied by the input energy yvields an output energy of
20.4 mJ/pulse. The beam is then folded back on itself with an
assumed loss of 5% which makes the input energy on the second
pass equal to 19.0 mJ/pulse.

The energy storage in the rod has dropped to 149 mJ/pulse
as a result of the energy extracted on the firgt pass. For the
second pass

Gy = 2.88,
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which yields a final output energy of 54.6 mJ/pulse for the
double pass amplifier.

Using the equation for the energy gain with o = 0.8, values
were computed for the relative extracted energy per unit amplifier
¢ross sectional area as a function of oscillator input energy.
This value of o corresponds to ~20 nsec input pulses. These
results are shown in Figure 2-10 with experimental data also
presented. A close correspondence can be seen between the theo-
retical curve and the experimental data. Thus a theoretical

model is available which accurately predicts amplifier performance
characteristics.
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Section III

DESTIGN
AL SYSTEM OVERVIEW

1. Hardware Description

The Spaceborne Laser System consists of four units: the
laser transmitter, power supply, cocling system and modelockex
driver. Figure 3-1 is & photograph of these units and Figure 3-2
is a syvstem block diagram.

The laser transmitter housing is hermetically sealed and
consists of a cover and a baseplate mounted on four steel rods
terminating in Gaertner magnetic bases. All electronic and
coolant connections are made through the baseplate. The transg-
mitter contains the optical bed and interferometer, the radiation
and synchronization control electronic packages, the Q-switch
driver package and miscellaneous minor electronic components.
The transmitter derives its electronic inputs from the power
supply via a single primary cable and several BNC cables. A
single BNC cable connects with the cooling system via inlet and
outlet coolant hoses. The output of the transmitter will be a
single subnanosecond pulse.

The Spaceborne Laser System power supply subsystem is
mounted on a standard 19-in. enclosed chassis that is rack-
mountable. The power supply contains the flashlamp power
module, the pulse-forming networks (PFNs), pulse rate generator,
prelase and Q-switch delay logic, Q-switch bias and driver
voltage sources, and migcellaneous minor electronic components.

3~1



Hardware Subassemblies

Figure 3-1.
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All power supply connections are made through the front panel.
The prime power input of 24-v dc to the system is made via-the
power supply. The power supply provides a logic input to the
modelocker driver via a gsingle BNC cable. ALl other power supply
connections are with the laser transmitter. Essentially all the
controls of the Spaceborne Laser System are accesslible via the
power supply front panel. These controls -=- described in detail
in the power supply design section -- are flexible and complex
because of the experimental nature of this hardware.

The modelocker driver electronics are packaged in the
housing of an Electronic Navigation Industries Model 310L RF ampli-
fier. This housing contains, in addition to the RF amplifier, a
precision crystal-oscillator freguency source and a freguency
synthesizer. The power input required for this unit is 120 v,

60 Hz ac. The two BNC cables from this unit to the power supply
and the transmitter connect fto the front ‘panel. The controls for
this unit also are on the front panel. The prime power input will
be modified to 28V-dc in Phase II of this program.

The cooling system for the Spaceborne Laser System is housed
in a chassis and case. The system is a closed-cycle unit contain-
ing a fan, coolant pump, ion-exchange filter and liquid~to-air
heat exchanger. The 24-v dc power required for this unit is ob-
tained via a cable splitting from the main transmititer power supply
cable. 'Quick~disconnect coolant fittings are provided for the in~-
let and outlet coolant hoses at both the transmitter and cooling
system ends. All connectiong to this unit are made via the front

panel. The cooling system will use a ligquid-liquid heat exchanger
in Phase II.

2. Mechanical Configuration

The mechanical design effort on the Spaceborne Laser
System program was essentially the design of the laser transmitter.
Existing packaging designs were used with minor modifications for
the power supply and cooling system. The modelocker driver packaging
was a minor modification to a purchased unit., The mechanical de-
sign of the Spaceborne Laser System transmitter is almost entirely
new. This design effort involved designs of the optical bed, modu-
lator housing and optical mounting, laser pump cavity, passive
optics mountsg, and the transmitter packaging.



A major function of the mechanical design task involved
the conception, analysis and design of the optical bed. The
mechanical and thermal stability of this bed was an important
parameter since the. Spaceborne Laser System involves active mode-
locking. Modelocking of this type reguires stringent control of
the optical length of the laser resonator which depends sub-
stantially on optical bed dimensional stability.

Figure 3-3 is a sketch of the optical bed conceived on
this program. The material used for this optical bed was Invar,
a low thermal expansion material. A thermal and mechanical stress
analysis was performed on this optical bed which indicated a
dimensional and distortion stability approaching that ¢f the Invar
material. This optical bed concept is considered by ILS to be a
near optimum one for the implementation of the Spaceborne Laser
System concept. Appendix C gives the details of the optical bed
analysis,

3. Electronic System Overview

The electronic system, as considered in the most elemen-
tary form, is depicted in Figure 3-2. Four component blocks com-
prise the system. These blocks are:

e The power supply unit;
® The laser head unit, or transmitter unit:

& The modelocker driver unit; and

¢ The cooling system unit.



Optical Bed Sketch

Figure 3-3.
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Figure 3-4 elaborates upon the major system circuit

block to depict the subunits contained within.

The power supply unit contains:
The flashlamp power modules (two each);
The pulse~forming networks (two each);
The Q-switch voltage sources (two each);
The prelase and Q-switch control logic;
The pulse repetition rate/frequency (PRF) generator;
The logic voltage source or power supply; and

The simmer supplies (two each).

The prime power input is 24 to 28 V dc.

The transmitter unit contains:
The Q-switch drivers and Pockels cell;
The synchronization electronics;
The prelase control electronics;
The flashlamps and ignition transformers;
The active modelock modulator; and

Ancillary low-voltage power supplies.
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All laser transmitter power is routed from the power unit, the
exception being the modelock drive which originates from the

modelocker driver unit. Figure 3~5 depicts the transmitter
unit electrical system.

The remaining unit, the modelocker driver unit, contains:
® An ultrastable crystal. controlled oscillator;
® A frequency synthesizer;
e A radio frequency (RF) amplifier; and
® A power pulser.

Power for the modelocker driver is currently from the
117 V ac mains; however, the unit lends to modification for 24-
V dc operation. Because the modelocker driver is only a bread-

board, this meodification was not considered necessary.

4. Optical Concepts

The primary optical concepts developed on the Space-
borne Laser System program are the common-mirror, crossed TIR
prism resonator and the double-pass amplifier utilizing a Porro
prism as both mirror and half-wave phase plate. Analysis
involving these two concepts plus modulator, pump cavity and
laser damage studies were the topics of the optical design
performed on this program.

The common-mirror, crossed TIR prism resonator is the
most important optical concept developed on this program.
Figure 3-6 shows the optical elements of this résonator as
employved in the Spaceborne Laser System. The importance of
this concept stems from its relative insensitivity to mis-
alignment with respect to small motions of the common mirror
and TIR prisms and the compactness (low volume) provided by
the four folds. Both of these properties are very important
for laser hardware, the end goal of this development program.
The design studies performed related to the Spaceborne Laser
System resonator 'included resonator mirror design, resonator
length and alignment sensitivity analysis, and the specific
optical design of each resonator element. The goal of the

latter design task was to avoid etalon effects within the
resonator.
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The optical elements of the amplifier system are
depicted in Figure 3-7. The optical designs of these elements
were simple because etalon effects were not important as in
the resonator system. The concept of using a Porro prism as
Max R reflector and as a half-wave phase retarder was generated
to avoid the use of crystalline guartz, a low damage threshold
optical material. The roof line of the Porro prism actually
is 45° to the polarization plane. It is shown vertical for
ease of illustration.

All of the optical materials used in the Spaceborne
Laser System were evaluated with respect to laser damage
threshold via the published literature and discussions with
vendors. The effects of nonlinear self-focusing also were
evaluated. The latter phenomena was shown to be the primary

limiting factor on the energy output of the Spaceborne Laser
System.

The modulator study determined the electronic drive
requirements for the cylindrical ring electrode (CRE) KD*P
crystals used as the Q-switch and modelocker modulators. The
transmigssion uniformity, .the guarter-wave voltage and the
capacitance of the CRE KD*P crystals were reviewed. Also, the
loss tangent reported for KD*P was utilized to analyze heating
effects in the modelocker modulator.

The pump cavity design study involved a review of the
literature on pump cavity design and consultation with ILS
experts in this area. The design generated combined several
ideas from the literature and ILS personnel in an attempt to
improve pumping efficiency and uniformity.

B. OPTICAL DESIGN

1. Laser Damage Evaluation

Nonlinear self-focusing effects limit the attainable
power density and thus the energy output of the Spaceborne
Laser System. These effects limit the power density in two
ways. Localized self-focusing induced by spatial intensity
fluctuations ©of the laser beam can result in laser damage.
Whole-peam self-focusing can limit the TEM, ,-mode volume. The
laser damage thresholds of the optical materials and dielectric
thin films utilized in the Spaceborne Laser System are substan-
tially higher than the limits imposed by self-focusing.
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The electric field intensity of a high-peak-power laser
beam modulates the refractive index of optical materials through
nonlinear effects. The variation of the index as a function
of the electric field is given by:

n =n  + nzlEl2 (3-1)
where no= the refractive index of the optical material;
nos= the nonlinear index of refraction;
and |E|2 = the instantaneous value of the electric field
squared.

The relationship between the latter parameter and the bean
intensity, denoted by I, is:

I = RolE|2 (3-2)
2np

where ng, the characteristic impedance of free space.

The index of refraction of a material irradiated by a gaussian
beam of intensity,

=1, (-21r2 /u?) (3-3)

is thus given by
n(r) = ny + 2(nan,/no)I, exp (-2r2/w?). (3-4)

Clearly, the index of refraction is greatest at the center of
the gaussian beam and falls gradually to ng as one moves from
beam center. Thus, the beam propagates slower at the center of
the beam than elsewhere and optical focusing results.

The effects of whole-beam self-focusing on the TEMgq
mode diameter in Nd:Glass lasers has been analyzed by
Eckhardt?. a critical parameter in this analysis was the
temporal regime in which the pulse has a high intensity. The
degree of whole-beam self-focusing is inversely proportional
to the duration of this temporal regime. The higher gain of
Nd:YAG relative to Nd:Glass significantly reduces the extent
of the temporal regime in which the power density is signifi-
cant. A power density limit of ~ 1.0 GW/cm2 was extrapolated
from the results of Eckhardt's analysis for the Spaceborne
Laser System resonator.
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An optical beam with an intensity greater than the
critical power of its propagation medium is unstable with
respect to localized self-focusing. The critical powerl? of
an optical medium is defined by

eocli
87”’12 (3_5)

P_= 3.77
c

Table 3-1 gives the critical power of several optical materials
used in the Spaceborne Laser System.

Table 3-1 Critical Power of Selected Optical Media !lr12

ny Pc
Material
(x 10722 2 /y2) (X 10° W)
YAG 4.5 10.01
QUARTZ 1.1 40,96
KDP 1.1 40.96
ED-4 2.1 21.46

Transverse spatial fluctuations in an optical beam of greater
intensity than the critical intensity will, .in general, grow
exponentially and micht eventually result in laser damage.
Clearly, localized self-focusing can be controlled by obtain-
ing a smooth spatial profile. However, inevitable optical
defects will generate spatial fluctuations. It is difficult
to obtain analytic power density limits for which localized
self-focusing is not a problem. However, the literature does
report operation of modelocked Nd:YAG laser oscillators at or
slightly above 1.0 GW/cm2 without incurring laser damage as
the result of localized self-focusing.!3:1%*

Tables 3-2 and 3-3 present the damage threshold
at 1,064 nm of the optical materials and dielectric thin-films
selected for use on the Spaceborne Laser System. Clearly,
these power densities exceed considerably the limits set by
self-focusing effects.



15,16
Table 3-2 TEMOO Mode Laser Damage Thresholds ’

Material Damage Threshold
KD*P 22 GW/cm2 ®
ED-4 i i08 GW/cm2 *
Nd:YAG >12 GW/cm2
Quartz >100 GW/cm2

*Pulsewidth = 125 = 25 psec

] 15
Table 3-3 TEMOO Mode Laser Damage Threshold

of Dielectric Coatings

. Average
Coating Substrate Damage Threshold

. - 2
Anti-reflection 7 EY-1 3.7 J/CM2 (29.6 GW/CM )
Dielectric Polarizer BK~7 3.6 J/CM2 {(28.8 GW/CMz)

. . 2 2
Maximum Reflection - 3.3 J/CM” (26.4 GW/CM")
pulsewidth =125 + psec Spot Diameter = 0.25 cm
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2. Resonator Design

The design of the resonator mirrors for the Spaceborne
Laser System took into consideration spot size sensitivity to
thermal lensing and alignment sensitivity of the common-mirror
resonator. A concave-convex resonator was chosen for implemen-
tation because of the absence of a beam waist within the resona-
tor as well as other properties cited in the literature.

The spot size, w, of a gaussian TEM,o laser beam is
defined by the equation:

I(r) = Iy exp [-2(r/w)?] (3-6)
where Ip = peak beam intensity and
r = distance from center of beam.

The spot sizes'® on the mirrors of a resonator with a thin
internal lens are given by

2 3
B\ ZE] 9,291 | F
Yo,1 T\ T 1= (3-7)
where
d.d
172
B = dl + dz - —‘E——,
g = 1 - ig - B_'
1 £ R1
g - l — di - .@._.'
2 £ R2
£ = lens focal length,
Rl 5 = mirror radii of curvature, and
I

dl 5 = distance from mirror 1, 2 to lens center.

In practice, the laser rod can be treated as a thin lens if the
rod thermal focal length is long. "This condition will be shown
to be the case for the Spaceborne Laser -System.
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The sensitivity of the TEMﬁO—mode volume in the laser
rod to fluctuations in thermal lensing can be expressed ana-
lytically. 7The derivative of the spot size on the mirror
nearest to the laser rod with respect to the focal length of
the rod can be derived as follows:

- =11
dwy W3 A AL S U (1 ) f;~>,dl{2g1gz b
A 4% (1-g.9.) B 9y Ry 9
192
4
(1 - §3) (3-8)
2

This derivative c¢an be calculated numerically given the mirror
radii, mirror-rod optical distances and rod focal length.

The senzitivity of the common mirror resonator +o mis-
alignment can be determined analvtically. The partial deriva-
tives!? of the beam displacements on the laser mirrors with
respect to mirror angular tilt, 9, are :

Ad;  RyR,(l-g,) ing Dy _ RyR, (g, -1)
88 X AB X (3-2)
3

g

D-all—h
-

where X = glRl + R2 + Rle .

3|
‘...h

2

Ad, and Ad. are the lateral displacements of the beam center on
mirrors 1 and 2, respectively, and A6 is the mirror tilt.

The thermal focal length of a solid-state laser rod
that is uniformly pumped and syvmmetrically cocled is given by
the equation: '?

2
K K
£ = = 3 = — (3-10)
H [{1/2} dn/4T + Cano ] ;
where

f = foecal length of laser rod thermal lens,

K = thermal conductivity of laser material,

r = laser rod radius,

dn/dT = refractive index thermal coefficient,

nO = refractive index at lasing wavelength,



If

coefficient of linear expansion,
stress optic coefficient,
= heat per unit time absorbed by laser rod.

im0 e
I

Typical thermal lensing of Nd:YAG laser rods is shown in Figure
3-8. 7The pump level of the Spaceborne Laser System ranges betwe:
3 to BJ. Thus, a focal length of ~ 25 m is used in the calcula-
tions given below for the 5 x 101l.6mm oscillator laser rod.

The equations given above permit calculation of the
spot sizes on the laser mirrors as a function of rod focal
length, the alignment sensitivity and the sensitivity to
thermal lensing. Figure 3-9 gives these guantities for a
laser resonator with parameters near those of the Spaceborne
Laser System resgonator.

3. Oscillator Optical Design

The. optical design of the Spaceborne Laser System
regsonator shown in Figure 3-10 was generated with the para-
mount consideration of avoiding etalon effects. These sffects
would limit +the spectral width of the laser radiation and then
make the achievement of the desired pulsewidth difficult, if not
impossible. Every element of the laser resonator was designed
as a wedge except the laser mirror. Also, every optical sur-
face was set 0.20° to 0.25° off every other optical surface.
The one exception was two sets of optical surfaces of the
TIR prisms. These surfaces however were tilted sufficiently
and far enough apart to eliminate the interference effects of
the established etalon. In practice, the establishment of this
etalon was improbable because of the optical tolerance of
intervening optical components.

The laser rod leg of the resonator was designed to
include a quartz wedge which essentially compensated for the
deviation and lateral offset introduced by the wedged laser
rod. The KD*P Q-switch and modelock cells were designed to
be identical and were mounted such that the deviation and
lateral offset of cone cell was compensated for by the other
cell. The dielectric polarizer internal to the resonator also
was designed as a wedge. The two guartz Risley wedges were
designed to compensate for bhoth the offset and deviation of
the polarizer. These Risley wedges also were designed to have
a range of deviation and offset sufficient to compensate for
the cumulative fabrication tolerance of the optical elements.
The guartz TIR prisms were designed with a pyramidal error so
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that the entrance and exit faces were not parallel internal to
the TIR prisms. The detailed description of all of the optical
components is presented in the appendix containing the

optical design drawings.

4. Modulator Analysis

The nonlinear crystal KD*P was used as the modelock-
ing and Q-switching modulators. The c¢ylindrical ring electrode
{CRE} configuration for XD*P is employed. The transmission
uniformity, the A/4 voltage and the modulator capacitance are
significant for both the modelocking and Q-switch KD*P cells.
In addition, the loss tangent ig significant for the mode~
locking modulator. Table 3-4 summarizes the properties of KD*P
crystals.

The A/4 voltage for a CRE KD*P Pockels cell given by
Lasermetrics literature is 3200 v. The A/4 voltage is related
to the nonlinear electro-optic coefficient Lea by

3

Vl/,4 —{A/éno) L.
where n, is the ordinary index of refraction of KD*P. This
index is reported by Harshaw to be 1.47.'° However, a close
comparison of the ordinary index of refraction of KD*P and
KDP reveals that np, is probably closer to 1.49.

(3-11)

The -electro—-optic coaffigignt for 90% deuterated KD*P
at high freguencies is 24.0 x 10 m/V at 500 nm for room
temperature. Assuming x to be wavelength-independent, vk/é
at 1,064 nm for high-fregiency modulation is calculated to
be 3350 v. The corresponding static A/4 voltage is 3200 v.

Table 3.4 Properties of KD*p?°

Thermal Conductivity l8§§°K @ 300°K
- . - -10 -1

Electrical Conductivity 1o {ohm-cm}
Resistance 1000 MG
Maximum Safe Operating 100°C

Temnperature

s tox 11 2
Surface Resistivity 1.3 x 10 ohm/cm
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Table 3-4 Properties of KD*P {continued)

Dielectric Strength 70,000 V/cm
Dielectric Constant (sc) 45 @ 30°C @ 9.2 GH=z
50 @ 24°C @ 1000 H=z
Piezoelectric Constants d = 52 x 10_12 C/N,
@ 30°cC 36 -12
— dld = 3.3 x 10 C/N,
gs6 = 0.13 m2/C @ 60 MHz
Loss Tangent @ 24°C 0.0012 @ 100 MHz

0.0072 @ 1000 MHZ

Dielectric Constant @ 24°C 39.3 @ 100 MHz
. 41.3 @ 1000 Muz

-12
Electro-Optic Coefficient rgg = 25.6 x 10 m/V

[=) -1
@ 30%¢ res = 24.0 x 107 n/v

Refractive Index n, = 1.47 @ = 1.0u

Q

(E 1 to C axis)

The capacitance of a CRE KD*P Pockels cell is given
according to Steinmetz?! by the eguation

C = ('ﬁRzez.Eo/Z) (L-W) (3-12)
where R = the crystal radius;

€ €, = the electrical permittivity of the crystal
in the z direction;

2L = the length of the crystal; and
W = the electrode width.

The CRE configuration identified by Steinmetz as near optimum
with respect to transmission uniformity for a 0.25-in. diameter
beam had L = 12mm, W = 8mm, and R = 6mm. This configuration
will be used in the Spaceborne Laser System and has a calcu-
lated capacitance of 6.4 pF. Measured capacitance of 7 to 10
PF for CRE cells of these dimensions are reqularly obtained by
lLasermetrics.



According to a McDonnell Douglas report?? the loss tan-
gent of KD*P is 0.0012 at 100 MHz. Other sources (Cleveland
Crystals?®’and the Handbook of Linear Electro-optic Materials?®)
confirm that this value is fairly accurate. The loss tangent is
almost certainly no greater than. 0.002 for the driving frequency
of = 60 MHz. These values are for 30°C. Data in the handbook
mentioned above indicate that the loss tangent decreases with
increasing temperature. However, the data is not definitive for
the proposed driving freguency.

The KD*P modelocking modulator is driven via a series
resonant circuit. The voltage source for this series resonant
circuit is a temperature stabilized crystal oscillator (31/105
stability) amplified to 3V peak-to-peak by a commercial RF
amplifier system.

The differential equation for a RLC circuit driven by
a sinusoidal source is

di di i
arz- t R Tt + c = Vmwcos(mt) (3-13)

L
where v o= Vmsin(wt) is the driving voltage.

The steady-state solution to this equation is

i = vﬁ sin Ent + tan_l(l/wc % wl )} (3-14)

/RZ +{1/0C — wL)?2
At the series resonant condition,
1 .

"EE = wL and (3-15)
Vv

. m |,

i= R Sin {wt) . {3-16)

The literature?? gives a value of 0.0012 for the loss

tangent of KD*P at 100 MHz--that is, wCR = 0.0012. The capaci-
tance of a typical cylindrical-ring-electrode (CRE) KD*P cell
is no greater than 10 pF. The modelocking frequency that has
been selected is 60 MHz. Assuming that the loss tangent for

60 MHz is approximately that at 100 MHz--say 0.002-- the
effective resistance of the cell is R ¥ 0.53 Q.



The resonant frequency of a series resonant circuit is
given by

1 1
n — (3-17)
VLC

£ =

Thus, the ideal inductor reguired to producse series resonance
in series with a ¥XD*P cell with v 10pf of capacitance at a
freguency of 60 MHz is L = 0.7 ph. Recall that the current

at series resonance is given by i = (Vy/R) sin (wt). Thus, the
voltage across the KD*P cell is given by

. v
1

I Ji : _
Vc T wC wCR sin(wt). (3-18)

Recalling that v = V sin(wt), it is clear that the voltage
multiplication factor is given by
N S -
vc/v = =g 500 (3-19)
for £ = 60 MHz, C = 10pf, and R = 0.530. Thus for a voltage
input of 6 v peak-to-peak, it should be possible to obtain a
voltage of 3000 v peak-to-peak across the XD*P cell.

The equation for the average power dissipated in the
RLC circuit at series resonance is
2
V
m'm a Vm

P == =35

= 34 W (3-20)

for vm =6 v and R = 0.530. For a Auty cycle of 1000 of 1 the
average power input to the modulator is 37 mW. Thus, crystal
heating problems should not be encountered.
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5. Pump Cavity Design

The pump cavity designs ‘for the Spaceborne Laser
System were guided by information obtained from a literature
review and previous ILS experience. International Laser
Systems has personnel who have been involved in pump cavity
design and experimentation for the past 15 years. The emphasis
in the studies performed has always been on increasing laser
efficiency. As a result, ILS pump cavities now represent the
state-of-the-art with regard to pumping efficiency.

Pumping and cooling uniformity also were goals of
the final designs of the Spaceborne Laser System pump cavity.
These latter two parameters are important for the efficient
operation of a TEM_ -mode laser. The designs ‘developed for
the Spaceborne Lase? System pump cavity were plural because
an experimental approach was indicated by the reviews of pump
cavity theory. At present, this theory analytically speaking is
fragmented and only provides design guidelines.

/.
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Figure 3-11. Typical ILS Pump Cavity

Figure 3-11 shows two typical ILS pump cavity cross
sections on a two-to-one scale. The cavity reflectors are
silver-plated for optimum reflectivity. Degradation of these
reflectors is avoided by use of ultra~clean coolant and ion-
exchange filters. The reflectors are approximately four times
longer than the average cross-sectional dimension. Both of the
pump cavities shown are nonfocal-~~that is, the flashlamp and
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3
rod are not at the focal points or a precise focal point is not
defined.

