Design and Testing of a Large-Aperture, High-Gain,
Brewster's-Angle, Zig-Zag Nd:Glass Slab Amplifier

The slab-geometry amplifier was invented in 1969 byprocessing of images and is consequently limited to <2 Hz.
Chernoch and Martih The advantages of the slab geometryThe maximum design repetition rate of the slab was therefore
have been enumerated by many auth@nmsd will not be setto 2 Hz.
repeated here. A resurgence of interest occurred in 1982 as a
result of work at Stanford Universttyn sources for remote 1. Optical Design
sensing. Improvements in actual devices and theoretical under- The terminology for the various slab surfaces is shown in
standing continued thet€ and elsewheré.’ Fig. 68.42. In addition to these surfaces and the edges, three
regions of the slab are referred to specifically. The side regions
The University of Rochester’s Laboratory for Laser Ener-of the slab are the two pumped areas of the slab within one-
getics (LLE) began design and construction of a slab-geomethalf slab thickness of the sides, where propagation is disturbed
system specifically for use as a source for materials testingy strain relief from the sides. The transition regions are the
This device incorporates, in one unit, many of the incrementalvo areas of the slab near the ends, where a transition from
improvements reported previously, including improved coolpumped to unpumped glass is made. Finally, the central region
ing, uniform pumping, high stored-energy density, simplifiedof the slab is where the glass is uniformly pumped and the
amplified spontaneous emission (ASE) suppression, and insurface displacements are essentially uniform. Each of these
proved wavefront. One goal in the design was to avoid, wheregions is handled separately in the optical design to ensure
ever possible, the use of complex propagation codes, relyingavefront quality.
instead on careful design choices guided by physical insight
obtained from analytic calculations and previous work. This High stored-energy densities are desirable in high-peak-
article presents the resulting design and describes ifmower systems to avoid deleterious nonlinear effects such as
measured performance. self-focusing? Typical thickness-averaged stored-energy
densities ) achieved in other large phosphate-glass, plate-
The amplifier is made of Nd-doped LHG-5 phosphategeometry lasers were in the range of 0.3 to 0.333}€m
laser glas$with physical dimensions of 31:08.0x 1.1 cm  These were achieved with single-sided pumping at a flash-
and a doping of 3.3 wt% N@;. The ends of the slab are lamp explosion fractionfg) of 0.34. Slab amplifiers can be
parallel cut at Brewster’s angle. The clear aperture, defined @®uble sided pumped with flash lamps derateg+d.20 for
the unobstructed part of the aperture, isX18)6 cm and has average-power handling. A simple scaling (ignoring ASE
a single-pass, small-signal gain of 8 and a 2-Hz maximurand thickness effects) suggested a stored-energy density near
repetition rate. 0.50 J/crd. An Eg of 0.45 J/crd was chosen as a conser-
vative goal.
Design
The amplifier is used in a facility where optical materials Over the pulse-width range of interest (~1 ns), the aperture
are tested for use in fusion-driver Nd lasers. The wavelengthiequired for one pass of the amplified beam—the beam clear
of interest are the fundamental and the first two harmonics. Theperture—is determined by the most-damage-threatened
pulse widths of interest are 0.1- to 1.1-ns FWHM. The energgomponent after the slab. This is a graded-ihHantireflec-
required is 4 J at 1 ns decreasing to ~1.3 J at 0.1 ns, limited bign coating on the input lens to a spatial filter with a damage
downstream optical coatings. The slab driver is capable dfuence approximated By
producing ~10 mJ of energy at 1 ns, thus requiring a slab-stage
gain of ~400. The data acquisition in this facility requires the damage fluence (J/cmZ) =12 195, (1)
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wherer is the pulse FWHM in nanoseconds. A Tibeam 1-v)kO
: ) . L Mg = : (4)

drives the slab with 1% intensity points assumed to be at the E aE E

edge of the clear aperture. The on-axis fluence of this beam is
six times the average fluence calculated by the energy dividedhere v is Poisson’s ratiog is the coefficient of linear
by the clear aperture. A further safety factor of 1.8 is asstimedexpansionk is the thermal conductivity, arll is Young'’s
to allow for modulation (due to diffraction from surface modulus. Because the size of defects at which fracture initiates
scratches, etc.) on the beam. The beam clear aperture (C.A.Jsatinknown, it is desirable to operate at some fradtiohthe
the exit face is thus reported fracture stress for long slab life. Typicab values
are ~0.2 Equating and rearrangement yield

A _4Jx6x18

> 3.6 cm?. (2) 24
(12 J/cmzj t? =0y MSE. (5)