A color filter is indicated between the rod and lamp in
Figure 3-11. fThese filters are essentially opague below 3500 2
and thus reduce heating of the laser rod due to UV absorption.
Shaping the filter into a wedge as shown in Figure 3-13 results
in better laser efficiency in some cavity geometries.

A typical feature of ILS pump cavities not shown in
Figure 3-11 is the use of silver baffles to direct coolant flow
uniformly around the rod. This feature results in essentially
uniform cooling and, as a conseguence, uniform thermal lensing
of the laser rod. Symmetrical thermal lensing is essential to
the achievement of efficient TEM -mode operation. The flash-
lamp diameter for 6.35-mm (0.25-£R.)-diameter laser rods
that is near optimum for laser efficiency is 5 mm. The actual
bore diameter is 3 mm because the guartz envelope is typically
1 mm thick.

The pump cavity design guidelines given in the litera-
ture?*,2%,28.:27 gggentially mirror the present ILS designs.
From several raferences the following guidelines have been
established-

e A single elliptical cavity is more efficient than multiple
- ellipses;

e Long elliptical cavities are more efficient than shori ones;

e Nonfocal pump cavities can be more efficient in small ellip-
tical cavities because of enhanced multiple reflections
through the laser rod; and

e The flashlamp should be the same diameter or smaller than
the laser rod diameter.

All of the above guidelines are followed by present ILS pump
cavity designs to the extent that is practically possgible.
Additionally, ILS has determined particular optimization of
some ¢f the above guidelines via experimentation as mentioned
previously.

Information, not mentioned in the literature but dig-
covered experimentally by ILS personnel, is that the pumping
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enclosure need not be elliptical. Also, the effects of filters
between the laser rod and flashlamp are not mentioned as a
potential enhancement of efficiency. Thus, the major conclusion
of the internal ILS experimentation and the literature review is
that the two factors remaining to be investigated in pump cavity
design are the shape of the pump cavity and the effects of an
intra~cavity filter. A limited experimental effort was initiated
on the Spaceborne Laser System program to investigate these two
parameters. The pump cavity shapes shown in Figure 3-11 together
with various filter shapes were chosen for investigation based on
previous ILS experience. Experimentation with a diffuse filter
also was planned in an attempt to improve pvumping uniformity as
described by Lewinberger and Herziger®®. The specific design
details of the pump cavities are given in the mechanical design
section of this report.

6. Amplifier Optical System

The Spaceborne Laser System double-pass amplifier optical
system is shown in Figure 3-12. The elements of this system are
a beam-expanding telescope, two dielectric polarizers, a NA:YAG
laser rod, and a Porro prism which functions as a mirror and a
half-wave phase retarder. The design of this optical system was
performed with two guidelines. First, to eliminate or reduce
spurious reflections back into the oscillator and, second, to
avoid damage-prone components. The first guideline resulted in
the NA:YAG laser rod and the TIR prism being wedged. The second
guideline resulted in the use of a glass Porro prism as a phase
retarder instead of a crystalline gquartz phase plate.

The operation of the amplifier system is described with
reference to Figure 3~12. 1Initially, the oscillator beam is
vertically polarized with reference to the shown dielectric
polarizers, expanded by the telescope and directed by the two
dielectric polarizers through the TIR prism. When the beam has
been amplified by the laser rod, it enters the anti~reflection-
coated half of the Porro prism. Two reflections off the Porro
prism TIR surfaces direct the beam to the maximum reflectance-
coated half of the Porro prism. Proper alignment of this element
directs the beam back on itself and two more TIR reflections are
made. The four TIR reflections result in a half-wave phase
retardation. The resultant horizontally polarized beam is
amplified again, once more traverses the TIR prism and is trans-
mitted by the second folding dielectric polarizer. The transmitted
beam is the output of the Spaceborne Laser System.

The lenses are of guartz and were anti-reflection (AR)
coated by Valtech. The telescope is designed to diverge any
reflections from the lens surfaces to eliminate the danger of a
reflection focus resulting in laser damage. Two sets of negative
lenses were made. One gives a macnification of 1.499 and the other
gives 1.587. These magnifications permit a beam diameter near 5 mm
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with the oscillator beam diameter ranging from 3.0 to 3.5 mm.

The folding polarizers and the TIR prism were both
fabricated of quartz. The polarizers were coated by Optical
Coating Laboratory, Inc. (OCLI) and the prism was coated by
Valtech. The TIR prlsm was fabricated with a pyramldal error
which eliminates spurious reflection from the prism outer sur-
faces back into the oscillator.

The amplifier laser rod is a 1/4-in. by 4-in. Nd:YAG
crystal. The rod is wedged on both ends in the same direction
to eliminate reflections into the oscillator. The laser rod ends
were AR-coated by Lambda-Airtron.

The Porro prism is the one special optical plece in the
ampllfler system. This element performs as both maximum reflec-
tance mirror and phase retarder. The operation of the element
as a mirror is clear. The beam enters the AR-coated side of
the prism, reflects from the TIR surfaces and is returned on the
same optical path by the Max R-coated side of the prism. Thus,
the beam makes four TIR reflections on one pass through the
prism. The fact that the two polarizations perpendicular and
parallel to the TIR surfaces have different phase retardations
after a TIR reflection is used to make the Porro prism a phase
retarder. The following paragraoh describes in detail how this
was accomplished.

Define I, as the beam intensity incident on the Porro
prism, I| as the beam intensity polarized vertically, and Iy
as the lnten51ty polarized horlzontally Before entering the
Porro prism, the beam polarization is defined by Io = I,. If
the roof line of the Porro prism is placed 45° to the incident
polarization, the beam reflected out of the Porro prism is
defined in a polarization sense by

III/IO = sin?®(8/2). (3-21)

8 is the total phase retardation (after four reflections) between
the polarization components parallel and perpendicular to the
plane of incidence of the TIR reflections. This relationship is
expressed by

-1 —
8 = 8tan 1—2/1‘12. (3-22)
Thus,
. 5 -1 ¥ 2
II I/IO = sin” [4tan 1 - 2/n"] - (3-23)

defines the polarization state for the beam reflected from the

Porro Drism. If BAK~4 or ED-4 glass (n =~ 1.55) is used for this
prism, é =z 1 - that is - the polarization has been rotated
90° as d 1red



C. ELECTRONIC DESIGH

This section of the report deals with the specific design
concepts as dictated from the reguirements established within the
section devoted to the system overview. Specifically, the elec-
tronic design must provide the flashlamp excitations and the
overall timing and control as constrained from and by the lase
energy sequence and the lase command sequence. The reader is
referred to Figure 3-13 and Figure 3-14 so he can acguire a con-
cigse view of the design reguirement.

S$light departures from the depiction of Figure 3-14 will
occur to provide ease of discussion of the various hardware groups.
Three specific groupings are discussed, namely:

& The nmodelocker electronics;
© The switching and control electronics; and

e The power supply.

i, Modelocker Electronics

The modelocker elecironics must generate a sinusoidal vol-
tage across the modelocker Pockels cell to provide a variable
transmigsion within the optical resonator at a rate synchronized
to the optical resconator roundtrip transit time. The end result
of this modulation is the compressicon of the resonator energy
into a photon packet whose half-power pulsewidth is in the region
of 200 psec duration. The compression is to occur prior to the
Q~switch time.

a. Modelocker Subsystem

The modelocker subsystem consists of: the modulation
Pockels cell and drive circuitry for impedance match, which is
referred to as the helical resonator assembly; a precise crystal-
controlled oscillator as a frequency reference; a frequency syn-
thesizer; and a radio freguency (RF) power amplifier unit. The
basic subsystem circuitry is depicted in Figure 3-15.

b. Freguency Source

‘The precision freguency source oscillator is a Vectron
Model C0276 series unit, having an integral proportional tempera-
ture-stabilization oven. The frequency stability, as specified
by Vectron, is + 0.0001% over temperatures from -40° to 50° C,
following a stabilization period ©f 15 to 30 min. from turn-on.
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c. RF Amplifier

The RF amplifier selected is an Electronic Navigation
Industries Model 310L broadband unit. This unit is specified to
produce an output power of 10 W at a distortion level of 7%; how-
ever, useful higher powers are available when this unit is operated
in conjunction with a helical resonator load. This becomes true
because of the inherent high Q-factor of the resonator. Powers in
excess of 20 W are readily available as useful outputs. The high
Q-factor of the helical resonator also results in the suppression
of frequencies other than the resonant freguency. Thus, the
harmonic distortion of the RF signal at the modelocker terminals
should be less than 0.1%.

Figure 3-16 illustrates, in block form, the configuration
of the amplifier. ({(Schematics are included in the appendices of
this report.) It is to be noted that four power amplifier modules
are driven through power splitters from a common preamplifier mo-
dule. The outputs £from the power modules are then combined to
form the RF output. The final combining network also contains a
directional coupler. This directional coupler feature is most
valuable, since it renders the amplifier able to operate into
any load without damage.

From examination of the supplied schematics, it should be
noted that the basic power for the amplifier modules is ~24 V dc.
Thus, the unit would easily operate from the prime power source of
24/28 V dc with little modification. Presently, the power source
is from the 117 V ac power mains, however the modification o
24/28 V dc prime power will be made in Phase II.

d. Frequency Synthesizer

The necessity for the freguency synthesizer arises from the
inability to precisely determine the roundtrip time within the
optical resonator with sufficient accuracy to utilize a crystal-
controlled oscillator alone. The design concept allows frecuency
adjustment increments of 10 kHz within the range of 50.000 to
69.990 MHz. The basic design is depicted in Figure 3~17. A vol-
tage-controlled oscillator is compared to a precision oscillator
through a phase detector. The phase detector is of the type one
class which achieves lock with zero phase error. Schematics and
circuit description are provided within the appendices. Experi-
mental results of frequency stability of the combined frequency
synthesizer and the reference oscillator are provided in Section IV.
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e, Helical Resonator

The paramount function of the helical resonator assembly
is the voltage transformation from the RF amplifier to the CRE
Steinmetz cell. The basic design approach is the series-resonant-
circuit Q multiplier which serves to increase the voltage amplitude
In this circuit configuration, the high impedance point is the
junction of the resonating inductor and the resonating capacitor.
The high-impedance point also is the point of greatest voltage.
Thus, if the resonating capacitor were predominantly the Pockels
cell the cell would experience the maximum voltage. Resonant
circuits of this nature tend to become excessively lossy when
conventional lumped constant inductors are utilized. The losses
stem from various sources such as direct radiation, surface or
skin.resistance, driving source impedance and the like. The
mechanism implemented utilizes a helical resonator which is fore-
shortened to accomodate a high-end capacitive load which, in
actuality, is the Pockels cell.

Figure 3-18 shows the construction of the modelocker RF
cavity while Figure 3-19 depicts the circuit in schematic form.
The mechanical construction is exceedingly critical to proper per-
formance of the voltage multiplication action. The RF cavity wall
must be of unitized construction. No mating mechanical interfaces
are permissible because they tend to increase the resistivity of
the cavity and because the circulating current in the cavity wall
is reduced. Placement of the helix within the cavity also is cri-
tical. The low-voltage terminal of the helix must contact the
inner wall of the cavity at a point placed from the cavity end by
not less than the cavity diameter divided by four. Additionally,
the helix must be reasonably well centered within the cavity and
the turns spaced such that the high-voltage terminal is not closger
to the cavity end than the cavity diameter divided by four. With
these design criteria?®, the cavity ends may be open with little
or no radiation loss.

The cavity is constructed of brass which is nickel plated,
silver plated, nickel flashed (to prevent migration) and finally
hard gold plated. This process assures high Q for an extended
time because the plating enhances electrical conduction and pre-
vents surface contamination. Typically, helical resonators of
this nature and size exhibit Qy, factors (unloaded guality factor)
in the realm of 800 to 1,000. However, the introduction of the
Pockels cell, with its inherent loss factor, reduces the circuit
0 to Qu A 125,
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The electrical configuration includes a small trimmer
capacitor, in parallel with the cell, which is utilized to bring
the cell into resonance at the desired frequency. Drive to the
helix occurs at the 50- impedance point. A small probe is intro-
duced into the cavity to extract a RF signal for use in the PTH
command generation circuitry. This energy loss is of miniscule
magnitude. Experimental data relating to the performance of the
helical resonator modulator cell is supplied within section IV.



2. Switching and Control Electronics

a. O-switch/Dump Subsystem

The Q-switch and dump subsystem is depicted graphically
as a portion of Figure 3-20. The subsystem consists of:

The Pockels cell;

The Pockels cell electronic interface;
The Q-switch driver:

The PTM or dump driver:

The radiation control circuit; and

® 8 6 © a8 o

The PTM/dump synchronizing circuit.

The most stringent reguirement within the area of
switching and control was to assure adequate switching speed.
This requirement stems from the fact that most transitions must
be completed before expiration of one round trip time interval
within the optical resonator. This constraint dictates that
the interval be not greater than 9.5 nsec.

The second stringent requirement wag the implementation
of the Pockels cell interface electronic circuitry to accommodate
the Q-switch drive, the PTM drive and the radiation control drive
without mutual interaction. Basically, this problem area was
solved by implementing the circuit depicted in Figure 3-21.
Voltage/drive input was at the point and in the sequence illus-
trated. Certain specific embellishments were incorporated to
lessen mutual interaction. These will become apparent in the
specific discussion to follow.

b. Q-switch/Dump Electronic Interface

Because of the multiplicity of drive reguirements needed to
satisfy the control event seguence, it became necessary to employ
differential drive techniques for the Pockels cell. Furthermore,
because the Pockels cell is essentially a capacitor when consi-
dered electrically, it became necessary to provide small capacitive
loading to each side of the cell to achieve adequate voltage drop
across the cell. Figure 3-22 depicts this basic differencial
drive circuit where capacitors Ca and Cp are the loading capacitors.
Depending upon which side is driven, the cell capacity and either
Ca or Cg form a voltage divider, which increases the driver voltage
requirements and increases the switching time. Additionally, the
remaining capacitor is shunted across the driver and serves only
to reduce the switching time.
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A trade off now becomes evident. The shunted capacitance
can be made small which requires a much higher drive wvoltage, or
the capacitance can be of moderate value which requires little
additional drive wvoltage. The latter was selected in view of
the need for introduction of the radiation control drive signal
and the consideration of reliability when the driver voltage is
increased significantly. Figure 3-23 illustrates the transform
to determine the effective capacitance the driver is required to
discharge when Ca and Cp are selected to be 100 pF. This arrange-
ment results in a discharge current through the driver of
approximately 77 A, which is well within the driver capability.

Figure 3-24 depicts in schematic form the actual interface
circuit. Driver bias voltage is established to be 3.6 kV which
affords 100 uA dc quiescent current to each driver. The cell bias
voltage could range from 1 kV dc to a maximum of 3.6 kV dc. )
Resistor R3 and the prelase radiation control establish a voltage
of near +300 V dc at terminal B of the Pockels cell. Resistors
R4 and R6 develop a potential of near +400 V dc at the cathode
of diode CR3. The Q-switch driver is diode coupled to terminal
A of the Pockels cell. The PTM driver is capacitively coupled to
the cathode of diode CR3 and thence to terminal B of the Pockels
cell. The operating sequence places the cell bias voltage below
holdoff value, which is generallv about +2,700 V dc. The
radiation control electronics forces the terminal B of the Pockels
cell to be in the region of +300 V dc, at the Q-switch event time.

When the Q-switch event occurs, the Q terminal voltage
of the Pockels cell is discharged to near ground by the forward
conduction of diodes CR1 and CR2. Simultaneously, the B terminal
voltage of the Pockels cell is reduced to near ground potential
by the voltage divider action of the cell capacitance and 100 pF
capacitor C5. The cell differential voltage now is zero and HI 0O
is assured within the resonator.

A brief time later the PTM or dump event is commanded.
The PTM voltage excursion is 3.4 kV; thus, the cathode voltage
of CR3 excursion is from +400 to ~300 V dc. The diode CR3 did
not become forward biased until the cathode potential reached
0 V. The cell voltage becomes -3.0 kV dc. An interesting and
aiding phenomenon occurs at the A terminal of the Pockels cell.
Diodes CR1, and CR2 exhibit long minority carrier storage time
(in the region of 2 to 3 usec) following the Q-switch current
surge. This effectively clamps the A terminal of the Pockels
cell to the avalanche driver. The avalanche driver also is
exhibiting a similar minority storage phenomena which effectively
clamps the A terminal of the Pockels cell to ground. Thus, no
voltage divider action occurs at the A terminal and the full PTM
voltage is applied across the cell. Capacitor C4 cannot be
omitted because it is the discharge current that this capacitor
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produces which induces the storage effect. Diocdes CR4 to CR7Y
isolate the radiation control electronics from the PTM drive
voltage.

Construction techniques are important for effective
cperation of the interface. The interface housing is nickel
plated, silver plated, nickel flashed, and hard-gold flashed
to achieve adequate surface conduction and, thereby, preserve
switching speed. Additionally, this surface preparation assures
reliable operation for extended time perilods because surface
contamination is unlikely. Interconnections are as direct as
possible, heavy leads or straps are used to minimize stray
inductance. Noninductive, high-voltage resistors are used
throughout. Monolithic chip-type capacitors are employed where-
ever possible to minimize coupling loss and/or stray inductance.
A specific circult description and schematic of the interface
circuit is included in the appendices of this report.

c. High-Voltage Avalanche Driver

The avalanche driver design is rather straight forward.
The transistors utilizéed are selected 2N3019% devices. These
devices are coaxially packaged end-to-end within a tubular
shield enclosure. The packaging technique ensures low switch-
ing impedance, prevents false triggering from ambient noise,
and prevents interaction by radiation from the driver at
transition. Each transistor is selected for an avalanche holding
voltage of > 250 V dc at 100 uA holding current. Thus, 14
devices will withstand 3,500 V dc and will provide a transition
voltage of nearly 3,250 V. Quiescent power dissipation within
each transistor string is equal to approximately 0.35 W,

Typical voltage transition time with a 10-pF load is
2 nsec. With additional capacitance, the switching time is
degraded. Subsystem experimental data. contained in Section IV
illustrates the switching speed obtained. A specifiec circuit
description and schematic of the driver are included in Section
VI which contains the appendices of thais report.

d. PTM/Dump Synchronization

The paramount function performed by the PT™M synchronizer
is the determination of the proper time to effect pulse emission
from the resonator. This determination is accomplished by
sensing the optical resonator energy level referenced to a
predetermined threshold value. Whenever the threshold is
exceeded, the PTM initiate command is generated. Additionally,
a determination of the photon packet placement within the
resonator is accomplished so that the PTM driver transition
occurs before the energy pulse encounters the Pockels cell.

This synchronization is accomplished by sampling the modelocker
cavity signal and through signal conditioning of the sample.
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The sinusoldal RF signal sample is squared at the cen-
troid, or zero, level by a threshold voltage comparator. This
signal then is used as a "clock" to initiate the PTM command
whenever the PTM threshold is exceeded. Two stages of phase
shift circultry precede the squaring comparator which permit
empirical adjustment to assure that pulse "slicing" of the
photon packet is avoided. The phase adjustment range is
*170°. The ECL logic family is utilized in all high-speed
stages to assure speed and to minimize component count.

The PTM threshold circuit is windowed to the laser
PRF command to assure that the PTM driver is not discharged
prior to the event time. A detailed schematic and circuit
description are provided in Section VI which contains the
appendices of this report.

e. Radiation Control Loop

The purpose of the radiation control loop is to energy
stabilize and pulse stretch the oscillator optical resonator
energy during the prelase interval prior to Q-switching.
Basically, the system consists of an optical detector, and an
amplifier which controls the Pockels cell transmission. This
system operates as a servo mechanism to effect a low-level
radiation density within the oscillator optical resonator.

The photo detector is chosen to exhibit some integration
for narrow-pulse inputs; thus, the average power within the
oscillator resonator is maintained rather than the peak power.
For very narrow lase pulses — approaching the 200-psec region —
this integration action is necessary in view of the limited
amplifier high-frequency limit.

The bandwidth of the preamplifier is established to
be ~v360 MHz, that is

Observed t_ = 1.5 nsec (3-24)
Oscilloscope T = 0.8 nsec

Ampl t = v¥1.54 - .82 = 1.26 nsec

£ = L

2.2t v 360 MHz

The preamplifier low-end response is guite good, showing a droop
of less than 1 dB over a pulsewidth of 3 usec. Maintaining pro-
per amplifier bandwidth is essential for the prelase control to

effectively stretch the normal-mode pulse to a usable value.



A high-voltage driver stage follows the preamplifier and
must handle voltages in the region of 400vV. Additionally, the
voltage is predominately discharging; therefore, it is meaningful
to consider slew times or attack time rather than bandwidth. Voltage
slew time from the 400-V level to near 0 V is ~50 nsec or 8kV/usec.
Because of the nature of the normal mode build-up, this slew rate is
adequate to effect control.

Irradiance sensitivity is < 100yW total illumination to the
detector to achieve the total control voltage range. This apparent
over-design was purposeful in that neutral-density filters easily
reduce the gain of the servo loop.

A detailed circuit description together with a schematic are
provided within Section VI, which contains the appendices of this
report.

3. Power Supply

The power supply consists of various sub-unit circuit blocks
which effect power input conversion or mode control for the Space-
borne laser. Figure 3-25 depicts the interface between the power
supply unit and the remainder of the laser system. Additionally the
subunit circuits are listed within the power supply block depiction.
These subunits are designated:

The flashlamp power modules;

The pulse forming networks;

The Q-switch driver voltage sources;

The prelase and Q-switch control logic;

The pulse repetition frequency (PRF) rate generator; and
The logic voltage power supply.

Because the laser system design encompasses an oscillator and
an amplifier, some of the subunits appear in duplicate. Specifically, .
this applies to the flashlamp power modules and the pulse-forming
networks. In the case of the power modules, no differences exist
relating to power output or charge time; however, the different
power requirements between the oscilliator and the amplifier necessi-
tate a variation in voltage regulation level. This level change is
accomplished by the front panel controls. Functionally, the pulse-
forming networks are identical. The component values are optimized
for the requirements of oscillator and/or amplifier pump.

Additionally, two simmer circuit subunits are required.
Each circuit is identical and is of the full simmer type. The
simmer current is adjusted for approximately 120 mA dc. Flashlamp
ignition is automatic whenever the lamp current falls below a
preset sense level in order that lamp ionization is maintained.

gl

3-52



£6-¢€

FLASHLAMP POWER MODULES
PULSE FORMING NETWORKS

LOGIC VOLTAGE SOURCE

POWER SUPPLY UNIT

PULSE REPETITION RATE GENERATOR

24 YOLT DC

Q-SWITCH VOLTAGE SOURCES POWER SOURCE
PRELASE AND Q-SWITCH CONTROL LOGIC

MODELOCKER DRIVER UNIT

ULTRA-STABLE CRYSTAL OSCILLATOR
FREQUENCY SYNTHESIZER

RF POWER AMPLIFIER

POWER PULSER

TRANSMITTER UNIT

FLASHLAMPS AND IGNITION CIRCUITS
Q-SWITCH DRIVERS

SYNCHRONIZATION ELECTRONICS
*PRELASE CONTROL ELECTRONICS

MODELOCKER CAVITY
ANCILLARY POWER CONVERTERS

Figure 3-25. Electronic

System Block Diagram

P2789



The choice of high-voltage, avalanche-type drivers for
the O-switch and PTM switch functions, necessitates two high-
voltage supplies. One supply is utilized for quiescent avalanche
holding current for the avalanche drivers, while the sole purpose
of the second supply is the generation of the hold-off bias
voltage for the Pockels cell. The two supplies are identical
in regard to the output voltage and the output current capabili-
ties. Design of these supplies employs the closed-loop voltage
sense technique which ensures excellent stability with time and
load. Voltage adjust of these supplies is accomplished from
ranel mounted controls.

. A single logic card contains both the pulse repetition
frequency (PRF) generator and the prelase and O-switch control
logic. These functions are derived from a 10-MHz crystal clock
oscillator through digital counter technology. This assures
excellent long-term as well as short-term stability. The
timing resolution is limited to one clock pulse period which
equates to 100 nsec. Operator control is accomplished as an
enablement of the logic circuitry, rather than a direct-line
switch function. Thus, timing accuracy is unimpaired and noise
pickup is prevented. A single logic voltage power supply is
incorporated to convert the prime power to an isolated 5~V
level for operation of the logic circuitry.

Interface connections for the power supply unit are
depicted in Figure 3-26. Figure 3-27 shows the overall laser
system in pictorial format and serves to depict the front panel
controls for the power unit. Prior to specific subunit circuit

discussion, a brief description of controls, indicators, and
connectors is provided.

Prime power enters the power supply unit via high-current
jacks which are located on the left-rear corner of the panel.
Polarity must be obsexved in this connection. The prime powerxr
source is 24 to 28 V dc. The prime power interrupt (circuit
breaker) is located on the left side and immediately above the
prime power input jacks. ' This switch engages the power source and
arms the control circuit. An incandescent indicator immedliately
over the switch is illuminated for power engaged conditions. An
armed/standby switch — located to the right side and about midway
up the panel — controls power to the flashlamp charging circuits,
the simmer circuits and the high-voltage driver circuits. The
system is armed when the switch is in the elevated position. An
incandescent indicator — located immediately above the switch —
is illuminated when the power supply unit is armed. It is to be
noted that the simmer circuits automatically ignite the flashlamps
when the system is armed. However, the lamps are unable to
discharge the PFN until each flash command is engaged by the
operator. This characteristic will become evident from the
following discussion.
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The laser head/transmitter unit power is interfaced via
the large MS type connector adjacent to the prime power input
jacks. All power functions, with the exception of the driver high
voltages and the modelock drive signal are transmitted through this
connector to the transmitter unit. Typical power inputs are the
cooling system 24 Vdc power, the oscillator flashlamp power, and
the amplifier flashlamp power.

The analog meter and the associated selector switch are
used to determine the voltage level of the PFNs. Either the
oscillator PFN or the amplifier PFN can be monitored. Adjustment
of the charge voltage for either the oscillator or the amplifier
can be accomplished at the front panel. Adjustment of the knob
potentiometers accomplishes the voltage change. These controls
are located below the panel meter to either side of the meter
select switch.

An electro-mechanical totalizer is located near the center
top of the panel. Each ten flashes of the oscillator £flashlamp
results in the totalizer advancing one least-significant count.

A mechanical reset is possible for the totalizer through an access
port to the left side of the totalizer.

The high-voltage adjustments and enable switches are
grouped together to the right top of the panel. Each high-voltage
supply is independently adjustable in voltage via the potentio-
meter knob. Each high-voltage supply can be enabled {turned on)
independently by the control switch located above each knob. The
high-voltage output is scaled to equal approximately 50% of the
dial reading times ten.

The pulse repetition frequency (PRF) is accomplished by.
the position of the rotary switch at the top right of the panel.
The PRF may be operator selected as, 1, 5, 10, or 20 pulses per
second (pps).

Two thumbwheel switch arrays azllow operator programmed
delays for the prelase initiation and the Q-switch initiation. The
thumbwheel entry is in the decimal format. The least significant
digital resolution is 100 nsec. The maximum delay entry value is
399.9 usec which is established by mechanical limitation to the
most-significant digit thumbwheel. These controls allow precise
delay for the appropriate function. Typical indicated jitter at

the command lines, referenced to the flashlamp command is equal
to or less than + 2 nsec.



Two high-voltage connectors appear near the bottom
center of the panel. These connectors interface to the laser
head to supply bias to the drivers and the Pockels cell. They
are labeled Q-switch driver and O-switch bias respectively.

Five BNC type connectoxs are utilized for wvarious
command outputs. These are:
The oscillator flash command;
The amplifier flash command;
The prelase command;

The O-switch command: and

a ¢ & & o

The modelock command.

These outputs are essentially self-explanatory. The prelase
command and the Q-switch command are routed to the laser trans-
mitter unit for initiation of their respective functions. The
modelock command is routed to the modelock driver unit to
initiate the modelock pulse burst. The oscillator and amplifier
flash commands are available as convenient reference synchoniza-
tion signals for use with auxiliary instrumentation such as
oscilloscopes. FEach command function is controlled by an operator-
selectable mode switch. These five selection switches appear at
the lower right of the control panel. Each switch is designated
for the control function. These functions are identical to the
BNC outputs previously enumerated.

The remaining indicators pertain to over-temperature
conditions within the laser system transmitter. Separate indica-
tion is provided for the laser oscillator and the laser amplifier.
Direct control of these incandescent lamps is from snap action
thermostats located upon each respective optical pump housing
assembly within the laser transmitter.

a. Power Supplv Subsystem

Organization of the power supply unit subsystem is
illustrated in Figure 3-28. Figure 3-29 enumerates the subsystem
circuits which comprise the power supply unit. This report sec-
tion deals generally with the components and the component inter-
face. A detailed description and associated circuit schematic
material for each subsystem is provided within the appendices.

Flashlamp power is provided by two circuit groupings.
Bach circuit grouping consists of: a pulse-forming network (PFN),
consisting of an inductor and an energy storage capacitor; a
voltage-charging power module assembly; a simmer supply; and a
discharge switch, consisting of a silicon-controlled rectifiex
{(SCR).
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The simmer supply voltage initially rises to the kilovolt
level when the laser system is armed and the automatic flashlamp
ignition circuit — located within the simmer supply circuitry —
energizes the lamp ignition transformer. The lamp ignites and
draws current from the simmer supply. The output voltage of
the simmer supply reduces to a level which maintains a current
= 100 mA de¢ through the flashlamp. The automatic ignition
circuit is disabled so long as the simmer current is maintained.
The simmer supply design is essentially a constant-current type;
thus, no problem arises when the terminal voltage varies.
Flashlamp arc wander and minute variations within the flashlamp
plasma result in rapid voltage fluctuations at the flashlamp
terminals. For this reason, inductive ballasting is provided.

Simultaneously, beginning at laser system arm time, the
PFN capacitor charging power modules produce a voltage across
the PPN capacitor. These modules are of the inductive "fly-back"
type which perform as constant-current-charging generators. When
the voltage-of the PFN capacitor reaches a predetermined level,
the charging current is removed. The charging circuiltry is
designed to maintain the voltage level within * 0.5% of the
preset value.

The flashlamp is ignited and simmered, and the PFN now
is charged. An output from the pulse-repetition-frequency (PRF)
generator commands the SCR to dump the PFN through the flashlamp.
Transformer isclation allows the SCR to be placed in series with
the flashlamp and the PFN. A gquench circuit senses the flashlamp
current pulse and inhibits the charging circuit for a time = 2
msec. Interaction between the charging circuit, the dump circuilt
and the simmer circuit is avoided by diode isclation to the simmer
power modules.

The arming circuit is enabled by closure of two case
interlock switches and by the temperature monitors of each
optical pump cavity assembly. Interruption of any one circuit
results in disarming, and both the simmer current and the PFN
voltage are removed. One case switch is located within the
transmitter unit, while the other switch is within the power
unit.

The PRF generator outputs the delayved commands at the
appropriate delaved time(s). These commands, with the exception
of the flash commands, are utilized within the laser transmitter
unit and the modelock unit.

The operation of the remaining power supply submodules
is completely straight forward. Each power supply is a stand-
alone assembly. Only the logic power unit — the 5-V dc supply -
is powered external to the interlocked arm/standby control.



b. Flashlamp High~Voltage Supplies

Two completely independent power supplies are reguired.
One supply tharges the oscillator PFN capacitor, while the other
supply charges the amplifier PFN capacitor. The charging supplies
are of the fly-back type which produce constant-current charging
of the capacitors. In the interest of predictable operation,
these units are configured as driving mechanisms.

A modular approach has been applied to the implementation
of the supplies. The basic power capability of a single power
module is = 250 W. Two power modules are slaved for each charging
circuit to achieve the necessary output charging capability. Mo-
dule slaving is at 180° phasing to minimize power current peaking
and electrical noise. Operating efficiency is in the 80% region;
thus, heat sinking and convection cooling are more than adequate
to maintain the component temperatures below 60°C. Voltage regu-
lation is egual to or better than 0.5% as the result of the vol-
tage regulation implementation chosen.

c. Flashlamp Simmer Supplies

The paramount requirements for the flashlamp simmer supplies
are:

¢ The commanding of the trigger transformer to achieve lamp
ignition; and

e Supplying a small keep-alive current, referred to as simmer
current, within the lamp to stabilize the arc and teo maintain
ionization.

Flashlamps with varying lengths, varying arc bore diameters and
varying fill pressures exhibit widely diverse requirements from
the standpoint of simmer voltage and/or simmer current. Ideally,
the supply should furnish constant current to the lamp and should
possess excellent voltage tracking with the lamp.

The present implementation is considered adeguate even
through the circuit is of the constant-energy type, which produces
a nominal simmer current of 125 mA dc. Voltage tracking speed is
enhanced by the use of an inductive ballast. Complete circuit

schematics and circuit operation descriptions appear within the
appendices.



A separate simmer supply is required for each flashlamp.
For this reason, two identical supplies are incorporated into
the Spaceborne Laser System. One supply serves to ignite and
simmer the oscillator flashlamp, while the second supply per-
forms for the amplifier flashlamp.

W
|

63



d. Flashliamp PFN

The curxeng density near optimum for krypton flashlamps
ig near 3,500 a/cm”. This current density results in a good spec-—
tral match between the krypton emission lines and the NdA:YAG
absorption lines.?®’ The following calculation determines the
inductor and capacitor resulting in critical damping for the
oscillator and amplifier pulse-~forming networks {(PFN) to generate
a current density near -the optimum at the necessary pump energy
levels.

The flashlamp selected for use in the Spaceborne Laser System
is a 3-mm bore, 3.375-in. arc length krypton flashlamp manufactured
by ILC, Inc. The gas pressure was 450 Torr. The damping parameter
for flashlamp discharges is given by ??

Ko
£= e —— (3-25)
L/C
where Vo = voltage across capacitor,
L. = PFN inductor value,
C = PFN capacitor value,
and K, = flashlamp parameter.

Ko is 33 for the particular flashlamp selected. For critical
damping, X should be approximately 0.8.3°

The eqguation relatiné the pump energy, the PFN capacitor
and PFN voltage is

E = (1/2) CV2 (3~26)
This equation and the equation resulting from setting X = 0.8

can be used to calculate the remainder of the PFN.characterigtics
given the pump energies. The average pump energy for the Spaca-
borne Laser System oscillator is 43/pulse and that for the ampli-

fier is 8 J/pulse. Table 3-5 gives the results of the PFN calcu-
lations.
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Table 3.5. PFd Parameters

Characteristic Oscillator Amplifier
Pump Energy (J/pulse) 4 8
Voltage (V) 886 948
Capacitance (p¥F) 10.2 A i7.8
Inductance {uHY 37.6 & - 57.0
Pulsewlidth {usec) 69 111
Current Density {(a/cm?) 3268 3746
e. PRF¥ and Pelay Generator

The PRF and delay generator circuitry establishes the
laser emission rate and provides precige, delayed initiate commands
for activation of the Q-switch driver and the prelase contxrol.
Various enable gating circuits are provided for ease of laser
contrel. These are:

e O-switch enablement;

¢ Prelase enablement;

e Mode lock enablement:;

e Oscillator lamp flash; and
e Amplifier lamp flash.

The PRF can be operator selected for 1, 5, 10 and 20 pps. Addi-

tionally, a divide~by-10 scaler is incorporated to drive the flash

shots countexr. .
The O-switch delay and the prelase delay are entered from

thumb wheel switch arrays. The maximum delay is 399.9 usec,

while the minimum delay is + 0 psec. The minimum program incre-

ment of delay is 100 nsec. “The entry format is decimal. High-~

speed TTL logic is utilized in the interest of timing accuracy. A

detailed circuit description and circuit schematic are provided

in Section VI, of this report which contains the appendices.



-t

High-Voltage, Low-Currxent Supplies

Iwo high-voltage power units are provided. One supply
is utilized to establish the Pockels cell hold-off bias voltage.
The other- power supply supplies the bias voltage for the ava--
lanche drivers..

Design care was exercised to assure good regulation, minimum
ripple voltage and ease of adjustment. Each supply is capable of
producing voltage output within the range of +800 V to +4.90 kV dc.
Each supply is capable of furnishing current in excess of 500 ma dc.
A concise circuit description and schematic are provided in Sec-
tion VI of this report which contains the appendices.

D. MECHANICAL DESIGN

1. Transmitter Packaging

Figures 3-30 and 3-31 show the transmitter mechanical
assembly. The optical bed is mounted to an aluminum base plate
by a three-point kinematic suspension. One point of this suspension
is shown in Figure 3-30 as item 20. The kinematic suspension
of the bed allows free relative thermal expansion between the
Invar bed and aluminum base plate without inducing mechanical
stress in the optical bed. Each point of the suspension consists
of a ball spring-loaded into a conical-like aperture with belleville
washers. Two of these apertures are elongated to permit motion
in orthogonal directions and one is a perfect cone Whlch constrains
that point in all three dimensions.

The electrical and cooling hose interfaces of the transmitter
with the other three modules of the laser system are made through
the aluminum base plate from below. -The base plate is suspended .
on four steel rods terminated by Gaertner magnetic bases to
permit space for these interface connections. The transmitter
subsystem is sealed by an aluminum cover which fastens to the
base plate via a hermetic o-ring seal. This cover has a dry-gas
fill port, a pressure relief wvalve, and a sealed beam output window.

The major subsystems within the transmitter are the optical
bed assembly, the Q-switch driver assembly, the Q-switch and PTM
dump synchronization electronic assemblies, and minor electronic
components. The following descriptions of the mechanical design
center on the optical bed and its component optical mounts.
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Following the discussion of the optical bed design, the subassem-
blies attached to the bed will be discussed in the following
order:

Beam-folding TIR prisms;
KD*P Q-switch;

KD*P modelocker;

Pump cavities;
Resonator mirxor;
Double polarizer;
Rigley prisms;

Folding poclarizers;
Porro prism reflector;
Expanding telescope;
Compensating wedge;
Aperture assembly; and
Q-switch drivers.

¢ 5 9 02 00 & O 09 OB

Three optical bed subassemblies are shown in Figure 3-30
which were not implemented in Phase I of this program. These are
the freguency doubler, dichroic mirror, and a diffuser and are
existing ILS designs.

2. Optical Bed

The stability of the optical path length of the laser reson-
ator is of paramount criticality to keep the optical transit time
matched to modelocker frequency. Accordingly, early consideration
was given to environmentally induced distortions of the optical
bed during operation. A goal of 0.001% bed length stability was
established with temperature control to +5°F and in a one "g"
ground checkout condition. Bed length control methods considered
were:

® Use of materials of differing and offsetting thermal expansion.
While feasible, certain problem areas were recognized. Accur-
ate knowledge of both steady-state and transient temperature
gradients throughout the bed would be required. These probably
could not be adequately determined until a prototype system was
fabricated and tested. Additionally, with a bed structure of
discrete parts bolted together, minute positional shifting of
parts with respect to each other during temperature cycling
was considered a detrimental possibility;



‘® Control of modelocker freguency to compensate for bed length
changes caused by temperature variations. Temperature sensing
would be required with attendant uncertain effects of steady-
state and transient temperature gradients throughout the bed
which would have to be compensated. Modelocker freguency con-
trol, while feasible, would require additional electronic cir-
cuitry complexity;

e Use of stable, low-expansion alloy such as Invar. Thermal and
stress analysis showed thermal effects to exceed gravity dis-
tortion by~ 10:1. Therefore, use of Invar (Temperature expan-
sion coefficient 0.% x 196/°F} would approach the above goal

- {0.001% stability). This was selected as a direct, practical
approach. '

The configuration selected for the Invar optical bed is
an integral structure as shown in Figure 3-30. The bed thickness
is 0.5-inch and the walls are 0.1875-inch thick by 1.25-inches high.
The optical mounts fasten to the sides of the bed such that the
‘beam height off the bed is 0.75 inch. Three TIR prisms
are mounted to the ends of the bed to fold the beam along the
desired paths through the optical components.

The bed was fabricated from a block of free-machining
Tnvar 36. The substantial machining required to fabricdate the bed
dictated stress-relief heéat treatments. Two in-process, stress-
relief treatments were performed prior to the final machining of
the bed. The Invar block was first machined to 0.06-inch oversize
in its major dimensions, then heat-treated for one hour at 1200°F
and cooled slowly. Machining of the bed to 0.03-inch oversize in
the major dimensions was performed next followed by heat Treatment
as above., The bed was then machined to its final dimensions with
the inclusion of all detail machining. A final heat treatment was
as described above but at a temperature of 600°F. An acid treat-
ment of the bed was performed to remove oxidation elements resulting
from the final heat treatment. The bed was then nickel-plated to
prevent future oxidation. The bed fabrication procedure described
above was developed in consultation with a metallurgist at Carpen-
ter Technology, the Invar vendor.
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2. TIR Prism Mounting

The three beam—~folding TIR prisms attach to the bed via
metal clamps with rubber pads between the clamp and prism as shown
in Figure 3-30. The prisms are held against Invar pads attached
to the bed. These pads are located to avoid mechanically-induced
stress in the prisms at the beam paths through them. The purpose
of the Invar pads is to align the prisms in their sensitive plane.
The machining of these pads was a two-stage precision process.

The result desired and achieved was a non-adjustable optically
precise mounting of the TIR prisms.

- The TIR prisms were designed to have a 1.5° pyramidal
error to avoid etalon effects. Thus, it was necessary to tilt the
entrance surface of the prism 2.175° to the required optical paths
in order to achieve alignment. This implies a requirement that the
Invar pads be fabricated as wedges with an angle of 2.175° with
the assumption that the bed ends are perpendicular to the required
optical paths. In practice, fabrication errors of both the prisms
and the optical bed dictated a slightly different angle that could
be determined only through an optical measurement to be described
in the laser alignment section of this report. An optical polish
of both sides of the Invar pads and the optical bed ends to A/4
flatness using sodium light was performed to ensure the accuracy
of the above-outlined alignment technique. It is implied above
that a second machining operation is required for the Invar pads.
This machining and subsequent repolishing was achieved to an
accuracy of better than 10 arc-seconds.

" Proper location of the TIR prisms relative to the optical
axes was also necessary. This was also achieved via a precision
mechanical reference surface. Each prism was mounted with one side
flush against an Invar bar attached to the optical bed. These
metal bars were mounted to the bed and then the reference sur-
face was machined to be either parallel or perpendicular to the
optical bed surface on which the remaining optical mounts were
attached. The particular beam-folding direction of each prism
dictated the correct reference plane. Slippage of the prisms
parallel to the pads mounting surfaces was constrained by
Noryl blocks attached to the bed.



4. O-Switch Modulator Mounting

A KD*P crystal, 0.35-in. in diameter and l-in. long is
mounted in a sealed cell with quartz end windows and partly filled
with a refractive-index-matching filuid (FC-77) . Both the crystal
and windows were fabricated with small, carefully selected, precise
wedge angles to avoid etalon effects. Fluid thickness between
the crystal and windows was kept thin (0.040 in. Max)by Teflon
spacers which alsc provide some resilience at assembly. The index-
matching fluid was selected for high surface tension to inhibit
formation of small air bubbles which might occur between the
crystal and windows. A bubble~trap is provided to collect larger
air bubbles out of the optical path. A second purpose of the
bubble trap is to provide a built—in air volume to compress and
accommodate liguid thermal expansion. A high-voltage drive (3,250 V)
applied to each end of the crystal accomplishes Q-switching. Thus,
an electrically insulating cell body with conductive end caps
isolated from ground +to serve as crystal electrodes was indicated.
The cell end caps also serve as window retainers. The cell body
is made of Macor, a machinable ceramic, and the end electrodes
of gold-plated brass with flexible fingers about the periphery of
the crystal. The cell is supported by a three-ball kinematic
mount which allows 2° adjustment of the cell axis in pitch and vaw
attitude. Full 360° rotational adjustment and locking of the

cell is provided by set screws riding in an annular V-groove in the
Macor cell body.

5. Modelocker Cell and RF Cavity

The crystal cell is internally the same as the O-switch
(KD*P -crystal, index-matching fluid, guartz windows) . External
parts were modified for modelocker application where only one
end of the crystal is driven by high voltage, the other end being
at ground potential. The metal end caps sexrving as crystal elec-
trodes were modified as follows:

® A screw attachment is provided for an electrical lead to the
high-voltage electrode; and

® The ground electrode is modified to provide the annular V~groove
for rotational adjustment of the cell, thus providing a ground
electrical contact.

Again a three-ball kinematic mount supports the cell on

the modelocker RF cavity. The range of adjustment of cell posi-
tion are:
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e Pitch and Yaw + 1.50°

e Rotation + 0.50°
The cell is oriented so that its optical axis nominally is
on the centerline of the RF cavity. Layout studies were made
of methods to mount the cell transverse to the RF cavity, but
none promised as compact an assembly as the coaxial configuration.

The RF cavity provides a high-efficiency, RF, LC circuit
{3 kv at 60 MHz) to drive the modelocker cell. It consists of
a coil, a capacitor, and a ground tube with electrical connections
to excite and monitor the circuit. The coil consists of 10 turns
of 0.1-in. diameter wire wound to a 1.0~in. ID with a pitch of
0.15 in. One end of the coil is attached to the external ground
tube of the cavity. The other end is connected to.an adjustable
piston capacitor mounted in the ground tube wall and to the high-~
voltage electrode of the KD*P crystal. The ground tube has a 2.0~
in. ID, and a 0.1-in. wall thickness and is 3.35 in. long. As
the result of high circulating currents,-both the coil and ground
tube are gold plated and minimum interruptions of material are
allowed in approximately 2.5 in. of the tube spanning the coil.
The ground tube provides attachments for:

e A coil ground connection;
® A piston capacitor;
¢ A coll excitation connector;

.
e A voltage sensing connector (no electrical connection to the
colil is required);

e A support for the cell kinematic mount;

® Three~ball adjustable kinematic attachment to the optical bed,

6. Pump Cavity

An important system objective was to optimize optical
coupling between the flashlamp and the laser rod. The pump cavity
was designed to allow acqguistion of comparative test data on the
following configuration variables:

o Elliptical versus intersecting-circle cavity cross sections (two
sizes of each);



¢ Two diameters of laser rod; and

e Optical filters between the lamp and rod with five different
wedge angles. i

It 'was considexed that by trial of these variables, optical coupling
from the lamp to the laser rod could be optimized.

The cavities are water/glyccl cooled and contain the Nd:Y¥YAG
rod and krypton flashlamp. Coolant is circulated first through
the rod side of the cavity and then through the flashlamp side to
optimize rod cocling. The coolant path is bhaffled to enhance
turbulant flow for more uniform cooling. Cavities were designed
to accept 0.25-in, x 4-in. and 5-mm x 101.6-mm rods. Cavities are of
brass with all internal surfaces highly polished and silver plated.
Rod ends were fabricated at wedge angles to avoid etalon effects.

7. Pasgive Optical Mounts

a. Concave/Convex Resonator Terminating Mirror

A sgingle double—faced concave/convex mirror is used to
terminate both ends of the resonator optical path. It is a o.5-in.
diameter X 0.312-in. thick glass mirror with high reflectivity
coatings. The mirror is bonded into a stainless steel holder which
is in turn clamped into an adjustable mount. This arrangement
was provided to facilitate changing mirrors during Phase I testing.
Six mirrors of differing face radii were provided. The adjustable
mount has a three-ball kinematic support providing a pitch and yaw
range of 10 mr with 0.4-mr resclution.

b. Double Polarizer Assembly

The function of this component is to direct the resonator
beam either into the resonator path or, with a parallel offset
{0.8-mx limit to deviation from parallel) out to the amplifier
path depending upon the direction of polarization of the beam).
Two matched polarizers are cut from the same dielectric-~coated
glass blank so that the optimum angle of incidence of both will be
the same. These are bonded to a special holder which, in turn,
is supported on a special adaptation of standard ILS polarizex
mounts with screw adjustment for tilt and rotation.