Since it is desirable to multiplex more than one pass througiihe quantityd s Ms is known as the thermal shock parameter

the slab, theotal clear aperture is twice this or 6.5 &m R of the material and is tabulatd®Q is given by
Assuming a uniforf*deposition of the pump light through _
the thickness (see Fig. 68.42) of the slab and equal cooling on Q=Esxf (6)
both faces, the maximum stressin a slab of infinite extent
occurs on the surface and is giverf by wheref is the repetition rate arnxlis the normalized heating

paramete¥® defined as the ratio of heat energy to peak stored-

__Q o energy densityHy). Substituting and solving fdr
Og=——1t°, 3)
12 Mg
. . . . 0 24 07
whereQ is the heat power per unit voluntas the thickness, t= = XfD . (7
0 EsATO

andMg is the material figure of merit. The material figure of
merit is defined as
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For a stored energy of 0.45 J&mnR,= 1 W/cml®andy  St.Venant's distance from the pumped region. The St. Venant’s
of 2.216 the maximum slab thickness is 1.10 cm. The cleadistance may be defined as the slab thickness (see Fig. 68.42),
aperture in the thickness direction is slightly smaller to allowwhich is relevant for bending the end in thdirection, or as
for the fact that the slab tip must be radiused slighththe slab width that is relevant for bending the end in the
(~0.25 mm) to avoid damage during manufacture and hamx-direction. An additional 4 cm was added at each end.
dling. The actual clear aperture in this dimension is 0.92 cm.
The extracting beam is therefore elliptical, with an aspect ratio The exact physical length of the slab is set to ensure an even
(width to thickness) of 3.6:1. number of total-internal-reflection (TIR) bounces in the slab.
To calculate the number of boundésthe exact propagation
The width of the clear aperture is 6.6 cm, and the physicangle must be known. The angts the complement 6#,
width of the slab may now be calculated since the slab thickwhich was chosen for entrance to the slab near Brewster's
ness is also known. The physical width of the slab must bangle for low loss and high internal fill. For this sl&b=
wider by at least one slab thickness (one-half St. Venant86.9T, the slightly larger value chosen to allow for coolant
region at each side) to avoid the distorted major faces anmdixtures with greater than 50% ethylene glycot(1.424 at
depolarized region caused by stress rélatfthe free sides. A =1054 nm}’ and/or the future addition of evanescent-wave
The physical width of this slab is 8.0 cm. coatings'® The minimum slab length is the 20.0-cm pumped
length plus both of the 4.0-cm runout regions at the ends. This
The pumped length of the slab is determined approximatelgorresponds to 10.85 bounces, so the next largest even number
by the gain requirement. Assuming a propagation afige  of bounces is chosen (12) for a slab length of 30.966 cm.
20° (see Fig. 68.43), thedirection length required for a small-
signal gain of 8 is given by The entire slab, including the Brewster ends, is immersed in
coolant. This strategy further reduces end-deformation effects
L= In(8) cos(6) ~ 200 em, ®) on the _beam. The optical powegrof the deformed end is
aoEs proportional to

whereqyg is the specific gain coefficient of the glass. The exact P= —C , (9)
length of the pumped region is adjusted to align the pumped- (”/”')
to-unpumped transition regions to minimize wavefront errors
across the narrow dimension of the beam. The physical lengttherec is the local curvature of the interface angh' is the
of the slab is longer than the pumped length to reduce stregstio of the initial to final refractive indices. Immersing the end
induced deformation of the entrance and exit ends of the slain coolant (454 n;m,= 1.375) reduces the optical power by a
It is desirable to locate the center of each end at least one-h&dttor of the refractive index of the coolant. This strategy also
eliminates the need for liquid seals to the slab, which must
simultaneously withstand flash-lamp radiation, not distort the
Fused silica window slab, and not leak. Enclosing the ends also protects them
mechanically. Coolant flow over the entire unpumped region
LHG-5 phosphate slya of the slab’s faces maintains good thermal control in that
region. Finally, it has been our experience that the liquid flow
| N continuously cleans the Brewster ends, thereby removing the
| maximum damage threat from the expensive slab to the less-
Z Y expensive entrance/exit windows. Figure 68.43 is a detail of
= L the end treatment. The coolant thickness must be chosen to
z ensure sufficient flow to guarantee a complete coolant replace-
ment between shots and simultaneously minimize absorption
G4019 (a.= 0.188 cm? at 1054 nm).” There is less than 1.64%
absorption in the 1-mm coolant channel shown in Fig. 68.43.

low channel

Figure 68.43

Entering or exiting ray for a Brewster's-angle slab with Brewster face The pumped Iength ofthe slab is adjusted to ensure that the
cooling. ray-integrated optical path through both pumped-to-unpumped
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transition regions does not vary with ray position in thebeam in the entrance and exit transition regions approximates
extracting beam? This ensures that piston-like phase defectsa constant.
along any ray sum to a constant value. The major concern here
is OPD variation in the narrow dimension of the beam. These The total change in pump face displacement over the length
variations can arise from three sources: reflection from af a single beam footprint is minimized by making the transi-
displaced pump face, the variation of refractive index withtion region gradual. In this device the transition region is made
stress (stress-optic effect), and the variation of refractive inddess abrupt by locating the long-direction (end) reflectors well
with temperature. The last effect is of no concern sincéehind the electrodes of the flash lamps, thus rolling off the
dn/dT ~ 0.029 for LHG-5 glass used here. illumination in thez-direction before the slab goes under the
end reflector.