C. Wedge Risley Prisms

These components provide beam corrections either angularly
or laterally offset. They consist of two prisms 0.5-in. in diameter
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% 0.25~-in. thick with faces polished at wedge angles. The prisms
are bonded into holders in which one roller only can be rolled

or both rollers can be rolled in unison. The mount is an adap-
tation of standard ILS designs with a screw adjustment on the
optical awxis for pitch and yaw. Roll adjustment and locking of
the prism holders is achieved through set screws riding in annular
V-grooves.

d. Folding Polarizers

The function of these two items is to provide a lateral
offset of the output beam from the telescope to the laser ampli-
fier via a folding prism. Two matched polarizers are cut
from the same dielectric-coated glass blank so that the optimum
angle of incidence of both will be the same. Each is bonded to
identical special holders with rotational and tilt capability.
The pivot-points for rotation of the holders is selected so that
regardless of the angle of incidence of the beam on the polarizers
{(within +6°), the beam lateral offset remains constant. It is
required, however, that both polarizers have the same optimum
incidence angle.

e. Porro Prism Subassembly

This is a conventional Porro brism with half of the front
face coated so that the incident beam can be reflected back
exactly on the same path. A three-ball kinematic suspension is
provided so that the prism axis can be directed precisely into the
incident beam. The prism is bonded into a sleeve which, by

virtue of three set screws riding in an annular slot, can be
rotated and locked.

£. Expanding Telescope

A 1.5X telescope is provided to expand the output beam
diameter. Although redesigned for this application as the result

of space limitations, it is a direct adaptation of a standard ILS
design.

g. Compensating Wedge

This component provides beam path angular and lateral off-
set correction. The glass, with a 20 1' wedge angle is bonded to
a standard ILS polarizer mount. The base of the mount is attached
to the bed by a shoulder screw and belleville washer to allow
mount rotation. The holder is shaft mounted to the base with
screw adjustment for tilt.



h. Aperture Assembly

Beam diameter can be controlled by this item. It con-
sists of an adjustable holder into which varied sizes of aperture
can be inserted. Screw adjustment of aperture position in both
transverse directions for aperture diameters of 0.118, 0.138 and
.158 in. was provided.

i. Avalanche Driver

Two units of an existing ILS design are used to drive the
O-switch high-voltage electrodes. Particular attention was paid
to mounting these in proximity to the Q-switch with low-impedance
circuitry.
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SECTION IV

EXPERIMENTAL RESULTS

AL ELECTRONIC SUBSYSTEM TESTS (Moéelock Cell Evaluation) -

The test configuration for this measurement is illustrated
in PFigure 4-1.

The helical resonator is intolerant to either capacitance-
loading or energy radiation loading; therefore, direct measure-
ment of cell voltage becomes a problem, Attachment of a probe
. to the voltage side of the helix adds capacitance to the circuit
and conducts energy from the circuit to effectively reduce the
circuit Q. Adjustment of the resonant circuit to compensate
for the.additional capacitance does nothing to restore the cir-
cuit Q; thus, it is apparent that any probe technique is unaccept-
able and an alternate approach must be attempted,

Meaningful measurements regquire that the actual Pockels cell
be part of the resonant circuit. It is to be noted that one .
terminal of the Pockels cell is at ground reference in the normal
configuration. Now consider the insertion of a series capacitor
of large value between the cell terminal and the ground reference
to form a capacitance type of voltage divider. This is the tech=~
nigque used to accomplish cell voltage measurement and is an in-
direct method. It also is to be noted that the series capacitor
value must be in the order of 10;000 to 20,000 times the cell
capacitance to prevent excessive energy loss from the cavity
assembly and the resultant degradation of the circuit Q. Addi-
ticnally, the series capacitor must possess low-lead inductance:;
thus, "chip"-type (leadless) capacitors were selected.

The assembled cell was measured to exhibit a total capaci-
tance of 9.9 pR. The series capacitor was chosen to be 200 nF
(200,000 pF) -approximately 20,000 times greater than the cell
capacitance. Multiple capacitors were distributed around the low
side terminal of the cell assembly to ground. These capacitors
were trimmed to provide a measured value of 199,000 pF. The
additional capacitance of the cable from the test capacitor to
the oscilloscope attached is ~ 120 pF.

The frequency synthesizer/amplifier was adjusted to operate
in a gated or burst mode and to furnish a peak power output of nearly
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30 W during the pulse. The pulse repetition rate was 10 pulses
per second. The RF output was adjusted to 69,860 MEz. The cell
was connected and peaked to proper resonance, Figure 4-2 presents
scope traces of veoltage waveforms obtained to assess modelock
cell performance.

Oscillosgcope photo no. 1 in FPigure 4-2 illustrates the
voltage available across the cell at resonance, It is to be
. noted that approximately 4.8 divisions of the vertical range are
distended by the peak-to-peak excurslons of the sine wave. For a
given sensitivity of 50 mv/division, this relationship eguates to
a peak-to~-peak voltage of 24 mvV. The capacitive voltage divider
ratio is approximately equal to 20,000 x 24 mV or 4,800 V peak-
to-peak. This figure eguates to a peak cell voltage deviation of
2,400 vV from 0 V, which corresponds to 75% of the guarter-wave
voltage of the Pockels cell and a modulation depth of 1.178.

The measurements were deliberately taken at the maximum
expected operating frequency expected to illustrate the worst-
case conditions, The worst—case condition arises from the fact
that the helical resonator is foreshortened by capacitive loading
{the Pockels cell capacitance}. . Cbviously, the higher the freguency
the more severe the capacitance loading becomes for a fixed helix
length.

The approximate RF fregquency the Spaceborne Laser System
will operate at is 60 MHz, The resonant cavity Q is a function
of frequency: lower frequencies yield higher Q and, thus, higher
voltage amplitude. ‘fThe extrapolated voltage amplitude excursion
from 0 V at 60 MHz is ~ 2,600 V.

1. RF Burst Envelope

The RF burst envelope is obtained with the test configura-
tion depicted in Figure 4-1. Oscilloscope photograph no. 2
serves to illustrate the burst. It is to be noted that a slight
envelope "over-shoot" occurs at the leading edge. Apparently,
this characteristic is produced by the Pockels cell material
response to the pulse because it is not present whenever a high-
gquality capacitor is substituted for the cell, In addition,
photograph no. 2 illustrates the overall flatness of the pulse
for the pulse interval, which is approximately 110 usec. Oscillo-
scope photograph no. 3 shows the pulse burst leading edge which
illustrate the pulse burst envelope build-up time of ~ 2.5 usec.
Oscilloscope photograph no. 4 shows the pulse burst trailing edge
decay time. The time trailing edges of the pulse burst are in-
dicative of the high Q of the resonant cavity.
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Clearly, thé pulse burst amplitude envelope is temporarily
sufficiently long and reaches stability rapidly enough to provide
the desired modulation and, thus, the pulse compression required

in the prelase period (v~ 3 usec) of the Spaceborne Laser System
device.

2, Fregquency Synthesizer Stability Measurement

The test configuration of this measurement is illustrated in
Figure 4-3. Test data are tabulated and attached.

It is to be noted that the modelocker cell could not be
utilized in this test because the output signal of the synthesizer
must be of the continuous-wave (CW} mode. Under CW excitation,
the crystal would be required to dissipate excessive heat and
crystal damage would probably occur. The modelocker cell was
replaced with a 50 -9 resistive load and the amplifier was opera-
ted at the maximum power output to simulate the worst-case ther-
mal loading of the ENI RF power amplifier. It is to be noted that
replacement of the cell with the lcad resistor in no way affects
the frequency stability measurement accuracy because the unidirec-—
tional signal isolation afforded by the RF amplifier circuitry
provides excellent isclation of the freguency synthesizer from the
load. Test conditions are tabulated with the test data.

The freguency synthesizer/amplifier assembly was tested from
a cold start-~that is, the test is begun with the reference crystal
oven at ambient temperature. The test data show that the reference
crystal frequency drifted sufficiently during the first 20 min. of
the test to create an output frequency change equating to v 6,155
Hz. This drift is not serious since the manufacturer of the refer-
ence crystal specifies the oven stabilization time to be approxi-
mately 15 to 30 min. Therefore, the stability data occurs follow-
ing crystal oven stabilization. The initial data are ineluded
only to illustrate that the reference crystal oscillator exhibits
no wild frequency excursion during the stabilization time.

At an elapsed time of 60 min. into the test, the synthesizer
output frequency is 60,000,024 Hz. The test data show that a
gradual increase in frequency of 68 Hz has occurred from the data
taken at an elapsed test time of 25 min. Thus, the drift during
this period is equal to approximately one part per million. An
additional 7 Hz of drift occurs to an elapsed test time of
90 min. The test data indicates a total drift during the second
hour of the test interval to be ~ 16 Hz, which eguates to a sta-
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Frequency Synthesizer Frequency Stability Test Data

REFERENCE:

TEST EQUIPMENT:

TEST CONDUCTED BY:

SPECIAL CONDITIONS:

Figure 4-3 for Test Configuration-

HP Model 53273
Frequency Counter 5. No. 1248a-00321

- Calibration Date 6/13/77

Model 53272 Counter in operation 1 hr minimum prior to

Ambient temperature

T o25°C.

Device under test. {fregquency synthesizer) measured from
cold~start to illustrate stabilization time.

Test frequency 60 MHz.

i.
test staxrt.
2.
3.
4.,
TEST DATA:

ELAPSED TIME

(MIN) FREQUENCY (Hz)
0 60,006,107
5 60,002,589

10 60,000,340
15 60,000,002
20 59,999,952
25 59,999,956
30 59,999,962
35 59,999,979
40 69,999,980 |
45 59,999,999
50 60,000,003
55 60,000,017
60 60,000,024
65 60,000,026
70 60,000,028
75 60,000,029
80 60,000,032
85 60,000,031
95 60,000,032

A¥=6, 155 Hz

A¥=68 H=z

~ 1.0 part in 106

stability

COMMENTS

Synthesizer and
crystal
oseillator oven
warm=-up

Reasonable stability achieved
after 1 hr operating time.



TEST DATA: {continued)

ELAPSED TIME

{(MIN) FREQUENCY (Hz) COMMENTS
96 60,000,031.8 Data taken each minute
97 60,000,032.3 to illustrate settle-
98 60,000,032.3 time of freguency output
99 60,000,032.8

100 60,000,033.0

1ol 60,000,033.7

102 60,000,033.9

103 60,000,034.0

104 60,000,034.5

105 60,000,034.5

106 60,000,034.7

107 60,000,035.0

108 60,000,035.4

109 60,000,035.6 F = 16 Hz over second

ilo 60,000,035.8 hr period ( 2.6 parts

111 60,000,035.8 in 107 stability)

112 60,000,036.6

113 60,000,037.0

114 60,000,036.9

115 60,000,037.5

11s 60,000,037.6

117 60,000,037.9

118 60,000,037.9

119 60,000,038.3

120 60,000,038.9

121 60,000,039.1

122 60,000,039.9

123 60,000,040.1

i24 60,000,040.9 Thermal roll-over point

125 60,000,040.5

128 60,000,040.,0

127 60,000,040.1

128 60,000,039.5

129 60,000,039.5

130 60,000,039.2

131 60,000,039.2

132 60,000,039.0

133 60,000,038.0



bility of 2.6 parts in 107. The test data indicates further that
the fregquency drift/temperature roll-over occurs at 123 wmin. into
the test., The regquired drive signal stability for satisfactory
nodelocking is 1 part in 105. The ILS modelocker driver system
exhibits a stability exceeding this level after stabilization of
the crystal oscillator,

Operation of the ILS modelocker driver system in a pulsed
mode will result in a frequency stability egual to that exhibited
inm the CW mode. The c¢rystal oscillator is operated continuously
in either the pulsed or CW mode and pulsing of the modelocker
driver system is achieved by pulsing the RF amplifier. Because
the freguency stability is dependent primarily on the crystal
oscillator as illustrated in the reported experiment, the reguired
or better frequency stability can be achieved in the pulsed- mode
by allowing 30 min. of warming time prior to system operation.

3. Q-Switch/Dump Switch Waveform Measurements

The (Q-switch/dump switch measurement configuration is
depicted, in simplified form, in Figure 4-4, It is to be noted
that the cell is excited in the differential drive configuration,.
Prior to discussgion and presentation of voltage waveforms of the
cell drivesg, a brief discussion of the basic circuit configura-
tion is appropriate,

The Pockels cell voltage conditions will be defined for
gach phase of the laser performance so that a systematic descrip—
tion of the required driver performance can be presented. Initial-
ly, the driver and Pockels cell are reguired to develop a very low
0 within the optical resonator. This condition, or hold-off,
allows energy storage to the laser rod for a determined time in-
terval. The input, termed the V bias (+HV), establishes a voltage
potential across the cell effecting the low Q condition. When
the energy storage is accomplished, it becomes necessary to effect
.a rapid increase in the ¢ of the optical resonator to achieve lase
action. The block in Figure 4-4, termed Q-switch avalanche, effects
this change by reducing the applied voltage of the cell to near
zero potential. It is to be noted that the greatest "Q" is obtained
within the optical resonator when no potential is impressed upon
the cell. The output voltage from the *Q" switch avalanche driver
is conducted to the cell through the action of capacitor Cp. The
high "Q" condition causes rapid lase action to occur,
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In actuality, the low "Q", or hold-off state of the laser,
is altered by varying the cell bias voltage in such a manner as
to produce coherent radiation, slightly above laser threshold,
just prior to the Q-switch time. The simple depiction of Figure
4-4 does not provide for this detail.

Energy rise within the optical resonator following Q-switch-
ing occurs rather slowly as referenced to the modelocked pulse
interval because many reflections within the resonator are reguir-
ed to deplete the stored energy within the rod. This point is
significant as it dictates the required interval for the removal
of voltage from the cell. A voltage fall time of approximately
15 nsec is gquite adequate for this Q-switching operation.

As energy is depleted from the rod, the active resonator
energy increases. When the energy reaches a critical magnitude,
it is necessary to direct the energy from the optical resonator.
This process ~-- that is, the cavity dumping of the modelocked pulse
must occur very rapidly. Thus, the necessity for the dump avalanche
driver. The requirement for this driver is the generation of a
differential cell voltage of 3200 V. It is to be noted that the
dump voltage is not equivalent to the initial bias voltage, but
is a dgreater voltage. Furthermore, the dump avalanche drive cir-
cuitry must successfully apply the cell voltage within. one round-
trip time of the optical resonator. This condition dictates the
switching speed required which is a total elapsed time of approxi-
mately 9 nsec. Additionally, the initiation of this action must be
synchronous to the modelocked pulse within the resonator. Thus,
synchronization jitter must be maintained at the lowest possible
level. A jitter of + 1 nsec is achievable which dictates a maxi-
mum dump switching time of 6 nsec. The action of the dump aval-
anche switch is conducted to the cell by the action of capacitor
Cgy. Dumping of the modelocked pulse from the optical resconator
completes the voltage switching sequence.

As pointed out earlier, the drive to the Pockels cell is of
the differential mode which creates some problem in achieving the
required performance. Thus, the need for capacitors Ca and Cp is
realized. Application of a very abrupt voltage step to either
point A or point B, with the shunt capacitors omitted, would result
in virtually no voltage impressed across the cell because basically
the cell appears as a capacitor. Any impressed voltage would be
caused by stray capacitive coupling to the cell terminal not being
excited directly. The addition of capacitors CA and Cpr forms a
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capacitance voltage divider, regardless of exitation from source

A or B. Obviously, the greater the capacitance value used for
capacitors C_ and C_, the greater the percentage of the applied
voltage whicﬁ will Ee impressed upon the cell. The remainder of the
impressed voltage will be impressed on either C. or C. as dictated
from the excitation source. It is to be noted %hat tEe capacitors
C, and C_ appear in parallel with the avalanche drivers. Each
driver must either charge or discharge its appropriate capacitdr’
simultaneously with driving the cell. For this reason, it bécomes
quite apparent that capacitors C_ and C_ must be of the minimum
capacitance value possible to acﬁieve agequately rapid cell exci-
tation. Previous experience has dictated a ratio of one to ten
between the cell capacitance and the shunt capacitance. This
relationship assures that roughly 90% of the applied voltage is
impressed upon the cell, while the remaining voltage appears across
the shunt capacitor,

Figure 4-5 lends some clarification of the voltage sharing
across the various capacitors involved. Cell capacitance, cell
holder capacitance, and stray wiring capacitancé total in the
order of 10 pF. Thus, the shunt capacitors are selected to exhibit
100 pF of capacitance. Figure 4-5 additionally illustrates the
effective capacitance load to either avalanche driver, which simpli-
fies to a value 0f-109.09 pF, the total -effective capacitance load.
Optimum switching action occurs for an impressed voltage of 3200
V across the cell. This voltage represents 90% of the input vol-
tage; thus, 355 V appears across the shunt capacitor, and the
applied voltage must be 3,555 V.

To allow some small time margin in the dump switching opera-
tion, the required cell voltage risetime will be reduced to 5 nsec
as measured from the 10 to 90% points. This condition allows the
avalanche pulse current to be calculated as follows:

cv

= — 3-26

I T { )
where
C = 109.09 x 10 L2
vV = 3,555 V
t=5x 10°9 sec
T (109.09 x 10'12)(3,555)
5 x 10-9

I=77.56 A
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This value of pulse current is quite acceptable from a stand-
point of reliable avalanche driver operation. Additionally, this
current peak is required only for the dump driver. The Q-~switch
driver is required to discharge only the bias voltage upon the
cell, which is lower than the 3,555 V seen at the dump driver,
and the fall time requirements also are less stringent for the
Q-switch driver.

Conclusions which are drawn to this point are: Initially,
the 100 pF shunt capacitor is acceptable from a standpoint of
voltage risetime and avalanche current; the differential drive
technigue is acceptable; and, finally, good avalanche driver
isolation can be maintained, with regard to false triggering.

Now that the description of the basic Pockels cell interface
is complete together with the definition of the regquired seguence
of -operation, the actual hardware operation will be presented.
Variation from the elementary configuration will be noted, and
reasoning for the departure in technique will be presented.

The schematic shown in Figure 4-6 details the actual hardware
from which the exhibit oscilloscope trace photographs were
recorded. Inspection of Figure 4-6 immediately reveals, the
departure in the coupling circuitry for the Q-switch driver input.
A series diode string (CR; and CRy) is used for this coupling.
This coupling technique is used because: Excellent isolation is
achieved between the driver output and the cell bias voltage;

- the driver is required only to reduce the differential cell volt-
age to near zero potential; and the diode string assists in main-
taining the appropriate differential cell voltage for the Q-switch
function whenever the cell bias voltage is adjusted. It is to be
noted that were capacitive coupling used only one value of bias
voltage would be possible to achieve the optimum Q-switch condi-
tion of zexro cell voltage., This bias voltage would be essential-
ly the Q-switch hold-off voltage. Were a lower bias voltage util-
ized, the differential cell voltage would be driven below zero
volts. Conversely, a higher voltage would result in a lack of
achieving zero volts.

Further inspection of Figure 4-6, reveals that the dump
driver is capacitively coupled and also diode isolated. This
technique is necessary so that the prelase radiation control can
be effected. Resistor R5 is the bias resistor for the dump
avalanche driver. Capacitor C6 is the output coupling capacitor.
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Resistors R4 and R6 form a voltage divider to achieve a position
potential of approximately 460 V at the cathode of diode CR3.
Obviously, the output from the dump driver is referenced to this
voltage as a start potential when coupled through capacitor C6.
Resistor R3 provides current to the prelase radiation control
circuitry through diodes CR4, CRS5, and CR6 by way of connector J6.

The voltage of the radiation control circuitry is limited to a
maximum positive value of 400 V whenever an absence of radiation
exists to the control circuitry optical detector. Normally,

the bias voltage is adjusted to allow a "leakage” which affords
a lase action in the region of 1 to 3% above threshold during
the prelase interval. The prelase control electronics removes
voltage from the dump side of the cell (point B) and increases
the differential cell voltage which increases optical hold-off
to achieve control.

It is to be noted that diode CR3 is reverse biased for all
conditions other than the dump function. It is to be further
noted that the prelase electronics always reduces the point B
cell voltage prior to the Q-switch interval, and that the O-switch
function additionally reduces the point B voltage resulting from
the capacitor C5. Cell bias voltage input of 1.5 kV, results in
a voltage division to reduce the C5 voltage by 177 V. This voltage
together with the reduction afforded by the prelase radiation
control electronics, results in a point B voltage which is approxi-
mately + 100 V, as referenced to ground, at the completion of the
Q-switch action, and the cell voltage is, indeed, near zero
differential voltage. Initiation of the dump driver, produces
a voltage transition of approximately 3.4 kV. Diode CR3 conducts
when the voltage excursion has reached the 460 V point, and capa-
citor C5 is charged to roughly 3.0 kV.

An interesting phenomenon occurs when the delay from Q- .
switch to PTM switch is less than 100 nsec. The Q-switch ava-
lanche driver is still in the high-current-conducting state.
Diodes CR1 and CR2 also are unable to recover because of the
large minority carrier concentration resulting from Q-switch
discharge current. Thus, the dump driver voltage is impressed
almost in its entirety across the cell because the point A side
of the cell is clamped to ground. It is to be noted that the
differential cell voltage is 3.0 kV + 100 V when the dump driver
output occurs.



At the occurrence of the dump event, diodes CR4, CR5, and CRC
are reverse biased, and the prelase radiation control electronics
iz effectively removed from the circuit. The remainder of the
discussion and presentation deals specifically with the measure-
ments taken of the actual hardware.

Figure 4-6 depicts the actual circuitry which comprises the
Q-switch/dump-switch/radiation-control interface. For these tests
the radiation control voltage was fixed at a value of +400 V.

The Q-switch was driven directly from the pulse repetiticn fre-
guency (PRF) generator at a 10 pps rate., A delay generator was
utilized to drive the dump avalanche switch., Voltage waveforms
highlighting switching response in the Q-switch and PTM dump wmodes
are illustrated in Figure 4-7. The delay time was adjusted initia
1y to roughly 40 nsec: however, clarity was somewhat impaired in
the scope photographs obtained, and the delay time was increased
to 100 nsec to obtain better trace clarity.

Tt is to be noted that all photographs are realtime exposures
with no superposition of either graticle or scope nomenclature.
A Tektronix model 7904 oscilloscope with a model 7Al6 vertical
amplifier was used in conjunction with a type P601l6 highvoltage
probe to acquire the oscilloscope trace photographs,

Oscilloscope trace photograph (OTP) no. 6 is presented to
illustrate the Q-switch voltage magnitude. The probe attachment
was at point A and measurement was made of the switch recovery
waveform, Cell bias voltage was adjusted to 3.2 kvde., It is to
be noted that the full 3.2 kvdc is switched. OTP no., 7 illustra-
tes the leading edge fall time of the Q-switch., Note that some
slight ringing occurs at the transition time which is inevitable
when a lead/probe attachment is provided. It also is to be noted
that the indicated response always is slower than the actual cir-
cult response. This condition is caused by: first, the probe
posesses an input capacitance of roughly 18 pF:; and, second, the
probe response time is finite because of probe inductance. Thus,
the probe causes degradation of pulse rise/fall presentations
which are 1 to 5 nsec greater than reality when the oscilloscope
sweep speed is 5 nsec/division,

OT? no. 8 depicts the voltage at point B, the dump drive,
This trace is taken with a vertical sensitivity of 1,000 v/divi-
sion. Once again, measurement is made of the switdh recovery
waveform to show the voltage excursion and the recovery <charac-
teristics. OTP no. 9 shows the leading edge with the 300~V step
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Figure 4-7. Q-switch and PTM Dump Switching Voltage Waveforms
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which is induced by the Q-switch excitation. The Q-switch acti-
vation time is 40 nsec prior to the dump output. The ringing is
induced from the probe attachment. The OTP no. 10 is a repeat of
the previous photograph with the exception that the PTM switch
time has been extended 100 nsec from the Q-switch time.

OTP no. 11 shows the fall time of the dump avalanche drive.
In reality, this is the rise time of the cell voltage for the
dump action. Probe attachment is at point B. Again, the ring-
ing is because of the probe attachment. It is to be noted that
the risetime, as indicated on OTP no. 11, is considerably more
than 5 nsec. Thus, OTP no. 12 is provided in an attempt to
depict a more realistic presentation of the true risetime of the
dump drive pulse. These photo data depart from that produced
from the previous test configuration. A capacitance probe 1is
.provided by placing a VHF x 10 probe in proximity to the driven
electrode of the cell. Thus, the response degradation of the
type P6015 probe is avoided. As indicated, the response of dump
drive to the cell occurs well before 4 nsec of elapsed time.

B. SYSTEM OPTICAL ALIGNMENT

1. Alignment Overview

The alignment of the Spaceborne laser oscillator is a complex
task because of the use of wedged optical elements to avoid etalon
effects on pulsewidth. The basic problem is that the correct
optical path through the resonator lacks an optical reference
normal to this path prior to alignment of the laser mirror. The
precision machining of the optical bed allows the use of the me-
chanical centers of the beam exit holes to establish correct
reference optical paths. The alignment of the optical components
to these reference paths achieves the resonator mirror alignment
and oscillator alignment to an accuracy which permits lasing.
Dynamic tweaking of particular optical elements while operating:
the laser then achieves optimum laser alignment.

The amplifier subsystem alignment is a simple and straight-
forward procedure since the optical components are not wedged.
Therefore, this procedure will not be discussed. The description
of the detailed alignment procedures for the oscillator subsystem
are given in the following paragraphs of this report section.
Figures 4-8 and 4-9 show the oscillator optical diagram ané an
optical bed sketch as references for understanding of the oscilla-
tor alignment procedure. The steps in this procedure are:
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Optical Bed Sketch

Figure 4-9.
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TIR prism alignment;

Rod-wedge leg alignment;

KD*P cell leg alignment;

Mirror-rod alignment;

Risley prism-polarizer alignment; and
Dynamic laser alignment.

o 09 9 3 0

A He-Ne beam was used in all the following alignment tech-
nigques. The alignment error introduced by the difference in
optical indices of the oscillator components was calculated and
proved in practice to be negligible.

2. TIR Prism Alignment

Each of the three TIR prisms is designed to have a pyramidal
error of 1.5°. One of these is illustrated in Figure 4-10. The
pyramidal error results in the entrance and exit faces of the
prism to be non-parallel. Thereby, etalon effects are avoided.
The 1.5° pyramidal error of the prisms dictates, via Snell's
Law, that they be tilted 2.175° to the required optical paths
so that the entrance and exit beams be parallel.  The orientation
of the TIR prisms is governed by the Invar pads that they are
clamped to, as discussed in the mechanical design section. Per-
fect fabrication of the Invar bed and pads and the TIR prism
would result in correct prism alignment simply by attachment to
the bed. However, in practice, fabrication to better than 10
arc-seconds, as reguired, is not achievable. Thus, the precision
mounting of the TIR prisms to the bed is & two~stage process
involving a second machining of the Invar pads. A description
of this process follows which is identical for each TIR prism.

First, the prism is clamped to the Invar pads attached to
the optical bed. A He-Ne beam is then aligned through the
center of the appropriate beam exit holes using mechanical aper-
tures with 0.04 inch holes. 1In general, the He-Ne exit beam is
not parallel to the beam entering the prism. A measurement of
the angle between the entrance and exit He-Ne beams is then made.
By elementary optics, the orientation of the prism is defined
then to be in error by half the measured angle. The TIR prism
is then removed along with the Invar pad. The Invar pad is then
remachined and optically polished to a new wedge whose angle
differs from the initial fabrication angle by the angular error
(either positive or negative) of the initial prism orientation.
This was proved to be achievable to an accuracy of better than
10 arc-seconds. Following the above procedure, the prism was
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remounted to the optical bed and the optical alignment remeasured
for verification. With correct measurements, the above-~described
procedure resulted in the alignment of all three TIR prisms to
within 10 arc-seconds of the correct optical paths of both the
oscillator and amplifier subsystems.

3. Rod-Wedge Leg Alignment

The optical drawings of the oscillator laser rod ané the
compensating wedge are shown in Figure 4-11 and 4-12. The
compensating wedge corrects for both the angular and lateral
displacements from the correct optical path produced by the
wedged oscillator rod. As before, the first step in the align-
ment is to direct a He-Ne beam through the centers of the beam
exit holes using mechanical apertures in order to establish the
correct reference optical path. The second step is to mount and
orient the laser rod so that its deflection is parallel to the
optical bed. The laser rod is also positioned by moving the
pump cavity mounting so that the He-Ne beam enters and exits the
laser rod at the center of the rod ends. The final step is to
mount and orient the compensating wedge so that the He-Ne traverses
the same path after exit as it did before mounting the laser rod
and compensating wedge. Figure 4-13 illustrates the He-Ne beam
propagation through the rod-wedge leg after alignment completion.
The angles are exaggerated for clarity of illustration.

4. KD*P Cell-Mirror Leg Alignment

The KD*P modelocker cell, the common laser mirror, and the
KD*P Q~switch are the specific optical elements of this oscil-
lator leg. The modelocker and Q-switch cells are designed identi-
cally. Figures 4-14, 4-15 and 4-16 are optical drawings of the
KD*P crystal, the cell windows, and the laser mirror respective-
ly. Figure 4-17 is an optical diagram of this oscillator leg
when correctly aligned to the illustrated reference optical path.
The modelocker and Q-switch cells are aligned to give egual and
opposite angular deviations and a net lateral displacement of 0.002
inches. The cells must actually be individually aligned as well,
so the the He-Ne beam propagates along the KD*P optical axes.
Rotation of the cells so that the X or Y axes of the crystals
are parallel to the optical bed — the oscillator polarizer trans-
mission plane — 1is also necessary. This rotation is necessary
to achieve maximum phase retardation by the KD*P cells when
voltage is applied.

1
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The initial step in this complex alignment procedure is to
verify the achievement of the optical specifications of the
KD*P cells, The angular deviations of the cell windows and
KD*P crystals are first measured. The cells are then assembled
and their net angular deviations are measured. The latter
measurement setup is illustrated in Figure '4-18. The planned
cell deviation was achieved to within 30 arc-seconds for each
cell. )

The precision alignments of the KD*P crystal axes as dis-
cussed above was accomplished using a mechanically referenced
He~Ne beam as before. A brief discussion of the electro-
optical properties of KD*P crystals is necessary before des-
cribing the alignment technigue. The application of voltage
along the Z-axis or optical axis of KD*P results in the origi-
nally uniaxial crystal becoming biaxial. The birefringent
axes of the crystal as viewed along the optical axis are 45°
to the X~ and Y- axes of the crystal. A He-Ne beam polarized
parallel to one of these birefringent axes will traverse the
KD*P crystal with its polarization unchanged. These obser-
vations form the basis of the technique for correctly aligning
the optical axes of the KD*P crystals to the reference He-Ne
beam.

After establishing the He~Ne beam reference path, a calcite
polarizer mechanically referenced to the optical bed is mounted
to transmit the polarization plane parallel to the optical bed.
The purpose is to.establish a reference polarization plane
parallel to the oscillator polarizer transmission plane. Two
film polarizers mounted in precision rotation assemblies are
then placed external to each end of the bed in a sequence that
results in these polarizers being crossed with one transmitting
the same polarization plane as the reference polarizer. One of
these polarizers is then rotated 45° and the other is rotated
to null the He-Ne beam. The point of this procedure is that
the correct mounting of the KD*P modelocker and Q-switch cells
between these polarizers will now introduce zero phase retar-
dation with voltage on or off the crystals. To elaborate, the
He-Ne beam remains nulled by the crossed polarizers when the
KD*P cells — with voltage applied — are aligned such that
one birefringent axis is parallel to a polarization plane 45°
to the optical bed plane and the optical axis of the crystals
are aligned to the He-Ne reference bheam. This corresgponds to
the correct alignment of the KD*P cells as discussed earlier
in this section.
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The specific procedure to align the KD*P cells is now
apparent. The mechanical apertures in the optical bed beam
exit holes are removed and each cell is sequentially mounted
to the optical bed with no voltage applied. A rough align-
ment of the optical axis of each KD*P crystal is then per-
formed after mounting each cell by placing a lens tissue between
the He-Ne beam and cell and centering the resulting isogyre
pattern. This pattern is observed by placing a white card
behind each cell. The second nulling polarizer is not used in
these observations. Following these procedures, each KD*P
cell is fine-tweaked to null the He-Ne beam. This results
in the alignment of the KD*P crystals optical axes to the
reference He-Ne beam. Voltage is then applied in seqguence to
each crystal which is rotated to once more achieve nulling of
the He-Ne beam by the crossed polarizers. These procedures
result in the alignment of one of the birefringent axes of each
crystal to the polarization plane of the He-Ne beam. Thus, the

X- or Y-axis of each crystal is aligned parallel to the optical

bed plane as reguired. A verification of the cancellation of
the angular and lateral deviations of the KD*P cells is then
made by re-installing the mechanical apertures in the beam exit
holes of the optical bed. A positive result of this verifica-
tion is achieved in practice, but is essentially assured via
the verification of the correct fabrication and assembly of
each cell discussed earlier. This completes the description

of the alignment of the KD*P cells.

The final step of the alignment of the KD*P cell-mirror
oscillator leg is to mount the laser mirror bed to the optical
bed and to align the mirror so that its He-Ne reflection falls
on the He-Ne laser exit aperture. To recapitulate, the above-
described procedures resulted in the alignment of the KD*P
crystal axes and the laser mirror normal axis precisely referenced
to both the optical bed plane and to a He-Ne beam correctly re-

'+ ferenced to the planned optical path for this oscillator leg.

5. Mirror-Rod Alignment

The alignment of the laser rod axis and the laser mirror
axis should be achieved by simply mounting the TIR prism adjacent
to the quartz wedge (See Figure 4-8). This is the result in
practice if the TIR prism, rod-wedge leqg, and KD*P cell-mirror
leg alignments are correctly performed. However, a verification
of this result is necessary.
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The verification procedure consists of installing the
above-mentioned TIR prism; mounting a partially reflective
laser mirror external to the bed which is aligned toc the
oscillator mirror; and establish lasing. The achievement of
a round beam pattern for the normal mode radiation generated
by tweaking only the external mirror verifies correct mirror-
rod alignment. Figure 4-19 illustrates the experimental arrange-
ment for the alignment of the external mirror via a He-Ne laser.

6. Risley Prism-Polarizer Alignment

The rod~wedge and KD*P cell-mirror leg alignments are
necessarily performed with the oscillator TIR prisms removed
from the bed. The risley prism-polarizer alignment involves
two oscillator legs as illustrated in Figure 4-8. The TIR prism
adjacent to the compensating wedge remains on the bed to estab-
1ish the risley prism - polarizer alignment. Figures 4-20
and 4-21 are optical drawings of the polarizer and one risley
prism. The two risley prisms are identical and are initially
set to yield zerc angular optical deviation via an experiment
using a He-Ne beam which is performed external to the optical
bed. The plane-parallel polarizer produces only a lateral
deviation and the pair of prisms are tilted to compensate for
this deviation which occurs in a plane parallel to the optical
bed.

Figure 4-22 illustrates the risley prism-polarizer align-
ment. The first step in this alignment after establishing
the He-Ne reference path is to mount and orient the dielectric
polarizer. The criteria for the proper orientation are that
the angle of incidence of the He-Ne beam must be 56+2° and
that the polarizer be perpendicular to the optical bed. This
orientation is performed by simply adjusting the polarizer SO
that the He-Ne beam reflection from the polarizer is incident
on the inner wall of the opticazl bed at a pre-calculated point.
Adjugtment of the risley prism tilt to yield parallism of the
entrance and exit He-Ne beams through the bed completes this
alignment.

7. Dynamic Laser Alignment

The preceding alignment procedures result in the alignment
of all four legs of the oscillator. The next step is to mount
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the second oscillator TIR prism on the optical bed. The laser

is then operated with the modelocker and O-switch being passive.
Slight rotational and/or tilt tweaks of the risley prisms results
in low-level lasing which is detected using an infrared viewer.

An A/8 voltage bias is then applied to the QO-switch so that a
laser output is obtained via the polarizer. Further tweaking of
the risley prisms leads to energy output optimization via monitor-
ing of the laser output. The following report section covers

further dynamic tweaking of the laser to optimize PTM Q-switching
and active modelocking.

Appendix E gives all optical drawings for the amplifier
subsystem except the KD*P doubler.



C. LASER PERFORMANCE EVALUATION

1. Introduction

The experimental evaluation of the Spaceborne laser system
has shown the basic soundness of its concept and design. Exten-
sive testing has been performed on the oscillator subsystem and
essential tests have been performed on the amplifier subsystem.
The results of the tests show essential agreement with the theo-
retical predictions given in Section II of this report. The follow-
ing paragraphs report the results of:

Normal mode testing;
PTM O-switch testing:
Modelocking tests:
Amplifier testing

e & bW

The parameters evaluated in these tests, where appropriate, are
pulse energy, beam divergence, laser efficiency, TEM_ _ beam spot
size, pulse amplitude stability, pulsewidth or lase %gmparal pPro=-
file, and pre—and post-pulse suppression.

2. Normal Mode Testing

Normal mode testing of the Spaceborne oscillator was per-
formed to verify good pump cavity efficiency and the achievement
of optimum oscillator alignment. Figure 4-23 is an input/output
curve illustrating the best normal mode performance achieved.
Laser output was obtained by placing a dc voltage bias on the Q-
switch. This voltage was set to optimize the output coupling to
achieve maximum lase energy at the 10-15 mJ level. The low pump
threshold of 1.3 Joules and the slope efficiency of 1.25% indicate
a high effective reflectivity in the 70-80% R range. Correlation
of the normal mode performance observed with previous ILS paramet-
ric studies on input/output curves versus reflectivity demonstrate
a pump cavity efficiency equivalent to the best results previously
obtained at ILS. The normal mode beam patterns obtained were
uniform and round which verifies optimum oscillator alignment.

3, PTM Q-switch Testing

PTM Q-switch testing was performed in two operational modes.
One of these was to utilize electronicallv-based timing for both
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u?
the Q-switch and dump switching operations. This test provided
information concerning the sensitivity of the dump synchronization
with respect to the time at which the internal resonator radiation
achieves its peak. Figure 4-24 jllustrates this synchronization
sensitivity via a graph of the PTM pulse energy output versus the
delay time between the Q-switch and dump events. The energy input/
output performance curve for this PTM Q-switching mode is shown
in Figure 4-25. This curve shows lower efficiency than the normal
mode performance curve due to a non-optimum oscillator alignment.

The second operational mode for PTM Q-switching utilized
pre-lase and active synchronization of the Q-switch and dump events
via direct lase detection. The specific technigues used to imple-
ment these concepts were previously described in the design section
of this report. Figure 4-26 shows the energy input/output curves
for this operational mode both with and without the 3 millimeter aper-
ture used to achieve TEMgpo mode. The TEM,, curve generated corre-
lated well with the theoretical curve shown in Figure 2-5 for a
loss/pass value of 50%. This curve was generated previous to the
achievement of an optimum oscillator alignment. ILater normal mode
data (Figure 4-23) indicates a 25% loss/pass value. Figure 4-27

is a photograph of the pulse profile of a typical PTM Q-switched
laser pulse.

TEMy, mode operation in the PTM Q-switched mode using pre-
lase was verified in two ways. The beam divergence and spot size
of the beam was measured and shown to correlate, within experimental
error, via the gaussian beam equation. Film burn patterns were
also generated which indicate TEM,, mode operation. These burn
patterns were made at distances ranging from directly adjacent to
the laser to the limit at which the film would burn. The burn
patterns increased in diameter and decreased in intensity monoton-
ically with increasing distance from the laser. The patterns also
exhibited greatest intensity in the center with a smooth burn inten-
sity decrease with increasing radius. This latter result strongly in-
dicates TEMbo mode operation. Together with the previous corre-
lation of beéam divergence and beam spot size, TEMyo Mode operation
is verified. The above results are summarized in Figure 4-28.

Initial problems were encountered in the achievement of the
TEMpo mode. An amnular f£ilm burn pattern was observed with the
initial -10m, +11.35m radii common laser mirror. A second mirror
with radii of -7m and +5m was installed and successful TEMOO mode
operation was achieved. The measured oscillator spot size of 2mm
(3w diameter) did not correspond with a theoretical prediction of
3am. This phenomena is probably explained by pre-lase effects and
a possible radial variation in the oscillator rod optical gain.
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4. Modelocking Tests

The objective of the initial modelocking tests was to es-
tablish the correct RF modelocking freguency. These tests were
performed via normal mode lasing with the modelocker active and
a voltage bias applied to the Q-switch to generate a laser output
via the polarizer. Initial testing failed to establish stable
100% modulation of the normal mode pulse profile. The problem was
traced to an insufficient RF voltage level and was solved by add-
ing an RF amplifier stage to the modelocker RF drive electronics.
The design and operation of this RF amplifier is described in Ap-
pendix D. Modelocking of the normal mode pulse was then achieved
and a photo of the oscilloscope trace of the pulse profile is
shown in Figure 4-29. ~Figure 4-30 is a photo of an expanded trace
of this profile. The modelocking RF frequency determined to be
near optimum was 52.63 Mhz.

Extensive testing of the Spaceborne laser oscillator was
performed for the actively modelocked, PTM Q-switched operational
mode using pre-lase. The initial attempts to establish operation
in this mode failed due to the unsuccessful attempts to achieve
active feedback control of the pre-lase radiation. These efforts
are described in the following report section. The actual pre-
lase technique successfully implemented is fully described in a
previous report section.

Figures 4-31 through 4-34 illustrate some essential results
of the modelocking tests performed at ILS. Figure 4-31 is a photo
of the oscilloscope trace of the intra-cavity radiation while
simultaneously modelocking and PTM Q-switching. This photo indi-
cates optimum single modelocked pulse selection via PTM Q-switching
by the. complete truncation of the intra-cavity Q-switch pulse
profile. Figure 4-32 "illustrates a typical oscilloscope trace
of the single picosecond pulse emitted from the oscillator. The
indicated pulsewidth is 800 picoseconds. However, the response time
of the pulse detection equipment utilized was only 0.7 nanoseconds
so that the actual pulsewidth is near 400 psec. Figure 4-33 in-
dicates the pre- and post-pulse suppression achieved via the PTM
O-switch pulse selection. Expansion of the amplitude scale of
the oscilloscope display showed a pre- and post-pulse suppression
0of 30 dB. Figure 4-34 illustrates the occurrance of both pre- and
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post-pulses approximately 9.5 nsec from the primary pulse. These
resulted primarily from non-optimum dump switch phasing. TEMno
mode verification of the modelocked oscillator output was perfor-
med as described previously with nearly identical results.

The pulse energies generated via the PTM QO-switched, mode-
locked operation of the oscillator were in the 0.5 to 5.0 milli-
joule range. Laser damage to the oscillator laser rod and one
KD*P crystal eventually occurred at approximately the 5.0 mJ level.
Testing was resumed following the replacement of these elements
and operation was subsequently maintained below 1.0 mJ. Other pPro-
blems that occurred during experimentation were chronic leakage
of the fluid-filled KD*P cells and RKD*P modelocker crystal damage
due to excessive contact resistance at the crystal electrodes.

The first problem necessitated several cycles of refilling and re-
aligning the XD*P cells. Careful attention to the O-ring seals

at the cell windows and seal port essentially solved this problem.
The second problem was solved by a new KD*P crystal electrode
which used indium, an extremely malleable metal, to achieve low
electrode contact resistance.

Modelocking experimentation at ILS was performed using in-
strumentation which locked the response time to clearly define
modelocking performance. The instrumentation employed consisted
of a bi-planar photo-diode, a Tektronix Model 7912 Transient Digi-
tizer, and a Tekitronix Model 605 Oscilloscope. This pulse detecg-
tion system had a temporal response time of 700 psec. Definition
of the pulsewidth and pulse profile of the modelocked pulse was
essential to determine the efficacy of these pulses for ultra-
precision ranging. Thus, a computer-contrcélled streak camera
instrument developed within the Electro-Optics Branch of the NASA
Goddard Space Flight Center was employed. The temporal resolu-
tion of this instrument was 10 psec.

Following the transfer of the Spaceborne breadboard to
NASA, extensive modelocking experimentation was performed. The
pulse profile characteristics were observed as a function of the
critical theoretical parameters of pre-lase duration, pulse energy .,
RF modelocker drive amplitude, and RF freguency variations. Fig-
ure 4-35 shows four typical pulse profiles obtained for the optimum
modelocking achieved. The pulse profile varied from shot-to-shot
with 75% single pulses for optimum operation. The optimum mode-
locking was achieved for minimum pre-lase normal mode amplitude
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{maximum pre-lase duration) and maximum RF modelocked drive at a

RF frequency of 52.676 Mhz. The maximum fregquency detuning of the
RF drive while maintaining optimum performance was observed to be
500 Hz. Theory predicts and the experimentation confirmed that the
nmodelocked pulse increases in width with decreasing pre-lase dur-
ation on RF drive amplitude. The pulse energy level was observed

to have little effect on pulsewidth as expected via theoretical
analysis presented in this report. Table 4-1. summarizes the experi=~
mental results for the Spaceborne modelocked oscillator. The
variation of the pulse profiles observed from pulse-to-pulse was
impossible to eliminate in the experimentation performed. The
cause of these fluctuations is explained theoretically wvia the
variation of modelocked pulsewidth with pre-lase duration and the 3
statistical characteristics of the initial intra-cavity radiation.
The pre-lase duration (the normal mode pulse buildup time) f£luc-
tuates from pulse~to-pulse due to fluctuations in the normal mode
pre—-lase pulse amplitude. The latter fluctuations are caused by
very small flashlamp-rod coupling efficiency variations from pulse-
to-pulse. The above observations demonstrate that the Spaceborne
laser operates as theoretically planned.

1

Tahle 4-1.

OSCILLATOR PERFORMANCE

Parameter Value

Pulse Energy 1.0 mJ
Efficiency 0.05%
Pulsewidth 150 psec {(FWHM)
Beam Divergence 0.98 mr

Mode Diameter (3w) 1.82 mm

Pulse Rate 10 pps

Pre~ and Post-Pulse Suppression 30 dB

Pulse Amplitude Stability + 10%

4-55
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However, the pulse profiles fluctuations caused by the statistics
of the initial intra-cavity radiation was not foreseen. A computer
evaluation of the suitability of the present pulses generated by
the Spaceborne breadboard is in progress. However, an approach

to eliminating pulsewidth and pulse profile fluctuations is planned.
This approach, defined in the Theory section of this report, is

to utilize a guasi-CW, pulsed flashlamp power supply to extend

the pre-lase duration to 150 psec. Normal moding of the pre-lase
radiation will damp out with this pre-lase duration and the achieve-
ment of stable pulse profiles from pulse-to-pulse should be achiev-
ed. The feasibility of this pre~lase technique has been demon-
strated with the SHIVA modelocked oscillator at Lawrence Livermore
Laboratories.32

5. Amplifier Testing

The amplifier subsystem testing established the pulse energy
output levels possible with the double-pass Nd:YAG amplifier for
both PIM Q-switched and modelocked pulse inputs. Figure 4-36
illustrates the optimum performance achieved. All amplifier test-
ing was performed at ILS. The maximum modelocked pulse enexrgy
achieved was 28-mJ with an approximate pulsewidth of 300 psec.
Pre~ and post-pulse suppression following the amplifier was mea-
sured to be 25 dB. The beam divergence measured for the optimized
oscillator/amplifier system was 1.0 mr.
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D. RADIATION CONTROL EVALUATION

This report section describes the attempts to achieve a
feedback control of the normal mode pre-lase energy as discussed
earlier. The basic approach was an energy control servo mechanism
utilized to increase the Pockels cell voltage toward the holdoff
value as the cavity energy rises. This negative feedback system
was chosen to be linear, in order that the maximum energy stability
might be achieved. WNegative feedback affects the normal mode out-
put pulse width by reducing the pulse amplitude and increasing the
pulse width. It is reasonable to expect that a reduced detection
threshold, or increased sensitivity, will result in a greater tem-
poral stretching of the pulse. The pulse stretching technique has
been successfully employed in the past 33 34_a

Investigations have shown that low values of reflectivity,
and therefore low cavity gain, normal mode spiking occurs as a
relatively broad pulse which tends to have rather poor temporal
stability and pooxr amplitude stability. Normal mode spike separa-
tion was in the region of 2 to 6 usec.

Figure 4-=37 illustrates Oscilloscope Trace Photographs
(OTP) which were taken from normal mode output. Three series
of OTPs are presented. The first OTPs show the laser action when
the RD*P Pockels cell voltage was adjusted 340 V below the holdoff
value of 3,250 V or a bias voltage of 2,910 V. The second set of
OTPs illustrate the output when the bias voltage was adjusted to
2,850 V, a departure of 400 V below holdoff. The thirAd set of
OTPs illustrate the output when the bias voltage was adjusted to
2,800 V, a Aeparture of 450 V below holdoff.