Displacements of the face over the area of the beam imprint
occur in the transition regions from pumped-to-unpumped The final aspect of the optical design is ensuring the unifor-
glass and may be calculated by integrating the strain fielchity of the central pumped region of the slab. Both the
perpendicular to the pump face. The strain field is calculategumping and the cooling in this region must be as uniform as
from the thermal-source functio@(x, Y, z) using a finite- possible. The cooling is described in the following thermal
element code and the thermal boundary conditions. A Montdesign section. Early in the design, the transverse orientation
Carlo codé! tracing ~1/2 million rays at 200 wavelengths [lamp axis parallel to widthxtaxis shown in Fig. 68.42) of the
from the flash lamps into the glass volume calculates thelab] of the flash lamps was rejected because it could guarantee
thermal source function. Temperature contours plotted withineither transverse nor longitudinal uniformity of pumping.
alongitudinal cross section of the slab are shown in Fig. 68.44ransverse uniformity requires that the lightly loaded (fgw-
Not shown in Fig. 68.44 is the central region of the slab wherlash lamps be long compared to the width of the slab. To ensure
the surface displacements are uniform across a beam footpriatlequate plasma opacity at the side of the slab, each electrode
The pumped length has been adjusted to 22.3 cm so that a should be located at least two lamp diameters beyond the side
at the entrance transition region TIRing from a portion of thef the slab. Any nonuniformities in the longitudinal direction
face with a large displacement, TIR’s from a portion of the facelue to the transverse lamps cannot be ameliorated by the
in the exit transition region that suffers only a small displaceeompensation technique described previously because it is
ment. The length of the pumped region has been adjusted susktremely unlikely that the lamp spacing for maximum unifor-
that the sum of the pump face displacements sampled by thaty will be the same as one bounce length.

Longitudinal orientation of the lamps guaranteelrec-
—=, tion uniformity as long as the arc fills the bore of the lamp and
— the aspect ratio (length to bore) of the lamps is sufficiently
large. Filling the bore may be improved by prepuléing

Y Temperature”C) the lamps. The reduced efficiency of emission from the lamp
20.000 near the electrodes may be used to advantage to grade the
z 22197 pumped-to-unpumped transition region. The design goal re-

duces then to delivering sufficient energy, uniformly in the

24.394 o
transverse direction.

26.592

28.789 The total stored energy in the slab at 0.45 3/fsr85 J. At

BUUCOROOEN

30.986 a nominal storage efficiency (stored energy divided by energy
33.183 stored in flash-lamp capacitors) of 1.5%, 5.7 kJ must be
35.380 delivered to the flash lamps. A pump pulse width measured at
37.578 1/3 current max points of 35 is used, 25% longer than the
G4020 39.775 ~280us fluorescent lifetime of the slab. At an explosion

fraction fy of 20% the minimum required arc length may be
calculated froré3

Figure 68.44
Longitudinal cross-sectional view showing the thermal distribution in the
transition region.
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Monte Carlo ray-trace code ZAPwas used. Averag® and
P-polarization properties were used. Measured or calculated
reflection/refraction properties were assigned to surfaces in
whered = 1.9 cm is the lamp borg&g is the energy delivered the cavity. Similarly, measured or calculated absorption/emis-
to the lamps, and is the pump pulse width measured at thesion properties were assigned to volumes within the model.
1/3 current max points. The calculated total flash-lamp arZAP had been previously normalized to two other slab ampli-
length requiredin this case is justunder 32 in. Since flash lamfiiers. The approach to optimizing the pump geometry had two
are conventionally ordered in integer inch lengths, the argoals: (1) keep the cavity as simple as possible for fabrication
length was chosen to be 8 in. with two lamps pumping eacteasons, and (2) keep the number of components in the cavity
side of the slab. One pulse-forming network drives a seriese a minimum. Reflector optimizations were performed for
connected pair of lamps. SiEeignitrons are used as switches both a specular and a diffuse pump cavity. All simulations
instead of SCR’s due to the high peak currents and larggere time instantaneous at the peak of the flash-lamp pulse.
coulomb transfer. Simulations done at other times during the flash-lamp pulse
showed negligible change in the deposition profile. Reabsorp-
Figure 68.45 shows a basic schematic of the pump cavityon by the flash-lamp plasmawas accounted for but none of the
with all components listed. Within the pump cavity are severaleabsorbed energy was reemitted. This was an excellent ap-
components that can be optimized for size, position, or type @iroximation because even at peak current density in the lamps,
reflective surface. To evaluate the uniformity of this cavity, theonly 17% of the flash lamp’s emitted light was reabsorbed.

L= Eo 777 = 80.25 cm, (10)
17000 f,d(T/3)
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Figure 68.45
Orthogonal cross sections of the slab amplifier detailing all components.
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After numerous simulations, some general statements revhereQ is deposited thermal powem is the coolant mass
garding rectangular pump cavities could be made. Th#low rate, T, is exiting coolant temperature, afg is the
uniformity was fairly insensitive to changes in the shape oéntering coolant temperature. A coolant temperature rise of
the pump cavity. In particular, angling the side of the reflectof.1°C is the design point. From this, the required mass-flow
cavity up to 20 showed little or no improvement in uniformity rate over the pump region is calculated as a function of power
or efficiency. Changing the roof of the cavity or adding a centeloading and\T. m is the minimum mass-flow rate required to
reflector also showed little or no improvement in pump uni+emove the deposited heat from the slab. This mass-flow rate
formity. The pump window retainer, however, showed submay be sufficient to remove the heat load; however, it may be
stantial improvement in transfer and uniformity when speculainsufficient to establish turbulent flow in the coolant channel.
and not diffuse. This is intuitively obvious since a diffuseTo maximize the heat-transfer capabilities of the coolant it is
surface would tend to send a fraction of the light back towardesirable to operate in the turbulent regime. If this condition
the lamps. Uniformity improvements were seen at the edges ekists, then the minimum mass-flow rate to establish turbulent
the slab, which allowed the lamps to be moved toward th#ow is calculated.
center of the slab.

The slab is completely submersed in coolant. For now, only

The reflector materials were chosen simply on a cost basithe portion of the coolant channel in the pump regions is
The specular reflectors are 6061-T6 aluminum polished to eonsidered. To account for the total coolant requirements,
0.10um finish and then plated with 0.0127 to 0.0152 mm ofsimply multiply by the ratio of total slab perimeter divided by
electroless nickel. The nickel was then coated witleam-  twice the pumped length. The coolant channels are 20.65
deposited silver. To prevent the silver from tarnishing, a silicol®.076 cm. The two coolant channels flow in parallel, which
dioxide overcoat was applied. must be accounted for in all calculations. From Eq. (12), the

minimum mass-flow rat¢m) is 1088 gm/s.

Two sets of diffuse reflectors were designed: one metallic,
the other ceramic. The metallic reflectors are the same as the We now calculate the Reynolds numbRg(to verify that
specular except, instead of a polished surface, the surfacetli®e flow rate is in the turbulent regime. Turbulent flow is
beadblasted with a fine bead size until all machining marks atgpically achieved folRe > 2300 although laminar flow for
removed. The reflectors are then plated in the same mannerRe= 10° has been demonstrated for special cases. The Reynolds
the specular reflectors. The ceramic reflectors were fabricatatuimber, which is the ratio of the inertia and viscous forces, is
from Macof.24.25 defined as

2. Cooling _ pDu

. . . . Re=——, (23)
The cooling design of the slab requires uniform heat re- u

moval from the pump faces as well as tolerance to variations in

the cooling-channel height. The temperature rise across thehere p is the coolant density is the fluid flow velocity,

pump face is also minimized to redude/dT effects across D is the hydraulic diameter, apds the dynamic viscosity of

the aperture. With the pump volume, stored-energy densifjie coolant.

(Eg), and maximum repetition raté known, the maximum
average power loading, is given as The hydraulic diameteD for a square channel can be

written as

P = fV, Ex. (11) 4
D =%‘ , (14)

For steady-state conditions, all of the deposited thermal power

is removed by the coolant. The thermal power deposited in thehereA, is the cross-sectional area of the coolant channel and
slab results in a temperature rise in the coolant. The enerdyis the wetted perimeter of the coolant channel, which is
balance equation can be written as P= 2(|p + t).

Q= r'ncp(T0 —Ti) \ (12) The fluid flow velocityu is defined as
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u:ﬂ (15) namic entry lengthky p, which is the distance required to
PD obtain a fully developed flow profile, is also affected. This is
of importance since the convective film coefficient varies with
Substituting Egs. (14) and (15) into Eq. (13) yields arthe flow profile. Since no general expression for the entry
expression for the Reynolds number as a function of mass-flolength in turbulent flow exists, a first approximation is found
rate and wetted perimeter using?’