It is significant to note that these sets of OTPs were
taken while using the external synchronization feature of the
oscilloscope; therefore, the temporal jitter characteristics are
excluded, in the interest of clarity of the photographs. Addi-
tionally, the combined.energy of all normal mode spikes grouped
‘was equivalent to the microjoule regime.
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The OTPs disclose several pertinent characteristicsrs

@ The average normal mode spike half power pulse width is
= 400 nsec.

® The average normal mode spike pulse rise time is = 400 nsec,
as measured from the 10% to 90% points; and

@ The pulse is essentially gaussian in shape.

Several conclusions concerning the energy control sServo require-
ments may be drawn from these characteristics.

® The prelase may be obtained when the Pockels cell voltage is
reduced less than 400 V; thus, a 400-V control range is adequate
to achieve holdoff and cause laser action to cease:

@ The laser action initial buildup is quite slow (i.e., the
energy increase per.unit time exhibits a low-slope near the
leading edge). Therefore, provided that adequate sensitivity
is achieved within the energy control servo, the Pockels cell
voltage slew rate need never become excessive; and

e The energy control servo must exhibit good low-freguency
response ~ ideally the response should be. near dc, since the
initial pulse width of ~ 400 nsec indicates a stretched pulse
width of well into the microseconds is to be achieved.

These conclusions led to the hardware implementation
depicted in Figure 4-38 and Figure 4-39, the Pockels cell inter-
face, and the energy (i.e. radiation) control electronics
respectively. The hardware was constructed and tested as a
subsystem. The performance was considered to be satisfactory.
The prime characteristics observed were:

® The frequency response of the detector and preamplifier was
observed to be flat from 200 KHy to ~ 400 MHy;

e The attack time of the 400-V output driver was observed to
require v 50 nsec when loaded into the Pockels cell interface;

o The output-driver voltage-level was observed to be linear relative
to input irradiance;
® The output-driver voltage~level was observed to track pulsating

input to the preamplifier, to achieve a mean-level as required,
when the mode structure input change over occurs; and

e The output-driver voltage slew of 400 V was observed to occur
for irradiance input of less than 10 pw.
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Based upon the subsystem tests, the energy control _
electronics assembly was integrated to the laser system. The Pockels
cell voltage was reduced to 2,950 V to achieve prelase action.
Little or no observable change occurred to the prelase normal
mode spike. Careful investigation revealed that:

* ]
@ The threshold is quite high - in other words the lase action
is well Aeveloped before the control électronics responds;

® The driver output-voltage essentially follows the response curve
of the prelase pulse; however, at this high radiation level with-
in the resonator, insufficient control voltage range is available
te the Pockels cell. Thus, the control driver saturates; and

© The control-driver output lags the energy-input change by some
55 to 60 nsec during the control trial period. This tends to
indicate that about 20 nsec of response time is inherent
within the control loop.

Of the observed integration performance, the most signifi-
‘cant shortcoming is the lack of sensitivity. The. through-put or
response time is considered to be the second significant problem
area.

The first problem was attacked by reducing the losses of
the interfaces of the fiber optical bundle which transmits lase
energy leaked through the oscillator polarizer to the detector
circuit. Experimentation with the radiation control electronics
revealed that the majority of the through-put delay occurs within
the post amplifier or the driver portion of this circuit. This
circuit was revised and fabricated as shown in Figure 4-40. Both

bipolar- transistors and VMOS devices are utilized within the cir-
cuit design.

Experimentation with the revised radiation control unit in-
tegrated to the laser system gave results that were unsuccessful
as described for the initial design. The essential problems
identified were insufficient input radiation to the control circuit
and a too slow recovery time for the electronic post-amplifier.
Experimentation with this concept was terminated and the pre-lase
technique described earlier in this report was employed.

1~
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Figure 4-40. Radiation Control Schematic - Revised



Section V

CONCLUSIONS AND RECOMMENDATIONS

The Nd:YAG laser system developed by ILS for the Spaceborne
Laser Ranging System has been shown to satisfy the essential objec-
tives of Contract NAS5-22916. The engineering breadboard constructed’
proved the feasibility of the pulsed, actively modelocked, PTM O-
switched Nd:YAG laser concept for the generation of subnanosecond
pulses suitable for ultra-precision ranging. The specific technical
accomplishment was the generation of single 150 psec, 20~-mJ pulses
at 10 pps at a wavelength of 1.064 micrometers with 25 dB suppression
of pre- and post-pulses.

The significant hardware implementations within the engineering
breadboard were the rugged crossed TIR prism, Invar optical bhed
subsystem, the pulsed electro-optical KD*P modelocker, and the pre-
lase and switching synchronization control circuits. The success of
these subsystems establishes the engineering breadboard as the actual
foundation for the planned engineering prototype development.

The reconfiguration and improvement of the existing bread-
board into a prototype unit suitable for its pPlanned use on the
Spacelab Geodynamics Ranging System consists of the following tasks:

® Repackaging of the system into the following subsystems:
contrel unit, power suppy, laser transmitter, and cooling
system;

e Implementation of a Quasi~CW power supply to stabilize and
extend pre-lase and thus achieve stable pulse profiles;

e Temperature contrcol of the transmitter to eliminate all
operational temperature sensitivity;

e Reconfiguration of the cooling system to use liquid-to-
ligquid heat exchanger;

® Reconfiguration of all electronics for 28 V-dc prime power; and
e Extension of experimentation to identify and correct any

existing problems related to overall system long-term
stability and tc perform frequency-doubling.



The engineering prototype developed in accordance with the
above outlined tasks will be a reliable, rugged, compact, subnano-
second pulse laser system with extensive applications for space-
based ultra-precision laser ranging systems. )
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Appendix A

SPACEBCRNE ELECTRONIC DESCRIPTIONS



1. Flashlamp High~Voltage Supplies

Each flashlamp high-voltage supply is composed of four
circuit assemblies. These assemblies are:

® The low voltage 'regulateor and driver:
® The power converter module;

e The high voltage assembly module; and
e The high voltage requlator circuitry.

Drawings, numbers (1008876 through C1l008879, depict the circuitry
in schematic form. These drawings will be the reference for the
detailed circuit operation description which follows.

Basically, the power conversion mechanism is in the form
of a driven fly-back capacitor charging transformer. Enexrgy is
stored within a transformer, and is then transferred to the
capacitive load. The energy imparted is a function of the allowed
storage time and the transfer rate. Many charge cycles or steps
are necessary to establish the desired capacitor terminal voltage.
This method of charging imparts a precise energy pulse to the
capacitor each time the fly-back action occurs, regardless of the
instantaneous capacitor voltage, and given that a uniform enerqgy
storage 1s accomplished for sach charge c¢vcele. Thus the capacitor
voltage increases in stair-step fashion.

In order that the charging action occurs in a systematic
fashion, the power switching to/from the f£ly-back transformer is
commanded by preliminary circuitry. This circuitry is the low
voltage regulator and driver assembly, which is illustrated on
drawing C1008876. The circuitry consists of a voltage regulator
{(low voltage = 16 Vdc), and an oscillator. Transistors 03, 04,
and Q5 form the voltage control circuitry, with D3 and D4 providing
the reference voltage. Transistors Ql and 02 interface the inter-
lock circuitry to the wvoltage regulator. Regulated voltage appears
at the emitter of ¢4 when the interlock circuit is intact. Inter-
ruption of the interlock removes base drive to Ql, the collector
voltage of 01l rises and Q2 saturates. Q2 effectively shorits D3
and D4 to ground. Thus the reference voltage is now zero and the
regulator performs to produce zero output voltage.

Under normal operation the input voltage is nominally 28
Vdc, which is regulated to 18 V.
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The oscillator is of the square-loop saturated transistor
inverter type, which produces a square wave output. 06, 07 and
Tl form the ‘oscillator. Oscillator start-up is assured by P8 and
the inherent imbalance in beta (8) of the drive transistors. Base
drive i1s taken from the feedback windings on Tl. The fesedback
phase is positive. R7 and R19 limit base drive current.

This oscillator exhibits good fregquency stability, since
the power input is regulated. Thus, the predominant freguency
determining mechanism is the core saturation time.

Two output windings are evident on Tl. The bridge recti-
fied output, marked +300 v, is of no concern since it is unused
within the Spaceborne laser system. The remaining output, termed
power module 1 and power module 2, are of interest. This output
is the synchronization command for the power fly-back circuit.

It is to be noted that this output is center-tapped to the
28 V ground, which splits the phase of the output and generates
twe command signals of 180 degree phase relation. This alternate
output signal allows use of two power modules to effectively

double the capacitor charge slope, gince the charge current is
doubled.

The remaining circuitry, of the low voltage regulator
and driver assembly, is the quench signal generator. This signal
is required, during and for a brief time following the PFN dis-
charge, to prevent CW excitation of the flashlamp from continued
operation of the power charging circuit. Thus, this signal is an
inhibit command to the power module. The inhibit duration is on
the order of 2-3 msec.

Q8 and Q9 form a monostable multivibrator (MsSMV). 010
is an output driver. The flashlamp current pulse is sensed and
appears at the base of (09%. (2 provides the necessary signal
interjection path. The input signal is negative going, which
removes base drive from Q9. The collector voltage of Q9 rises,
Q8 is driven +to saturation, and hase drive to Q9 via R12 is
removed. Capacitor charging occurs over a period of time for C3,
which establishes the output pulse duration. When C3 is charged,
Q8 is base current starved and can no longer maintain saturation.
The collector voltage of Q8 rises. Current flows in R12 to the
base of Q9. (9 guickly saturates terminating the guench signal
pulse. Q10 faithfully outputs the quench signal by operating as
a current sink to external circuitry.



n

Schematic C1008879 depicts the circuitry of the powex
converter module. Inpuk power to this circuitry is non-regulated,
but filtered, 28 Vdc. @2 and Q4 are the power switching transis-
tors. Ql and Q5 are current and voltage actuated turn-off mecha-
nisms to the power switches.

In normal operation, the drive command, the synchronization
command from the driver circuitry, appears at input point C. This
asignal is transformer coupled, via T2, into the base circuit of
02 and Q4. 02 and 04 conduct, the collector voltage falls to pro-
duce a current in the primary of Tl and to produce positive feed-
back through T2 to the base of 02 and Q4. Current rises lineaxly
.in time in the primary of T1 and in the feedback winding of T2.
After a precise time interval, T2 saturates, base drive is abruptly
removed from 2 and Q4, and the fly-back action is initiated. The
secondary of T1 is loaded into the capacitive load via CR8, and
the stored energy is transferred to the capacitor.

Transformer T3 terminates the base drive of 2 and Q4
when fault conditions occur in the output circuitry. This occurs
by forward biasing the base of Q5 which initiates turn on of SCR,
0l. Q1 shorts one winding of T2; thus, no drive can reach Q2
or Q4, and any drive which was present was removed.

When the capacitor voltage is increased to the desired
level, the regulator circuit outputs a positive pulse to input
terminal A.. Again Q5 activates Ql, drive to Q2 and Q4 is removed,
and no additional charge is imparted to the capacitor.

Each power converter module is conservatively rated at
250 ¥; thus, it is generally necessary to operate two or more
modules, slaved to a single driver, to charge a reasonably sized
PFN capacitor. A maximum of 4 modules usually suffices for the
most stringent reguirements. Two modules, slaved at 180 degree
phasing, are utilized in the Spaceborne laser system, one group
each, for both the oscillator and the amplifier PFNs. The 180

degree phasing is essential to limit current peaking from the 28-V
powear source,

The high~voltage assembly monitors the output cf the PFN
capacitor, which is really the output of the power converter
modules, to provide;

e The voltage regulation sense;

® The generator of the quench signal; and

A-8



e The power down discharging of the PFN capacitor in the interest
of safety.

K1 is the dischaxrge relay. 28-V excitation of the relay
positions the armature to open the normally closed contacts.
Interruption of the interlock circuit allows contact closure and
the capacitor is discharged through R4, R5, R6 and R7.

The PFN discharge is sensed through the network comprised
of C1, RY, R10, Rl R3 and CR1-4. Dischaxrge of the PFN creates a
steep voltage decline at the capacitor. This voltage step is
capacitively coupled to forward bias CR1-3. CR4 is also forward
biased to produce a negative pulse output at the quench sense,
terminal S. This pulse activates the MSMV of the low voltage
regulator and driver board, to produce the timed guench signal
owtput.

R22, a high voltage 22 MQ resistor, senses the output
voltage. The voltage drop across the resistor equates to nearly
the capacitor charge voltage. This voltage drop results in a
current flow which is sensed within the final circuit group which
comprises the power supply subassembly.

The high-voltage regulator is illustrated in schematic
drawing C1008877. This c¢ircuit consists of:

e A voltage reference mechanism;
e A voltage comparator mechanism; and
® An error gsignal amplifier.

The paramount function of this circuitry is to disable the power
converter module at the-time the capacitor voltage 1s at a
preset magnitude.

CRl is the voltage reference diode. R7 maintains the
Zener current at the minimum drift magnitude.

01 and Q2 are the voltage comparator. Q2 is taped across
the reference voltage by the voltage divider produced by R5 and R6.

03, 04, 05 and Q6 comprise the error signal amplifier.
The individual power modules are disabled via CR4 and CR5.



The high-voltage semse, from the high~voltage assembly,
is applied to the input terminal 5. Generally a high-voltage
adjustment potentiometer is connected from terminal T to ground,
terxrminal V. Thus, the current from the hich-voltage sense produces
a voltage drop across the high voltage adjustment potentiometer.
When the sensed voltage slightly exceeds the reference voltage,
06 saturates and the charge current for the PFN capacitor is
removed.

Voltage regulation is assured, since gradual voltage
decay at the capacitor resulte in deactivation of Q6 which
reinitiates charging to the capacitor until the voltage acain is
at the preset/controlled value.

Voltage regulation accuracy for this system is better
than 0.5%. Control is therefore not limited t& the granularity
afforded by the driver oscillator. .

2. High Voltage Low Current Supply

Drawing, ILS B1008210~S, Revision B, details the sgecific
circuitry which comprises the power unit.

A power pass transistor pair, QL and Q2 sarve-to energize

21, a tracking dc to d¢ converter unit. The power pass stages

are controlled by a gain stage Z2. CR1l is a voltags reference
unit. Resgistive divider, R9, R10, R1ll.and R12 sample the hicgh-~
voltage output to compare to the voltage reference.. The input
voltage to Zl, is served to achieve -equality between the reference
voltage and the feedback voltage. The 5K external potentiometer .
is utilized to vary the effective voltage reference and consequently |
the high voltage output. Capacitor C2 and resistor R5 stabilize the
loop response. '

Input power is 24 to 28 Vdc. Input current at full load
is < 400 wA de. S

3. Flashlamp Simmer Supply

The flashlamp simmer supply is schematically depicted in
ILS drawing DIO013775. The primary subsystems. which comprise the
supply are; .

® & high rate clock or oscillator:

e An energy output sense mechanism;



NOT SUPPLIED

B1008210~S RB

A-11



ACvrsrons !
ENET LR ] CERCRNTION T OATE{ arvngwen ’\“J
YBYsag wpr ) gus TS el iiw it M
- T FRAME f
‘E_OL_DQJT D
| FOLDOUT FRAME 2
EXAY
t SEE HOAL
+ [< s ".;"_Z*""i o
) s i S8 .o <87 & 1 - & —
.I.,/j\:;v’ ) o e Cf? e _Educ“,o 35\/ I -'AJ4".‘40" Cﬁ?_}]i o l o (0 o g B,
. P o)
cx 1+ o Fitve i 57 I =] 5200.?—{ s : o | ca E&‘
B I MEEE S =278 »;:Z g
s e g
— = R 1A}
et A7 3 -2
LSB2H Loov "
£5594-42 | c
. = "f;'f »‘ﬁ’ﬂ P , @5 l
. T waB gz Il zE00M)
- 4 =
1 - zet LAE 7S i _
- 7.4 2. gi' <oz 2d L7 et '[Céﬁ’ 7o 5
e § Rz ¢ 2 I
IS rex &' T e
b Ziok 4
o L
OoE7 i
& REF 5
AN O _}_
_ ga T
= 3%
MOTES? LIANESS OTHEEW/SE Sec] FIED
A ALl BE&SISTOES ALE I O3y B 5‘5'/
TP, AL SaARGTOES GBS M AMCECSEADS
[ H | . pa77Y
are SEG0 [ TEL | PART NowsIR T _ERCRIFTICN { =o0e roenr o | TAMTETIAL A SPECIFICATONE
P = T aF AR A
Eeirtn . e ;-:#:;::L;““ Ei!ﬁ HTERATIOAAL Lasea Saens e,
. e ¥ _;;M T SCHEAR A ;
R R
- — TZ 7 e Tt 27y TEE | COUR TENT N0 [GATLANG WO T
. PO R g erey oo X il D [34860| <3775 {8
:_:I - N w0 | atoo AreLICATION I A-12 [ imaLE A | Tsvery Zor 3



@ A dc to dc converter; and
o A flashlamp ignition circuit.

The high rate oscilliator is configured by V1 and the asso-
ciated circuit components. The frequency of oscillation is 20 KHz.

Cne half of U2, together with L1, and associated circuitry
shape the oscillator output signal to drive Q2. The drive signal
is transformer coupled to the base of Q4.

T1, T2 and Q4 comprise the 5C to 8C converter. This
implementation is of the inductive fly-back type in order to
accommodate widely varying lamp voltage excursions and to afford
good conversion effeciency.

Drive to the base of Q4 causes a reduction in collector
voltage, to produce a voltage drop across the primary of T2 and
the feedback winding of Tl. Q4 rapidly reaches saturation, due to
the positive feedback through Tl. R16 senses the base drive to
Q4. Resistors RL3-15 couple the base drive sample to comparator
V2, causes the comparator to react, and 02 and Ql are activated.
Q1 clamps a winding of Tl and effectively removes drive from 04.

R14 is the energy control adjustment. The voltage at pin
4 of V2 is a ramp type signal; thus, adjustment of R1l4 determines
the on time Q4 and determines the energy stored in T2. Abrupt

removal of base drive from Q4 results in a swift fly-back response
in T2.

CR10 and CRIl are forward biased so that charging current
is supplied to C% and Cl1l. Initially, no simmer current flows in
the flashlamp, as the lamp is deionized. Voltage rise on C9% is
quite high - in the KVde region. CRI11l and CR12 serve a dual purpose.
For one thing they provide a portion of the over voltage fly-back
transient snubber. Additionally, theyv provide a voltage deple-
tion region which prevents activation of the ignition circuitry
when normal simmer exists since no charge exists on C10 and C1i
during this operation. Cl1 is charged through CR12. When the
voltage rises sufficiently on Cll, Cl0 charges through CR13 and
R17. At a charge voltage, in the area of 15 to 20 V upon C10,
CR14 enter conduction to activate the gate of SCR, 3. Q3 dis~-
charges abruptly the stores charge of Cll through the primary of
the ignition transformer, to ionize the flashlamp.



C9 is charged. quite high-and aids in intial lamp ignition.
C9 discharges to a nomininal holding voltage equating to the
average lamp simmer voltage. During PFN discharge, the inductive
ballast prevents activation of the ignition circuit.

In the event "simmer" is lost, due to deionization, a re-
ignition -sequence is-intiated.

4. PRF and Delay Generator

The PRF and delay generator circuitry establishes the laser
emission rate and provides precisely delayed initiate output
commands for Q-switch and prelase control.

Additionally, a divide-by-10 prescaler is incorporated to
drive the shots counter.

Various enablement features are incorporated for laser mode
control.

The circuit is depicted in schematic format in ILS drawing
number D1018733. The counter chain comprised of U9-15 establishes
the laser emission PRF and serves also to provide the precise timing
delay function. The system clock, Ul6, is selected +o be 10MFz
in order to afford a minimum timing interval of 100 nsec.

At initial power-up the counter chain is active at a random
count. The counters accumulate content synchronously at the 10 MHz
rate. When the counter content is equivalent to the programmed
period, the J input of U4 pin 3 is enabled. The next sequential
“clock transition causes U4 to toggle. Pin 5 becomes a logic high
state to enable to U4 pin 11 and the delay comparators U20-22 and
U28-30. simultaneously U9-11 are disabled by the O output of U4 pin
6. U9-11 are.preset to zero content, while Ull is preset to a
content of one, which equates to a time of 1 msec.

It is significant to note that counters Ul2-15 are naturally
at a count content of zero because of the detection implementa-
tion technique for the PRF generation.

. The delay comparators are programmed from digital decimal
thumb wheel switches.

For a program delay input of zero to the delay comparator/
comparators the J input/inputs to U3 are now also enabled. For

programmed delay > 1 the J inputs of U3 are held at a logic low
level,
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The next sequential clock pulse toggles U4 pin 9 to generate
the basic flash command. The counters continue to accummulate con-
tent. As the content agrees with the programmed delay content U3
is enabled and toggles at the appropriate time, to produce the
prelase command and the Q-switch command. When counters Ul2-15
reach a content of 999.9 usec, the K input of U4 pin 2 is enahled.
U4 ‘toggles at the elapsed time of 1,000.0 usec. The preset
strobe is removed from counter U9-11 and the enable is. removed
from the digital comparitors. &all output commands are removed.

It is significant to note that counters Ul2-15 are now
naturally at a content of zero, counter U9 and Ul0 are preset to
zero, and counter Ull is at a content of 1 which equates to
1,000.0 sec, which is the proper count sequence state.

The counter content accumulation continues until again
the selected PRF decodes the content to re-initiate the sequence.

To this point in the discussion no output cémmands have
actually been generated. Ul, U2, U23 and U24 comprise output
drivers. Ul7 and Ul8 serve as gated signal sources to generate
and control the various outputs as commanded from operator ad-
justable front panel control switches.

1

The remaining area for discussion is the shots counter
scaler U7. Transistors Q1 and Q2 comprise an input signal condi-
tioner for U7. Transistors Ql-3 comprise a driver circuit to
allow U7 to drive the shats counter. The scale factor of U7 is
division by 10. '

5. Frequency Systhesizer Circuit Description

The following circuit description details the signal flow
in step by step fashion within the frequency synthesizer.

Previous discussion from Section 3 of this report, has
outlined the basic circéuit concept and operation.

Schematic, ILS D1018735 shows the circuit in schematic
format.

Signal output from the precision reference oscillator is
65 MHz and is in the emitter coupled logic (ECL) format. This
signal enters the frequency synthesizer board at pin number 3.
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Resistor, R18, provides the proper termination for the
input signal.

Transistor Q3 and associated circuitry comprise an ECL

to TTL level shift function, to generate the signal referenced
CrP2.

16 reduces the signal freguency by a factor of 10 such
that the output of pin 12 is 6.5 MHz.

U8 reduces this signal freguency by a factor of 10 to
produce an output at pin 12 of 650 kE=z.

U3, U4, U6 and U7 operate in concert to reduce the 650
kHz signal to a frequency of 10 kHz, which appears at pin 6 of
U3. This signal, of negative attitude, is the reference signal
to the phase detector/comparator U2. This signal pulsewidth is
1,538.4 nsec.

The voltage controlled oscillatbr, ULQ is of the ECL
family. The output, pin 3, drives Ull. The output of Ull, pin
3 drives Ull pins 11, 12 and 13. Additionally, this signal drives
gl. ©l and associated circuitry verxrform an ECL to TTL voltage
translation, which drives pins 4 and 5 of U22. The output signal

from pin & to U222 is desighated CP1 and is the modulo prescaler
clock signal.

U4, U5, Ul3, Ul4, UL, U20, U21, U23 comprise the medulo
prescaler. Initially, the prescaler is preset with the 9
conplement of the desired ocutput frequency. This preset is
generated from thumbwheel switches which are operator program-
mable. The switch input range is limited to walues which fall
within the range of 50.000 MHz to 69.990 MHz through mechanical
stops installed ot the most significant digit thumbwheel. The
least significant digit is the 10 kHz thumbwheel.