Xtd,h
D

_4m

Re=— . (16) 10<
UP

< 60. (21)

Since half of the previously calculated mass flow goes tdét can then be concluded that either the hydraulic diameter
each coolant channehy2 is used. Equation (16) yields a must be minimized or a suitable entry length must be designed
Reynolds number of 1400, which is clearly laminar. Solvingnto the amplifier.
Eq. (16) withRe= 2300 yields a minimumm = 1792 gm/s
for turbulent flow. The effect of the channel height on the flow velocity can be
readily seen in Egs. (14) and (15). The net effect is simply an
The local convective film coefficiefitin the coolant chan- increase in the flow velocity with decreasing height. This may
nel is required for thermal modeling of the slab. The filmnot seem to have any significant impact on the cooling dynam-
coefficient may be determined from the Nusselt numida):(  ics of the amplifier; however, there is a significant impact in the
area of pressure dropw. This is readily seen from
h="5" (7) Lol
Np=f BBSE pu?, (22)
wherek is the thermal conductivity. The Nusselt number may
be calculated using empirically determined correlations. Fowhere the pressure drop is proportional to the flow velocity
this calculation, the Petukh&f/correlation was used: squaredf is the friction factor, and. is the distance tra-
versed. Pressure drops will be discussed later.

RePrcy /2
1.07+12.7(Pr2/3-1)(cy /2

Nu = 177 (18) The effects on the Reynolds number are negligible at best.

) Since the coolant channel has a high aspect tatie- t, the
effects of the channel height are negligible. From this, itis also
obvious that the Reynolds number is also insensitive to varia-

wherec; is the friction coefficient and is empiricadf/deter-  tions of the channel height. From this and Eq. (14), it is shown

mined to be that the effects on the Nusselt number are also negligible.
c _ . . .
il :[2.236In(Re)—4.639] 2, (19) _ From Eq._(17), the |mportanc§ of _reducmg_ the h_ydraullc
2 diameter to increase the convective film coefficient is estab-

lished. It is desirable to have a low hydraulic diameter; how-
the Prandtl numbeRr is defined to be ever, we are bounded by the pressure required to move the
coolant through the channel. Equation (22) can be reduced to

c
Pr = %“ , 20)
_f 2 (IP +t)
Ap= 2 Love—=", (23)
andc, is the specific heat of the coolant. (I pt)

The height of the coolant channel is an important parametsvhich shows the pressure dependence on the channel height
for a number of reasons. Since the channel height directhyhereV is the volumetric flow rate. Equation (23) neglects
affects the hydraulic diameter, it also directly affects the flonany effects on the friction coefficient because it was pre-
velocity and the Reynolds and Nusselt numbers. The hydrodyiously stated that the effects on the Reynolds number were
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negligible. The friction factor is defined in Table 68.V for Brewster's angle) cooling channel’s 50%/50% (by volume)
various Reynolds numbers. mixture of flowing ethylene glycol and water.

As a design goal we wanted to keep the pressure drop of the The thinness of the channel (0.088 cm) would require a
amplifier below 5 psi to prevent pressure-induced deformationonlinear index of the coolant to be two orders of magnitude

of the input and output Brewster windows. greater than that of typical solids before self-focusing would
be a problem, which is not likely. Similarly, the thinness
3. Linear Optical Effects in the Coolant Channel reduces the gain-length product for forward and backward

In propagating through the coolant chanmiel,dT effects  stimulated scattering to very small values. However, transverse
can cause significant wavefront errors. As a design point, watimulated scattering could experience significant gains. Since
chose to keep this error less tAdh0. This error can be directly Raman gain coefficients are typically an order of magnitude
controlled by varying the propagation distance through théwer than those for stimulated Brillioun scattering (SBS), the
coolant channel. For afirst-order approximation of the wavefrontase of SBS is examined.
error, we assume instantaneous and uniform heating through
the coolant channel. Assuming a peak flueRgef 10 Jlcm The Brillouin gain can be characterized as transient or
over a unit area of 1 cfrand using the linear absorption steady state, depending on how the pump pulse compares to the
coefficient a of ethylene glycol and water, we calculate aphonon lifetime. Transient gains are much lower than steady-
temperature rise of 0.8€ using state gains. The steady-state case will be examined first. The

steady-state gain coefficient at 1064 nm for backward SBS in

AT = Q (24) pure water is measured to be 3.8 cm/&\@orrecting the gain
mcy ' coefficient by cosf4) to the transverse scattering gain yields
a transverse SBS gain coefficient at 1064 nm of 2.7 cm/GW.
where Q = acF,. The maximum output-beam intensity is taken to be 4 GW/cm

external to the amplifier. In the amplifier the intensity is
From this the optical-path-length difference is found usingeduced by the factor of the refractive index due to the Brewster's
angle input. Accounting for the average 1.38 refractive index
Ad = dn AT, (25) of the gooling mixture, the .pump intensltyis 2.8 GW/cm. .
dt Assuming a perfectly spatially flat output profile, the maxi-
mum transverse dimensidnis then equal to the maximum
whered is the path length through the coolant channel. Thevidth of the beam or 3.6 cm. Tlgé,L product is then
value dn/dT was the average of waterl(2x 1076/°C)17 and
ethylene glycol£2.7 x 10°6/°C).17 The resultant path-length glpL =27. (26)
difference was\/12 at 1054 nm.