Once the countersg are loaded the counters may accumulate
content at the CP1 rate, which is the VCO rate. When the least
significant digit counter, U23, has reached a content of 3 and
all other counter contents are equal to 9, coincidence detection
occurs and the J input, pin 3, of U5 is enabled. The next
sequential transition of CP 1 toggles U5 and pin 5 hecomes a
logic high level. Pins 1 and 2 of U22 are both a high level,
and pin 3 of U22 becomes a logic low level to again load the
counters. Simultaneocusly, pins 11 and 12 of U5 are enabled, and
the c¢lock to the counter string is disabled. The second clock
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pulse folldwing coincidence toggles U5. Pin 9 becomes a logic
high level to enable Ul5 pins 2 and 3. Pin 7 becomes a logic
low level to remove the counter preset command. The third and
fourth clock pulses, following coincidence detection, toggle
Ul5 to preset the K input, pin 2 of U5, The fifth clock pulse
returns U5 to the original state and removes the clock inhibit
command from the counter string. The sequence may now repeat.

The phase locked PRF pulsew1dth is the (Pl P x 4; thus,
adequate pulsewidth is available to drive U2.

It is to be noted that the unusual coincidence detection
deviation from true 9 complement logic is necessary to achieve
adequate clear time through the ¢oincidence detector, U4, Ul3
and Ul4.

U2 is the phase comparator. The comparator is connected
to form a type 1 phase detector to provide an in-phase lock.

Assume that the VCO frequency is above the reference
frequency for the sake of circuit explanation. U2 pin 5 becomes
a logic high-level which drives pin 8§ of U2 to a more negative
value. -This reduces the bias voltage upon the varactor diodes
CR2 and CR3 to increase the effective capacitance to the VCO
tank circuit, and the frequency is reduced. This action continues
until lock is cbtained. When lock is obtained, no current Fflows
from or intc U2 and varactor voltage stabilizes, as does the
VCO frequency.

For conditions where the V(O frequency is less than the
reference frequency the reverse occurs. U2 pin 10 becomes a
logic low-level, the varactor voltage and the VCO fregquency
increase until lock is again achieved.

R7 and C2 are the predominant loop filter components. R9
and C4 form a additional filter for high freguencies in order to
improve the spectral line of the VCO,

R10 decouples and VCO radio frequency energy from the
control loop.

Ull is the output buffer amplifier. The output occurs at
pin 60 of the frequency synthesizer.

Ul9 is a monostable multivibrator (MSMV). fThis circuit

conditions ‘the PRF input command signal to a precise pulse dura-
tion, in order to establish the emission burst duration. Gate, U22,
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pin 12 is controlled to effect either the pulsed emission or
continuous wave (CW) emission,

6. PTM Synchronizer

The PTM synchronizer determines the appropriate time to
initiate the laser emission. This determination is accomplished
in the following sequence:

¢ The laser PRF command {flash) enables .the sensor with a w1ndow
aperture of approximately 200 microseconds duration.

e The optical resonator energy level is monitorsd against a
reference level comparator.

¢ The laser energy packet position is determined by sampling
of the modelocker drive voltage through a sguaring circuit,

e The PTM/Dump command is generated whenever the laser enerqgy
exceeds threshold and the modelock voltage sqguarer provides a
transition. Drawing ILS D1018737 depicts the circuit in
Schematic format.

The PRF (flash) command is utilized to activate monistable
multivibrator (MSMV) V6, at input pin 2. Triggering occurs at the
low to high transition. The MSMV-output occurs at pin 4. This
output exists for-a period of 200 usec following the leading -edge
of the PRF signal. . During this time, the circuitry is active to
accomplish the determination.

Photo detector CRZ senses the optical resonator energy.
Energy pick-off is from the polarizer. Circuit V2 is the com-
parator. The.photo detector-converts the optical energy output
into a corresponding current flow. This current flow produces a
voltage drop across resistor R19.

The resistive voltage divider comprised of R17., R20 and
R21l establish the reference for the threshold comparator. Resistor
R20 allows adjustment of the threshold magnitude, Circuit V2 is
operated as comparator only, the output of pin 2 is utilized to
clock V3, a storage "D" flop. Whenever the energy level within
the optical resonator excees threshold, the output at pin 2 of

V3 latches in the logic high~state. The D input of V4 is now
enabled.

A~-20
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Transistor Ql and associated circuitry form the first phase
shifter for the sampled modelocker R.F. signal. Resistor RS allows
phasing adjustment.

Transistor Q2 and associated circuitry form the second
phase shifter. Resistor R6 allows phasing adjustment.

Circuit V1 iz the signal sguarer. It is to be noted that
the reference for this comparator is at ground potential; there-
fore the sine wave signal input is siiced at the centroid of the
excursion or at ground.

The low to high transition of the output of V1 at pin 2
clocks V4., The Q output of V4 becomes a logic-one level, and the
Q output of V4 becomes a logic zero level whenever the D input of
V4 is a logic high level. This action forward biases the base/
emitter 3junction of transgistor 03, the collector voltage of Q3
falls, and the output of V5 at pin 6 is generated. This sianal
is the PTM/Dump initiate command.

At the expiration of the timing interval of MSMV V6, the
direct set inputs of V3 and V4 are activated and the PTM initiate
command Is terminated.

The sequence repeats at the next PRF command input.

7. "Radiation Control Loop

The radiation control loop has only one function to perform
for the laser system, the stabilization of the oscillator optical
regonator enexrgy during the prelase interval. Roughly 600 to 800
round trip intervals are required within the resonator to achieve
active modelocking. This eguates to an elapsed time of 76 usec
that the loop must remain active. The control function must effect
a pulse stretching for this 6 usec intexrvai. )

During the interval the active modelocker is compressing
the resonator energy into a shorter pulse, so that the control

system must respond at a reasonable rate to the decreasing pulse
width.

. A control tradeoff is effected whereby the response is
good to a specific freguency or pulse width for peak energy con-
trol. The loop then effects a reduced performance whexreby the
average resonator energy is controlled. By the time the average
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energy control is in effect the pulse shaping is well under way
and the energy stabilization is guite effective. The photo
detector affords the integration for average control.

The complete circuit is depicted in ILS drawing D1018738.
Diode CR3 is the photo detector. Transistors Q1-3 and associated
circuitry form a transimpedance preamplifier, to convert the diode

current into an analog voltage. Resistors R24 and R25 form the
transresistance.

Transistors Q407 and associated circuitry comprise a post
amplifier. The output of the post amplifier iz pogitive in atti-
tude, and saturates at 600 to 800 mv.

Transistors (08-10, and associated circulitry comprise the
final voltage amplifier to drive the Pockels cell.

Resistor R15 provides some control of the energy threshold,
by determining the point of voltage drive where the final voltage
anplifier becomes active.

8. Revised Energy Control Output Driver

The discussion specifically details the revised/re-engineered

output~-driver for the energy control loop for the Spaceborne Laser
System.

Schematic 1018738A depicts the revised energy control
driver in schematic form. Basically, the circuitry is a very-
very fast operational amplifier of the inverting confirguration.
Because of the need for proportionality, within the control loop,
some means for loop gain adjustment is desired. Additionally,
since the contrcl loop is closed through the optical paths, all
the classical problems of closed loop servos must be considered.
Usually, a lag or lead/layg stabilization network must be provided.
An operational amplifier concept lends ease for the loop stabiliza-
tion network insertion. For this discussion, the network will be
omitted other than to illustrate the awareness for the inclusion
of the circuitry.

Specific Circuit Description
The circuit is a closed-loop operation amplifier. 2s

implemented, only the inverting input terminal is utilized. True
current mode summation is employed in the design.
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The design emphasis was placed upon:

® The circuit must possess a 400 V output voltage excursion
range;

e The circuit must be of the linear type;
e The through-put time delay must be minimized at all costs;
® The output slew rate must be in the order of =10 kV/sec; and

‘# The circuit must not possess instability when capacitively
loaded.

Using this criterion the circuit depicted in Schematic
10187384 evolved. Transistors Ql and Q2 form a differential
amplifier. The base of Q2 is referenced to an interval reference,
while the input signal is applied to the base of Ql. Transistors
03, Q4 and Q10 furnish the excess gain needed in addition to the
gain afforded by the differential pair,

Transistors Q5-9 furnish no gain, rather they operate as
voltage range extenders, to enable an output voltage swing of 400
V. Power for the output stage is derived from the Pockels cell

bias supply, which is depicted as RL. The capacitive lecad is
denoted as CL.

Resistive-divider network R14, R15, R18, R20, and R21,
,determines the quiescent dc voltage which appears at output
jack, J2, by virtue of the fact that the summation mode (the
base of Ql) is connected to the divider. Network weighting of the
feedback network shapes the desired ac response.

Considerable care was exercised in the device selection.
Bipolar transistors were chosen for the differential paif, and
the predriver (3 and Q4) because good gain bandwidth product (Fg)
devices are readily available, which operate at the necessarily
low current. The Fi of the differential amplifier devices, at
Is=15 ma dec, is specified to bl > 1,600 MHz. The Ft of the pre-
driver devices, at Io =30 ma dc, is specified to bl > 5,000 MHz.
Thus, the response and delay time of this circuitry is < 4 nsec.

The capacitive load, plus the necessityv +o swing 400 Vv,
places quite a limitation on device selection for the output
drivers.
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In the interest of determination of the current required
to discharge a capacitive load of 120 pF in 20 nsec, the follow-
ing calculation is included.

cv
T==
_ ~-12
;. {120 x 10 ~12) (400) . 2.4

20 x 10-9

Obviously, this current requirement precludes any small
geometry devices not already excluded on the basis of low collector/
emitter voltage ratings.

Additionally, in the interest of circuit efficiency,
bipolar transistors are not desirable from the inordinately high
base drive current requirements necessary to achieve collector
currents of 2.5 A at the needed response speed.

A recent development within the field effect transistor
(FET) family of devices has yvielded the power FET, or the VMOS.
This device is of the enhancement gate drive variety, which requires
virtually no gate drive current. Excellent current capabilities,
coupled with extreme speed, make this device attractive. Typical
switching speed at the drain current level of 2 A, iz 4 nsec.
This time includes both delay and fall time. Obviously, the device
is much faster than present bipolar selections. -

At present the device. voltage rating, the source to drain
sustaining voltage, is 90~V maximum. This is not a serious problem.
The devices permit an ease of series operation, since the gate
drive current is miniscule.

VMOS devices are used for 05-10. The gate voltage socurce
is clamped to +15 Vdc for devices Q5-9% in order to preserve good
low end voltage response. The bipolar driver actuates the gate of
QL0. The preamplifier/detector unit, positive attitude output,
voltage drives the base of Ql toward cutoff. The Ql collector
current reduces and the collector voltage moves toward ground
potential. The base current of Q4 is reduced, causing the collec-
tor voltage of Q4 to advance toward the _ 15~V souxrce. Dicde, CRI,
is reverse biased and the base of 03 is driven positively. Emitter
current flows in Q3 to charge the gate capacitance of Ql0. The
gate voltage of Q10 becomes positive.
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The voltage divider string of R1-6, and Cl-6, establishes a
fixed distributed gate potential of (5-~9.

The drain current increases in Ql0, which causes the drain
voltage to decrease. This decrease produces gate drive to Q9 since
the source voltage of Q% becomes less than the gate voltage.

This ripple process continues up the string, until Q5 is
energized. The drain voltage of Q5 falls toward ground potential.

It is to be noted that the capacitor and resistor divider
stying are driven from the drain terminal of 95, As the applied
voltage of the 05-10 amplifier string is reduced, the individual
gate voltage potential of 05-9 are proportionately reduced, and
each device shaves the instantaneous remaining applied voltage.

As the drain voltage falls, less current flews through R15
and RiB. When the reduction current is eguivalent to the injected
current through R20, the differential pair is again brought into

balance, and drive voltage is reduced to (10, and the output vol-
tage stabilizes.

Capacitors, Cl0-11, and R13 afford current pullup when

the input pulse is no longer present, since energy was stored in
the capacitors.

The performance of this circuit is well illustrated from
the oscilloscope trace photographs of Figure A~1 and Figure A-2.
Figure A-1 illustrates complete stability with the capacitive load.
Figure A-2 was taken with only the resistive load and illustrates
the lack of stability in the lcoop response. This is no great
problem since normal operation includes the capacitive load.

The present loop gain of the driver is =2,000. Tests
indicate that this value may be altered, in order to adjust the

overall contrcl loop servo gain, with no great problems arising.

9. Avalanche Transistor Pockels Cell Driver

a. Intreduction

Prior to the discussion of specific Pockels cell driver
circuitry, it is necessary to characterize the avalanche action
of the transistor. The discussion is concerned with the external
properties of avalanche transistor switches, such as bias current
and bias voltage, and is intended to illustrate usage of the de-
vice rather than design of the transistor junction.
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b. Breakdown Characteristics

Because avalanche transistors operate in breakdown, a
brief description of breakdown characteristics is in order.
Figure A~3 depicts the avalanche transistor collector breakdown
characteristics. BVegr is the collector-emitter breakdown volt-
age for a specified external resistance from base to emitter of
the transistor. Increasing the voltage across the transistor
above the breakdown potential causes the collector current to
increase until it reaches the level termed Tpor:s ©r the hold-off
current. After Thow is reached, the transistor appears.-as a nega-
tive resistance element -- that is, for voltages between the value
of BVcgr and BVegpg ——and the breakdown avalanches to a value near
BVego- If the collector current is further increased beyond Iggpg.
the open-base breakdown characteristics will further drop the col-
lector voltage to a low-voltage level equivalent to VCE(sat)'

The first avalanche ~- that is, from BVogpr to BVepg —- is
termed low-current-mode avalanche. If the collector current sup-—
plied by the low-current-mode avalanche is sufficient to overcome
Igro. the device enters the high-current-avalanche state. When
Iyro is small, only the high-current avalanche is detectable.

Figure A-4 illustrates the relationships of BVCER and the
base emitter resistance Rgp. It should be noted that the choice
of Rpg is limited to reasonable low values to maintain the maxi-
mum voltage différential between BVepg and BVcgg- If Rpp is-chosen
too large in value, -the difference between BVergr and BVCEO will be
too small to generate sufficient collector current to exceed Ippp
and the high-current-mode-avalanche state will not occur.

Hold~off current versus Rpp Obeys a curve similar to that
shown in Figure A-5. As can.be seen, hold-off current can be
changed merely by alteration of the external Rgp resistance value.

Two types of collector bias arrangements are used in ava-
lanche transistor circuits -- current bhiasing and voltage biasing.
Each has advantages and disadvantages.

A device is current-biases.if Voo 1s creater than BVeng -
The quiescent collector current is limited by Rl and must be less
than Iy HOR® 1 a. voltage-biased circuit, V@e is slightly less than

BVepgp, but sufficiently greater than BVepn to ensure high-current-
mode-avalanche operation.
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Generally, the voltage—~bias technigue is used where the
power budget and/or dissipation limits preclude current biasina.
Obviously, the voltage-biasing technique imposes a moderate volt-
age stability requirement, whereas the current-biasing technique
removes the stability regquirement to the extent that the guiescent
R1 current must not exceed the Ipgr value. The current-biasing
technigue generally provides shorter delays and risetimes asso-
ciated with increased voltage and current outputs.

C. Typical Avalanche Transistor Circuit

A typical avalanche transistor circuit isg depicted in
Figure A-6. A discussion of the circuit operation will clarify
some of the previous voltage and current related parameters.

Assume that the circuit is biased in the quiescent-current
mode. In the off or holding state, load capacitor C2 is charged
through resistor R1. The voltage charge on capacitor C2 is egual
to BVopp because the transistor diverts charging current for
values of current less than Igpggr. It is assumed that the V. level
is adjusted to produce a quiescent collector current through R1
which is less than Igor-

When a short positive pulse is apolied to the base of the
transistor Q1, the collector currsnt and Ql exceeds Iuypr andé the
transistor avalanches to Vgg(sat) t© present a low impedance to
the discharge loop. Capacitor C2 is unable to discharge immediately
because of the impedance of RL; therefore, most of the voltage
charge of C2 is impressed across RL.

Becauge RIL is- generally a very low value, the capacitor
discharges rapidly. When the discharge loop current falls to a
value below Iynp, the avalanche transistor impedance again be-
comes high and the capacitor again charges to BVepr through RI1.
The cycle can now repeat.

It is significant to note that once avalanche action is

initiated, +the base drive pulse provides no control and the cycle
iz irreversible.

Avalanche transistors can be successfully operated over
a wide temperature range. When a wide temperature range is to
be encountered, the prime parameter to consider is the Iypgr-
Figure A~7 depicits the Iygor change with temperature.
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A device with a 2.5- to 3.0-mA dc Iygg at 25°C can be
expected to exhibit about 1.0-mA dc Ippg at 150°C and a 5- to
7-mA d<¢ Igor at a temperature of -559C. Surprisingly, the Vegg
voltage value changes vexry little with chanuges in temperature.
The change results in a Ay slope which can be either positive
or negative and generally exhibits a change < + 200 PPM/OC.
Therefore, when the worst case drift is considered, & collector
voltage stability of +1% is achievable over a temperature excur-
sion of +50°C. This stability factor is of significance because
the output voltage is dependent primarily upon the BVqgpp level.

d. Recovery Recharge Time

The remaining discussion of the preliminary characteristics
of avalanche transistor circuits is the recover, or recharge,
time. Again a current-bias technigue will be assumed. Figure
A~-8 graphically illustrates the recovery.

Because Rl in Figure A-~6 is many times RL in the current-
biased arrangement, Equation {A-~l) represents the curve of capacitor
recharge in Figure A-8.

-t /RI1C

Ver = Ver(sat) * Voo - Veg(sar)l [1 - e ] (A~1)

BVeopp is the final voltage, so Equation (A-1) simplifies to Equation
(2-2)

v v
Vee = BVerr

(A-2)

Thus, recharge time becomes:

Voo - VeE(sat)

t = RiC In
Vee - BVcgr

When operating in the current biased mode, the maximum
repetition rate is the reciprocal of recharge time, or 1/t.

e. Specific Pockels Cell Driver Circuitry
The specific Pockels cell driver circuitry will now be
discussed. As its name "Avalanche Transistor Pockels Cell Driver"

implies, the driver circuitrv relies upon the avalanche switch %o
generate the drive to the Pockels cell. The avalanche switch is
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)
selected because of the extremely short time interval reguired to
coliapse the impressed voltage across the transistor. Theoretically,
the collector-emitter voltage collapses in less than 0.8 nsec.

Certain problem areas relating to transistor packaging
technigue -~ lead inductance, inter-electrode stray capacitance,
bonding lead resistance and miscellaneous other considerations ==
increase the voltage collapse time significantly. International
Laser Systems has innovated a novel Pockels cell driver construc-—
tion technigue to overcome most of the problem areas and to enhance
the voltage collapse. A later discussion 'will illustrate the
technique utilized.

The selected Pockels cell reguires A/4 voltage change to be
effective. This voltage equates to approximately 3 kV. obviously,

the avalanche transistor driver must either switch a 3-kV voltage,
or generate a 3-kV voltage.

One technique, currently in use at ILS, consists of several
avalanche transistors operated in a series configuration to generate
voltage switching in the kilowvolt region. Several stages of
transistor groups are operated in a Marx generator connection to
build additive voltages as reguired by the application. This tech-
nigque is viable for most applications; however, where switching
speed 1s paramount in the design criterion, the added ianductance
and stray capacitance associated with this technigue renders the
approach unsatisfactory.

The only viable approach to achieve the speed reguirement
necegsitates the avalanche transistors be operated in the series
configuration to discharge the i/4 voltage of 3.25 kV. The selected
collector-current bias mode is compatible with series connection
of the transistors. A large value resistor establishes the bias-
current level and removes the requirement that the hicgh-voltage
supply be closely regulated. Additionally, the low-bias current
allows a small high-~voltage supply to be chosen.

Schematic D1018734 illustrates the Pockels cell driver in
schematic format.

The operation of the series configured switch is essen~
tially the same as previously described for a single avalanche
device. Transistors (Ql through Ql4 comprise the avalanche switch.
Resistor R1 establishes the blas current level and establishes the
Pockels cell quiescent voltage at 3500-Vdc. The BVeopr composite
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ut
for the 14 transistors selected equates to 3.5-kVdc when biased
at approximately 100uA. Only transistor Ql4 is actively controlled
by the event-initiate pulse.

Current flows in R7, and the base-emitter junction of
transistor Ql4 when the pulse is applied. Collector current flows
in Ql4 and Ql4 enters avalanche conduction mode. The collector
voltage of Ql4 falls to near-ground potential or VCE(sat). Under
this condition, transistor Q13 is voltage-stressed beyond BVepR
and the IHOR current is exceeded. Therefore, Ql3 enters avalanche
conduction. Similarly, each successive stage enters avalanche
conduction until Q1 alsc is in the avalanche conduction mode. This
action causes the collector voltage of Q1 to become a voltage level
hear zero Vegp(gat) ¥ 1l4; the Pockels cell voltage also is dis-—
charged through diodes CR, and CRy.

At first inspection, the ripple action appears to occur
rather slowly; however, this is not the cise at all. Because the
devices are biased in the current mode, each device is operating at
& collector current of approximately 100 A in the direction approach
ing IHOR' When the collector current of Ql4 increases as the regult
of the drive pulse, all 13 other transistors also experience an
increase in collector current because they are series connected.
Thus, all transistors enter avalanche conduction essentially
simultaneously.

The load resistance of the discharge circuitry consists of
the series resistance component of the Pockels cell, the lead
inductance/resistance and the "on resistance" of the avalanche
switch. Because all of these are small, the Pockels cell capacity
"sees” the minimum resistance and discharges rapidly. Typical
indicated fall time from the 90% to 10% points is <4 nsec.

The input initiate command occurs through transformer mq.
Diode CRg is reverse biased during the initiate command: however,
when the avalanche string collapses the base of 014 experiences a
large negative spike pulse, which diode CRg suppresses.