4. Nonlinear Optical Effects in the Coolant Channel A glpL product of 30 or more is generally accepted as being
High-peak-power laser systems can be limited by a varietsequired for significant Stokes wave growth from noise. Note
of nonlinear effects. The limitations imposed by these effectghat this is a very conservative estimate because the pulse
which include self-focusing and stimulated scattering, arsvidths of interest here (~ few nanoseconds) are of the same
well understood for conventional materials such as fused silicarder as the phonon lifetime for water, placing this prob-
and laser glas® In this slab design, the high-peak-powerlem clearly in the transient regime, where the SBS gains are

beam propagates through the thin (0.088 cm, corrected fonuch lower.

Table 68.V: Thefriction factor for various Reynolds numbers.

f= 64 Fully developed laminar flow

" Re
f=0.316 Re 025 Re< 2 x 10#
f=0.184 Re 025 Re > 2 x 10#

Fully developed turbulent flow
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Since the coolant is a mixture of ethylene glycol and water, The thermal benefits of the beveled slab are quite signifi-
the case of pure ethylene glycol is examined next. The meaant. The finite element program ANS¥Svas used to solve
sured transverse SBS gain coefficient for ethylene glycol dioth the thermal and stress distributions in the slab. Fig-
532 nm is 0.60 cm/G\AP The measured transverse SBS gainure 68.46 shows the temperature distribution of a uniformly
coefficient for water at 532 nm is 2.1 cm/GWThe gain loaded, square-edged slab with the edge of the slab as a perfect
coefficients for ethylene glycol at 532 nm is therefore ~0.3nsulator. As one would expect, the temperature distribution is
that of water and, assuming similar wavelength scalings toniform. Figure 68.47 shows a slab with bevels added. Notice
1054 nm, will be no worse a threat than SBS from water. the isotherms turn up so that they terminate normal to the slab

boundary, once again as expected. This implies that a perfect
5. Mounting insulator is not required at the slab boundary. Figure 68.48

The slab was mounted in the configuration shown irshows the uniformly loaded slab with the silicon adhesive and
Fig. 68.45, which is a departure from the square edge usednmetal frame added. Notice the change in the isotherms due to
numerous experimental test béds2This geometry has me- conduction at the edge. Figure 68.49 shows the resultant
chanical, thermal, and optical advantages that combined preemperature distribution when the slab is loaded with the pump
vide significant performance improvements. The edges of thgrofile predicted by ZAP. As can be seen in Fig. 68.49, the
slab are pitch polished to an inspection finish with the glasthermal gradients occur in less than the St. Venant's region
and metal bonded by an air-cured silicone adhéSive. (one slab thickness).

The philosophy of the mounting configuration is to ensuregexperimental
minimum risk to the slab, should a debond in the silicond. Gain and Gain Uniformity
bonding layer occur. If a debonding in the silicon layer were to  Small-signal-gain experiments were performed in the cen-
occur, the slab could move only in thelirection. This con- ter of the clear aperture using the ratio-of-ratios technique.
figuration also removes the bulk of the adhesive from direcThis technique accounts for transmission losses; therefore,
pump-light radiation. the gain values are gross gain. Figure 68.50 shows the con-

[ <]

p— =
Y Temperature®
Temperature’c) Y Temperature°C)
20.160
X ., X my 202
[ 24.458 I 23.681
|:I 26.607 26.342
| [P I:||:| 29.003
[l 30.905 31.664
mm > N
33.055 34.325
> /
35.204 36.986
D ]
37.353 39.646
. L 45507
1022 39.502 B
G4023 44,968
Figure 68.46 Figure 68.47
Steady-state isotherm plot of a uniformly loaded slab with square edgeSteady-state isotherm plot of a uniformly loaded slab with beveled edges.
The edges are treated as an adiabatic boundary. The edges are treated as an adiabatic boundary.
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Figure 68.48 Figure 68.49

Steady-state isotherm plot of a uniformly loaded slab with beveled edges. Tigteady-state isotherm plot of a slab loaded with a predicted pump profile. The
silicon bonding layer and stainless steel frame have been added as detailedilicon bonding layer and stainless steel frame have been added as detailed in

Fig. 68.43. Fig. 68.43.
Photodiode Photodiod can be seen from the data, there is no parasitic clamping or ASE
Filter stack Filter stack—\e:\ roll-off. Also from Fig. 68.51, it is observed that there is no

Pickoff performance penalty for using diffuse reflectors. The storage
\ efficiency is plotted in Fig. 68.52 as a function of stored energy
\ in the slab. This clearly shows characteristic roll-off in effi-

| { Slab

ciency with increasing stored energy.