The P™ driver is identical to the Q-switch driver, with
the exception that the transistors are selected to afford an output
voltage excursion of 3,400 V.
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: / D/OIEBIS-9 | LASER RANGEFINDER ASSY
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5 ! | |C/0/6254~/ | PAD,PRISM¥Z MOUNTING
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10 '

11
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4 / B/0/6887-] | INSULATING SHT, AMALIFIER
5 / B/O/6BBI -] | INSULATING SHT, OSCILLATVR
6 / B/OIESBE-] | INSLULATING SHT, @ SW/TCH

7 / C/O0/5590~1 | DOUBLE FPOLACIZER ASSY

8 / C/OIE39]-] | PLATFOCH, DOUBLE FOLARIZER
9 /| |C/D/B387-2 | MOUNT, LOUBLE FOLARIZER
10 / ClO/5638-1 |WEDGED POLARIZER

2 / C/OIS5640~] | POLAZER, EX/T
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14 [ | |AIDOB45/-3 |ADI/STER, FOLARI/ZER

15 ! | |ClOI559/-3 |WEDGED RISLEY FRISM ASSY
16 ! | | Cl014649 -1 |BASE, RISLEY FEISM MOUNT
1 ! | |ClOI4E52 -5 | MOUNT RISLEY FEISM CELL# #2
8 ! | | C/OI4652- ] |MOUNT RISLEY PRISM CELL#IHZ
19

20
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2 /| |ClO/4E650~1 |CFLL, PRISM #/

23 1| |Clo/4657~1 |CELL, PRISM#Z
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% /| |Cl0/5637-/ |PRISM#H2
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18
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20 3| |B/O03798-4/ |STUD, POLRD MOUNT
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19

1
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8 2| |Aawoosze-/ |wAasHER, ROD
g ‘ .
10
11 ) ]
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13 2 Cl/O/MFT733 -3 |REFLECTOR  LASER CAVVTY
14 2| |(C/0/4733~-5 | REFALECTOR LASER CAVWTY
15 2 | |CI0I49733-7 |REFLECTOR, LASER CAVITY
16 / B/0M4 73]~ |FUTER
17 /| | BIOIF73/~3  |FUTER
" 7\ | B/O/4737-5 |FITER
19 / B/OI472/~7 |FHTER
20 / ClOI4732-3 (\CAVITY INSUATDR ASSY
21 / C/O/4732-1 VINSULATOR, CAVT Y
22
23
24 Yo, T N
25 / B/OIE3EE~] |/INSULATNG SHEE 7
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34860 BREAKDOWN
% ila aifzﬁjjiﬁf 0'1 ) ﬁ}—: g ?;}Sﬁ;éi% NOMENCLATURE NEXT ASSY EFFECTIVITY
! | [ClloI259 -1 [FLASHLAMP
2 2 |AllooOSIA~- | |RETAINER, LAMP O-RING
3 2 IBlIOOZIDIG - [FITTING, COOLANT
4 2 B FEEEIEE FITTING, COOLANT
5 | [Blloco& 201~ |HOLDER, THERMOSTAT
6 .
7
8
9 | ICHIOIGOBE-9 IAPERTURE AS3Y
19 | BIOIOCSG- 1 |BADE, APERTURE MOUNT
1 | TAlO1IL OS] - | |SIDE SUPPORT, APER MOUNT
2 | |AllCiO S| -3 [5IDE SUPPORT,APER MOUNT,
13 | [Blloleo90- | |TOP APERTURE MOUNT
ik | |AllO1O87 -1 |[PLATE RETAINER,APER MT
is | BHOIGOS 9~ | [SLIDE, HORIZ, APER MOUNT
18 | Bliocicol88—-1 |APERTURE ‘
17 | BloIo8E-3 |[APERTURE
18 | BlloIo88-5 |APERTURE
19 .
20
21 .
22 | IRIIOI4ACSR -9 |SCOPE, COMPENDSATING | -
23 b [BIOAGS &~ | |[BASE, ADJUST LENS MOUNT
24 2 IBlICIA®S 4 -1 [SUIDE, ADJUST LENS MOUNT
d 2 BllO14es55~-1 [MOUNT, LENS-
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Q&E International Laser Systems, Inc, 3 4 8 6 0 BREAKDOWN GB ) O { @ & { 5
w INDENTURE oTY i p PARTATEM
Z NOMENCLATURE NEXT ASSY EFFECTIVITY
S i1l2lalalslslvls]e N/A TS NUMBER
i I ICIO1T7189-1 [LENS
2 | |ICHOVTIE9-3 |LEND
3
4
g
6 | A0 (0904 -9 [COMPENSATING WEDGHE ASSY.
ARR | [Cllooe820p-9PLATFORM, MIRROR MOUNT
8 | IGO0 G836~ IPLATFORM
9
i0
11 L
32 l IBlioIs3581~9 |MOUNT, WEDGE
13 | ICHOI5S®@R9 -] |[ICOMPENSATING WEDGE
14 2 |AllcOC8399-1 |CLAMP, MIRROR MOUNT
15 ]
16 -
17
18 2 IC0IR 240 -9 [FOLDING POLARIZER ASSY
19 LV IC OIS 259~ | |PLATFORM,POLARIZER MOUNT
20 I BHOOT7TRIZ2R-AYMOUNT, POLARIZER
21 I [CllOIB5GA40- | FDOLAIQIZEIQ.', EX1T
22 2. 1Alloo83SS - | [CLAMP, MIRROR MOUNT
23
23
2%
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% 12::2!5:1??:0 T 37: g Pﬁg&g;f‘m NOMENCLATURE NEXT ASSY EFFECTIVITY
1 | [ClIO15 TG G -9 [MIRROR MOUNT TO BKT ASSY
2 | IC1O1524 8- | |PRACKET, MIBROR MOUNT
3 | [BUOIS 7 4-9[MIRRECR MOUNT ASSY
a l ICllot5249~-) [MOUNT, MIRROR,
5 | BIOIS&28-9TMIRROR AND CELL ASSY
6 | BlIOIS&S27~-1|CcELL , MIRROR
7 | [ClIOIS 765~  MIRROR
8
9
10
" | BIOI15246-| |RETAINER, MuQQoQ
2], D BlloIs247-1|STUD
13
14
151 1
16| | 3 BI003799-3 [BALL, PORRO MOUNT
v 3 BlloIs&52-1 [NUT, HEWX
18 ;
19 :
20
21 | [ClHHOIGISI~9 [PORRO PRISM ASSY
z| | | [C|IOI@l90- | |PLATE , ADJUSTING
23 | (B|ICIGIE9-] |[SLEEVE, PORRS PRISM
2 | [ICllcI7188~1 |[PORRS PRISM
25 D |IBIOO3T799-DIBALL, PORRO MOUNT
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1 R IRIICORT79&- 1D [STUD, PORRO MOUNT Lo
2
3
4 )
5 | IDIC1G884-9 |COVER ADSY
6 | |IDllcie884~-1 [IFLANGE
7 | BICIGCT70-9 |APERTURE :
8 I BT 7 1-1 [HOLSING, APERTURE
> | BlCIeT77-1 |RING,RETAINER
10 | B0 173 -1 [RETAINER DIsc ,THREADED
" | ICHOITT G- IWINDOW
12
13
14
5 4 Plo1IoS88 -1 ISTANDOFEF
16 | JAlloIG& 1 7= 1 |SLEEVE, FIB OP ROLDER
17 [ JAIIO 1S E - | INUT,FIRER OP HOLDER
8 4 1AllCIe821-] |STUD, SUPPORT PLATE
19 | DICIe&SI@-9|PLATE, SUPPORT
2] | X | DhocIeBIe-1 [SUPPORT PLATE
21
22
23 .
24 Z B0 6&20- 1 [ADAPTER, CooLING LINE
2 2 PlOORBIG-T|FITTING, COOLANT
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1 2 [CHIO1EE5-9|BO%, ELECT CcOMP
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3 | IClIOCIe&23-] IBLOCK,SINGLE SUPPORT
4 | [ClIOI6822~] BLOCK,DUAL SUPPORT
5 | |AlICILE 19-1 IGASKET,CONNECTOR
6 3 A[ICIS 10 9-1 [BALL.KINEMATIC MOUNT
? 3 JAICIST I O~ BTUD, KINEMATIC MOUNT
B 3 BIOISIOS -3 |SOCKET, BALL
9
1a
1 !
12
13
14
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17
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19
20
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3 DHOIRT 75~ SCH SIMMER SuPPLY
4 IO1B377 8 - P.C,.LAYOUT
5 DHOISTDd~ [POCKEL CELL DRIVER
6 Clloca877-S|HIGH VOLT REGULATOR,

7 Clloo8&8717-CL |HIGH VOLT RBEg ASSY
a | | Cllocoa a9 SCH PWR CoNy MoD
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9
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11
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OPTICAL BED THERMAL ANALYSIS

1. BACKGROUND AND RESULTS

The thermal and g-load analysis presented in this
appendix was performed on a preliminary design version of the
Spaceborne optical bed. The bed configuration analyzed is shown
in Figure C-1. The actual bed was shown previously in Figure 3-3.
The latter bed has more Invar area for heat transfer to the sur-
rounding environment. Thus, the temperature rise of the actual bed
and the resulting distortions are 20% less than that of the bed
analyzed. The actual optical bed is also more rigid structurally
than that analyzed and distortions due to gravity are estimated
to be approximately 10% less than those calculated for the pre-
liminary bed design.

One basic result of the optical bed analysis was that the
optical bed should be mounted vertically. This was implemented
in the actual design via a kinematic mounting beneath the optical
bed as shown previously in Figure 3-32. The actual mounting of
the optical bed is more stable than the cases considered in the
following analysis with respect to bed distortion by gravity.
The kinematic mounting assumed in the analysis is fully equivalent
to the actual kinematic mounting with respect to -thermal distor-
tion since, by definition, a kinematic mounting permits free
thermal expansion in all three dimensions.

A second basic result of the analysis was the optical bed
expansion in the direction parallel %o the optical path. With
reference to Figure C-2, this expansion corresponds to the net
distance increase between nodes 34 and 44 or nodes 134 and 144,

The analytical model assumes heat input into the bed from the

noryl blocks on which the oscillator and amplifier pump cavities
are mounted. As a worst case, the temperature of the noryl blocks
were assumed to be 130°F due to heat from the pump cavities.

Under this condition, with the bed initially at 70°F, the average
of the expansion between nodes 34 and 44 and nodes 134 and 144

was 5.88 x 10~> inches. The average rise in bed temperature was
5.5°F. Thus the optical bed expanded 1.07 x 10~3 inches per Faren-
heit degree increase in temperature. For the bed length of 10
inches along the laser optical paths, this expansion corresgonds
to an actual thermal coefficient of expansion of 1.07.x 107° in/
in/°F. Thus, the analysis, shows that the optical bed expands with
temperature very nearly the same as the INVAR material with a co-
efficient of 0.9 x 10-0 in/in/°F. This latter conclusion was the
objective of the optical bed analysis. For vertical mounting,
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Figure C-1., Optical Bed Configuration
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Figure C-2.



]
gravity distortion of the bed was an order of magnitude less than
those due to thermal distortion.

2. INTRODUCTION

A thermal structural math model of the Spaceborne Laser
Rangefinder optical bed was constructed and four load cases were
run with the ANSYS computer. program (Engineering Analysis System). -
The cases considered were: 1) determine temperature distribution;
2) determine distortion due to temperature effects; 3) determine-
distortion due to weight-when horizontally mounted; 4) determine
distortions due to weight when vertically mounted. The results ob-
tained for each of these load cases are presented and discussed
in this report.

3. MODEL DESCRIPTION

The math model is an assemblage of three dimensional iso-
parametric solid elements. Most of the elements are cubical but the
elements representing the corner brackets have a triangular shape.
Each element is identified by nodes at the corners of the geometric
solid. It is at these corners (or nodes) that the temperatures and
distortions are calculated. Figure C-1 shows a sketch of the phy-—
sical configuration and Figure C-2 shows the model as defined by
the node points. The nodes numbered from 1 to 77 are on the bottom
of the 1.0 inch thick bed. Nodes 10l to 177 are on the top of the
bed. These nodes are arranged such that node 1 is directly below
node 101 etc. This system of numbering does not apply to the end
plates nor to the Noryl plates. There are additional nodes in the
printout which are not shown in Figure C-2. For example, directly
behind node 78 is node 79. These additional noedes are of no inter-
est to the reader but were necessary in formulating the problem.
Note node 78 and 79 have essentially the same temperature and dis-
tortion. Table C-1 is a list of the physical properties for
Invar and Noryl used in the analysis. Node 43 is constrained such
that there is no displacement in the X, Y or Z directions. Node
24 is constrained in the X direction- and node 46 is constrained
in the Z direction. There are no constraints on rotation in any
direction.

4. TEMPERATURE DISTRIBUTION

The temperature on the surface of the Noryl pads facing
away from the Invar slab was assumed to be 130°F. All exposed



TABLE C-1. MATERIAL PROPERTIES

INVAR NORYL
. , +6 +6
Modulus of Elasticity {psi) 20.5 (10) 1.20 (10)
Expansion Coefficient (IN/IN/°F) .9 (10)_6 1.2 (10)_-5
Poisson's Ratio .27 .27
Density (#/IN3) .382 . 0602
Thermal Conductivity (BTU/HR-IN-°F) .50417 .00769

SYSTEM OF UNITS (BTU, POUND, INCH, HR, °F)



surfaces both on the Noryl and Invar are assumed to exchange heat
with a 68°F sink. The effective coefficient for heat transfer

was assumed to be 1.0 BTU/HR~FT-°F. This coefficient is represen-
tative of combined radiation and free convection for the tempera-
ture range considered. The resulting temperatures at each node
are presented in Table C-2. Figure C-3 shows some of the temper-
ature results in pictorial form. The maximum temperature is 78.89°F
at the interface between the Noryl pad and the Invar (node 151)

on the top face. The lowest temperature is 73.11 at node 80 which
is located at the lower corner of the end bracket. The average
temperature is about 75.5°F or 7.53°F above the 68°F sink.

The temperature distribution obtained from this run was
used as input to determine the thermal distortions.

5. THERMAL DISTORTION

For the thermal distortion run the assumption is made
that there is no distortion at 70°F. The distortion at each node
is then calculated for the change in -temperature from 70°F to the
temperatures calculated previously. No stresses were calculated
because they are very low and the computer cost for calculating
them is not justified. Table C-3 is the computer printout of the
distortions. Figures C-4 and C-5 are plots of the thermal distortion
greatly exaggerated. The maximum distortion in the Invar slab is
0.5809 (10)~% at node 67.

The Noryl has a maximum distortion of 0.1063 (10)-3 at node
185. The thermal distortions are much greater than those from
gravity (at one g). It is worthwhile to remember that this is a
linear problem and that the results may be extrapolated. If the
temperature difference between the source and the sink is increased
each temperature will increase proportionally as will each dis-
tortion. Maximum thermal distortions are of the order of 5 x 1072
inches in the Invar and 10~3 inches in the Noryl. Since the average
temperature is 5.5°F above the no distortion temperature of 70°F
the thermal distortion is approximately 1. x 10-> in/°F.

6. GRAVITY EFFECTS (HORIZONTAL)

The horizontal configuration is defined as the Z direction
being down or as shown in Figures C-1 and C-2. A one "g" acceleration
was applied in the Z direction and the resulting distortions were
calculated. The temperature is assumed to be 70°F for this run
{(no thermal distortions). Table C-3 is the computer printout of



[Table c-2:! TEMPERATURE DISTRIBUTION|

g L —
NODE . TEME: 3‘&&”;‘*:‘«‘.2,, .-»:,;;‘: NODE  TEMP NODE  TEMP . NODE  TEMP HODE  TLEMP
~¥ DS | . .. .

I 73.864 2 73.185 3 74.634 75,249 b Th.574

6 75.692 7 75.605 8  75.318 74,744 10 0.

1 74.022 c12.s 73.983 13- 0. 74,689 5 75,286
16  75.615 i7 . 75,731 187 75.643 75.356 29 20 74,797
21 0, 22 - 74.138 23 0. 74,579 &5 25 74,998
26 75.487 27  75.810 28 76.009 75,995 &= 30 75.688
31 75.246 32 74.787 33 74.955 74.904 K& 35 75,860
36 77.042 37 " 77.674 38 78.078 T1.941 o9 40 77.587
41 77.279 427 76,647 43 75.784 - 75,0014 @3 45 75,156
. 46 76,2771 47 ¢ 77.545 . 48 78.315 49 78.848 2 50  78.644
51 78.173 52 - 77.775 53  77.022 54 76,139 3. 55 0.

56 75,211 57 0. . 58 76.552 B9 77.569 » 60 78.07¢
6t 78.272 82 18,162 63  77.688 64 16,731 65 0.

66  75.484 67 | 75.122 68 0. 69 76.413 70 77.531
71 78.028 727 78,220 73 78,100 74 T77.644 75 16,605
76 0. 77 75,409 78 73,113 79 73.162 80  73.113
81 73.163 82 - 73.587 83  73.532 84 73.588 85  73.53]
86  73.827 87 . 73.845 .88 73.906 89 73,925 o0 73.232
91 73.185 92 - 73,233 93 73.625 94 73,575 015 73.629

ﬁ 96  73.579 97 73.934 98  73.955 990 73.949 100 73.966

101 73.866 102 0. 103 74.632 104 75,247 105 75.569
106 75,692 107 . 75.609 108 75,320 109 74.746 110 o.

(1 74,021 12 73.985 M3 o, 114 74,687 15 75.284
16 75,607 117 75,731 118  75.650 119 75,358 120 74,799
121 0. 22 74.137 123 0. 124 74.64% 125 75.134
126 75.6]5 127 75.958 128 76.009 129 75.844 30 7%.560
131 75,107 132 74,720 133 74.950 134 74.901 - 138 75.616
136 76.524 137 77.197 138 77.547 L 139 77.941 140 78.119
|41 77.755 142 77.164 143 76.027 144 75.115 145 75,157
146 75.938 147  76.868 148 77,674 149 70,124 180 /8.644
1561 76.896 52 78.415 153 77.700 154 76.477 155 0.
156 75,228 157 0. 158 76.531 V59 T 77,584 160 78.113
lel  78.272 162 78,128 163 77.676 164 76.725 165 0.
166 75.460 167  75.137 168 0. 169 76,391 170 77.543
[71 78.050 172 78.220 173 78.077 174 77,635 175 76.598
176 0. 177 75.387 178 130,00 179 130,00 180 130.00
181 130.00 182+ 130.00 183 130,00 184 130,00 185 130,00
186 130,00 187 130.00 188 130.00 189 130,00 .. 190 130,00
191 130.00 , 192 130.00 193 130.00 194 130,00 199 130,00
(96 130.00 197 130.00



8-D

130°F ON SURFACE

75.6 73.6
75.69 s
75.57 5.8
75.25 ’ 2 75.4
74.63 ’ 25 28 .
73.1 4 4 4 75.4
73.86 2> o 9 )cr_€
. 2 Sy N>
EAY TP EN P
) G (9
5 5 7 )& 0')
73.86  73.6 2o A= | S
73.86 . 3

130°F ON SURFACL

Figure C-3. Optical Bed Temperature Distribution
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End Plate Thermal Distortion

Figure C-4.






the resulting distortions. Figure C-6 is a highly exaggerated
view of the distortion of the slab. The maximum Invar distortion
is 0.1106(10)~¢ inches at node 72. The maximum Noryl distortion
is 0.104(10)-4 inches at node 187.

7. GRAVITY EFFECTS (VERTICAL)

The vertical configuration is defined as the -X direction
down. A one "g" acceleration in the X direction was applied
and the resulting distortions were calculated. Thermal distor-
tions were not considered. Table C-4 is the computer printout of the
distortions. Figure C-7 is the exaggerated distortion plot of the
end plate. The maximum distortion of the Invar slab is 0.186(10)~>
inches at node 72. The Noryl is 0.539{(10)~5 inches at node 192.
The distortions in general an order of magnitude smaller than
those obtained in the horizontal orientation.
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Figure C~7.

End Plate Gravity Distortion-Vertical




APPENDIX D

ELECTRONIC DESIGN REVISIONS
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1. Final System Modification

. Various problems, arising from the radiation control loop
concept adopted, necessitated re-evaluation of the overall system.

Specifically, the reguired event sequence necessary for
proper system performance is as follows:

® The flashlamp imparts energy to the laser rod.

@ Lase.-action occurs, controlled by the active modelocker
modulator, and is allowed to circulate between the inter-
- ferometer mirrors for a sufficient time' interval tc allow
pulse narrowing. The lase action must be of extreme low
level for this portion of the action.

@ High "Q" is established within the interferometer by the
- "Q" switch, and the resonator energy builds rapidly.

e Pulse transmission switching occurs whenever the resona-
tor energy is near the peak value, to provide a single
pulse output.

Slight system modification is effected to allow deletion of
the radiation control loop as originally conceived. Specifically,
the "Q" -switch bias voltage is adjusted to allow sufficient optical
resonator gain to produce lase action at -approximately 2% above lase
threshold. The lase action is of the normal mode type and is con-
trolled by the active modelocker modulator. Thus, this normal mode
lase action is composed of a single short duration circulating
photon packet of little energy, which is the "seed-pulse" when the
high "Q" state is established.

The high "Q" switching action is initiated by the use of an
energy detector, or threshold circuit. Whenever the low level "seed-
pulse” is of a specific energy content, the threshold circuit gen-
erates an output command to activate the "Q" switch driver. This
signal is synchronized to the photon-packet position within the
resonator in order to prevent pulse slicing.



Various energy sequence lllustratlcns ‘are’ deplcted In’
Pigure 3-5. It is to be noted thatithe. rEVLsedmaystem conaept

vvvvv

enexrgy sequence ig identical. to the, or&glﬁﬁi concept. in’ &l
respects.

P

conflgured as orlglnally concelved _no addltlonairdescrlptlon is
consideraed necessary.

The temporal jitter, for a shot to shot basis,is slightly
degraded in the revised concept, since the normal mode gain- is
somewhat dependant upon optical noise. High level noise results
in a reduced time for the "seed-pulse” energy to reach threshold.
Conversely, low level noise requires more time for the energy to
achieve threshold level. This build time wariation results in
jitter, from "shot—-to-shot", which is in the microsecond region.

2, Revised Q-Switch Interface

Modification of the radiation control loop circuitry allows
simplification of the Q-switch Interface circultry.

As originally conceived, the radiation control voltage was
introduced to the Pockels cell at the PTM drive side. Connection
was via connector J6, as depicted in Figure 4-6.

Introduction of this control function, required diode CR3 in
series with the PTM driver voltage input. Additionally, resistors
R3 & R4 were reguired to provide proper bias currents. The series
diode and the stray-capacitance of the additional components de-
grade the fall time of the PTM driver.

The circuitry was revised to the simpler configuration as
depicted in Figure D-1.

Indicatged cell voltage transition was noted to be < 6 nano-
seconds.
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Figure D-1.

Q-switch Interface Schematic (Revised)



3. R.F. Power Amplifier (Booster)

The power output of the ENI wide-band amplifier was found
to be inadequate to achieve the required modulation depth of the
picosecond laser resonator energy. If picosecond pulses were to
be reliably generated more drive voltage was required to.tbe
active modelocker ‘modulator cell.

‘The most expedient move to obtain more drive voltage is the
addition of a power amplifier-to enhance the output power level.
Careful consideration -of the available amplifier configurations,
i.e. wide-band versus narrow-band and the amplifier class, "A,B,C,
or D", resulted in the selection of a narrow band class "C" circuit.

This choice resulted because:

¢ The resonator round trip frequency is fixed, and varies
little with operating ambient temperature; thus, wide-
banding is of little advantage. Additionally, by nature,
the helical-resonator is a narrow-band mechanism.

® The very nature of the helical-resonator provides an
excellent narrow band filtering action; thus, the
amplifier distortion and harmonic content are of little
‘consequence. )

@ Wide-band amplifiers are inherently hard to stabilize
from self oscillations.

e Narrow band, class "C" amplifiers exhibit good operating
power gain and power conversion efficiency.

The booster power amplifier is depicted schematically in Figure D~2.

- This .circuit is designed to operate in the burst mode. It utilizes

a single power source of 28 V ac nominal; it is self biased as a

class "C" amplifier; it posesses input/output impedances of

approximately 50 ohms; and it is "tuned" in a sitraight-forward fashion.
Transformer Tl is the input impedance matching transforming

network. A ferrite bead transformer is utilized, since the power

level is modest. Additionally, this network type requires no input

tuning for obtaining match. The input impedance is = 50 ohms, while

the output to the transistor base is = 3.5 ohms.
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Transistor Ql is the active gain device. A type 2N3950 is
selected to afford the required power gain, and because the device
is designed for operation at the 60 mHz frequency region. It is
to.be noted that selection of devices designed to operate at a much
increased frequency generally results in severe parasitic products,
since the device gain is optimized for the increased frequency
region, additionally, the dc stability becomes annoying to
achieve, since the low frequency gain for the extended -frequency
devices also is enhanced.

Diode, CR1l prevents damage in event of reverse voltage
polority application.

Inductor RFC1 provides a dc voltage path to the collector
" of Ql, and serves to decouple the R.F. -energy from the power source.

Capacitor, C5, aids in isolation of the RF energy from the power
source.

Capacitors, Cl-4, and Inductor Ll comprise the matching net-
work for the collector of Ql. In actuality, this network is of the
"w" section type, rather than the apparent "L" section illustrated.
The collector output capacity forms the input capacitor for the
network. Since this capacity is not a separate component, it is
not illustrated.

Capacitors Cl-4 are chosen to afford an output match to
50 ohms impedance i.e. the input impedance of the helical-resonator).

Tuning of the output network is accomplished in the follow-
ing manner: :

a. Adjust C3 and C4 to minimum capacity.
b. Apply 28 V dc power.
c. Apply an input signal of the desired frequency (= 60 mHz),

and increase level until a perceptable increase in collector current
is observed (= 100 m A dc) in Ql.

d. "Tune"” Cl and C2 for a "dip" or minimum collector current.

e. With the load connected, "tune" C3 and C4 for a broadening
of the response in d. above, i.e. broad tuning null, and an increase
in collector current.



£. Monitor the power to the load, and continue the loading,
step e, for maximum cutput. As capacitors C3 and C4 are increased,
the power output will rise to a point, then the power ocutput will
decrease as the capacitors are further increased. Proper tuning
is the setting for maximum output. It is to be noted that inter-
action between step e. and step 4. occurs. Each time step e. is
accomplished, it is necessary to repeat step d. Also note that
the collector current for the tuning operation is an approximate
value.

g. " Observe the power output, and increase the input drive
level to a value which yvields the desired output power. The input
level will be < 20 watts peak-pulsed while the output will be

= 80 watts peak-pulsed.

This amplifier is designed for burst mode usage only. Con-
tinuous wave (cw) operation may be utilized provided the peak output
power is less than 30 watts, and provided that the load match is
predominantly resistive.



APPENDIX E

AMPLIFIER SUBSYSTEM

OPTICAL DRAWINGS
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