‘J;L'T_ amplifier QN%Wétlgggd Mounting the amplifier on a linear stage allows gain map-
Linear stage oscillator ping across the aperture. For all reflector types, the gain map
Machinist's scale was obtained with the probe beam (2-mm diameter) centered

G4026 . . . .

vertically in the clear aperture. Data points were obtained every
Figure 68.50 0.1in. across the physical aperture. For the specular reflectors,
Experimental setup used for small-signal-gain and gain-mapping experthe gain mapping was performed at three different bank ener-
ments. gies. The three bank energies cover the anticipated operating

range of the amplifier. Figure 68.53 shows the resultant nor-
figuration of the gain setup. The probe oscillator is amalized data compared to a predicted pumping profile. From
Q-switched Nd:glass oscillator that produces 100-ns FWHMrig. 68.53, a pump uniformity of6% is observed. Two
pulses at 1054 nm. The reference and gain signals are detectaclusions can be drawn from this data: (1) the pump profile
using large-area photodiod®sto ensure that the entire was independent of the 4- to 7-kJ bank-energy range, and
probe beam is detected. Three sets of gain data were obtainé?), agreement between predicted and experimental values
each of which corresponds to a different reflector type. Thevas within the error bars of the code.
reflector types will be denoted as specular, metal diffuse, and
ceramic diffuse. Normalized data for the diffuse reflectors is shown in
Fig. 68.54 along with the corresponding predicted profile. Data
The initial data runs were done as a function of bank energfor the diffuse reflectors was obtained at only the bank energy
This data is shown in Fig. 68.51 for the two reflector types. Agor which the slab was designed. The data was normalized to
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8 s ® N Plot of gross gain as a function of bank energy
(‘5 8 o for both specular and diffuse reflectors.
51 ° ]
8 (o)
3+ 8 o Specular reflectors |
8 e e Diffuse reflectors
o8
1 L@ I I I I I I I

500 1500 2500 3500 4500 5500 6500 7500 8500
Bank energy (J)

20 | | | | the average stored energy across the slab aperture. There is
> virtually no difference between the two sets of reflectors. From
2 18} ¢ . . - Fig. 68.54, a pump uniformity af3% is observed. This is
.5 16 o . * e, important since it gives us a method of producing inexpensive
.;E’ ' ., _ and effective reflectors.
()
g LA * | 2. Birefrin i
S R . gence Mapping
S 12| o | Birefringence maps for all reflector types were obtained
@ using the setup shown in Fig. 68.55. The laser source was a
1.0 ' : : : diode-pumped Nd:YAG® Due to the stability of the laser, no
0.05 0.15 025 0.35 0.45 0.55 reference signal was needed. The polarizer analyzer pair was
caons Stored energy density (J/cc) chosen such that a contrast ratio of 2500:1 could be obtained.
The intensity of the probe laser was then measured with the
Figure 68.52 polarizers both crossed and uncrossed. For data with uncrossed

Storage efficiency as a function of stored energy in the slab. polarizers, a set of calibrated optical density fiBérmere

1.2

S
)
GC) Figure 68.53
‘© Normalized-stored-energy map for specular
% reflectors at three discrete bank energies.
) Also shown is the predicted pump profile
8 with 3o error bars.
)
N 09+ u ® 6.9kJ]
m 5.4 kJ
A 4.0kJ
0.8 | | | | | | |
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g profile with 3o error bars.
S 09|
@ Data diffuse metal reflector
O Data macor diffuse reflector
0.8 | | | | | | |
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
4030 Distance from slab center (in.)
—_ 09 [ T T T T T T T "
E 0.8+ (5
S S i
Analyzer . . £ 8; e Experimental data °®
Polarizer pair o Y-or 7
8 o5l o )/ .
)
T qg')) 0.4 [ ] [ ] -
£ 03F ° ° -
[ Filter stack U T_Slab_ : ® o2b ®e ° -
_ &5 amplifier ~ ~~ CW = U ° o’
Photodiode ) diode pumped 0 01h L ° .
Linear stage Nd:YAG 0.0 I I Pecece® I I
G4031 Machinist’s scale -1.2 -08-04 00 04 08 1.2
64032 Distance from slab center (in.)
Figure 68.55 Figure 68.56
Experimental setup used for birefringence mapping. Steady-state birefringence map.

used to keep the signal on the diode below 1 V. This was doffekedaet al. with acquisition and analysis developed at
to maintain operation of the diode well within the linear rangeLLE.3° The probe source was a 1064-n@rswitched, cw
Measurements with the polarizer analyzer pair crossed arsmburce. The amplifier was run at 1 Hz at the design bank energy
uncrossed were obtained at 0.1-in. increments across theéth the diffuse reflectors for at least 1 min prior to data
physical aperture. acquisition to ensure that steady state had been achieved. This
was verified to be a sufficient length of time by acquiring a
The first depolarization data was obtained with the amplisecond interferogram after 5 min of operation. Since we are
fier unpumped to measure any residual stress depolarizatiomterested in the steady-state effects and not the transient
due to mounting and the glass itself. The remaining data wadfects, data was collected between amplifier shots. Three sets
taken at 1 Hz at the designed bank energy. Figure 68.56 shoafinterferometric data were taken. The initial data was taken
depolarization as a function of aperture for both reflector typesvith the amplifier static; this served as the reference wave-
front for which all subsequent data will be used. Next the
3. Wavefront Evaluation coolant was turned on, which allowed us to measure directly
The wavefront of the slab was evaluated with the amplifiethe pressure-induced deformation of the Brewster windows.
in one leg of a Mach-Zehnder interferometer (Fig. 68.57). Th&inally the slab was pumped, which allowed us to measure the
interferometric data was evaluated using spatial synchronoulsermally induced wavefront deformation.
phase detection (SSPBJ This technique was developed by
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‘\ Figure 68.57
N Mach-Zehnder interferometer setup
for wavefront evaluation.
\— N /
Slab amplifier T T
50/50 Collimating
64033 beam splitter beam expander

Figure 68.58 shows the pressure-induced wavefront with Figure 68.59 shows the thermally induced wavefront error
the static wavefront subtracted out. This compares with theith the pressure-induced wavefront error subtracted out. Due
previously predicted error. This effect can be reduced byo the very high fringe frequency at the edges of the physical
(1) increasing the thickness of the Brewster windows, andperture, data could not be extracted; however, data within the
(2) reducing the internal pressure in the slab by increasing tlodear aperture was undisturbed. This effect is directly attrib-

size of the coolant return lines. uted to SSPD, which is primarily used for high-resolution
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(A/400) and is not well suited for multiple waves of deforma- Table 68.VI: System Performance

tion. The wavefront error bears a strong resemblance to thg p )
pumping profile, and it is natural to ask how much of the| Wavelength onversion Energy
. . Efficiency
wavefront error is due to deformations of the pump faces of thd
slab. Using the measured pump profile, ANSYS was reruntq 1054 nm - 217
determine if indeed there is a connection. 532 nm 68% 143
351 nm 55% 0.88J

4. System Performance
The slab was installed in LLE’s damage test laser (DTL)
(Fig. 68.60). This system has been used for materials testingincide with the peak energy due to conversion crystals of
and nonlinear optics experiments. The front end of the systehass than optimum thickness. The high conversion efficiency
consists of a 3-mQ-switched, mode-locked Nd:phosphate will allow for large-area materials testing at 351 nm.
glass oscillator running between 0.1 and 1.1 ns. Nominal
operation of the system is at 0.8 ns. A single, 1-mJ pulse Bummary
amplified by a 1/4-inx 6-in. Nd:glass rod capable of deliver-  We successfully designed, constructed, and tested a large-
ing up to 100 mJ of drive to the slab. The beam undergoeserture, high-gain, Nd:glass slab amplifier with a 2-Hz
one-dimensional expansion in a Littrow prism anamorphigepetition rate. The slab was designed for a gross small-signal,
beam expander. The beam then passes througlGaldean single-pass gain of 8, although a maximum gross small-signal
telescope before being injected into the slab. The pulse is thgain of 13 was obtained. These stored-energy densities were
amplified with three passes through the slab. The output pulsdbtained without special ASE (amplified spontaneous emis-
is then spatially filtered before being converted to 527 nm osion) suppressors and with a pump uniformity-8%. This
351 nm. The frequency-conversion cell consists of KD*P, sgpump uniformity was achieved with a simple box reflector
up in a Type-ll polarization mismatch scheffe. with diffusely reflecting surfaces. Two methods of producing
this diffuse surface were found to give comparable pump
Conversion-efficiency measurements were performed girofiles. This high degree of pump uniformity helped to mini-
the second and third harmonics. The results are shown mize thermally induced wavefront errors that were less than
Table 68.VI; note that the peak conversion efficiency may ndd.5 waves at 1054 nm in the clear aperture.

3-m active-passive oscillator

———— CT KA Nl
I T NS
Pre-amp E-O Switchout 1.5 relay
A2 A2
Qg'_?/ﬁ—ﬁw‘ ; y N \
> . N /l %
Anamorphic beam expander 2% relay Figure 68.60

Damage test laser schematic.

” ———— H

Slab amplifier

( \
\ V

Vacuum spatial filter

» Output to
damage test facility

G4035
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When installed in LLE's damage test laser, the slab ampli-
fier brought the system performance to the multijoule level

with as little as 10 mJ of drive. This system has sufficient beams

quality to permit high conversion efficiencies at the second
and third harmonics.
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