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PROJECT MOTIVATION and SCOPE

Development of clean, sustainable and affordable energy sources is a national and international challenge.
Inertial Fusion Energy (IFE) may provide a transformational solution that is scalable, proliferation-
resistant, and that generates negligible nuclear waste. To produce energy economically competitive with
alternative power plants, the IFE laser drive must operate at a high repetition rate (>10 Hz) with high
efficiency (>10%), while maintaining beam quality suitable for focusing to a small spot suitable for
compressing the fusion target. The NIF laser system meets the beam quality requirements using a solid-
state gain medium pumped by flashlamps. Scaling from NIF to IFE requires increases of ~10° in rep rate
and ~20X in efficiency, which adds significant challenges to the laser design. The increased repetition
rate results in much more waste heat generated in the system, and the prevention of thermal beam quality
degradation (through phenomena such as thermally-induced birefringence) becomes a critical issue.
While thermal issues are mitigated by increasing the system volume, a major size increase renders the
system less economical and less easy to site. LIFE laser efficiency targets can be achieved at high rep
rate without reliability degradation by using diode lasers as pumps. An IFE plant requires ~10® diode
laser bars. At current costs the diodes dominate the overall laser cost and render IFE less cost-effective.
Thus, designing a compact and cost-effective laser system with the repetition rate, efficiency, and beam
quality required for IFE presents a significant technical challenge.

The goal of the CELL strategic initiative was to develop new laser architectures to address these
challenges by leveraging recent advances in optical technology. New laser design options have become
potentially feasible due to improvements in laser gain media, diode pumps, large aperture nonlinear
optics, and damage-resistant optics that have occurred since NIF’s conception. The project investigated
designs that take advantage of these advances, combining them with advanced and novel subsystem
concepts to achieve laser designs with significantly improved performance, size, and cost.

APPROACH

A primary objective of this project was to rapidly evaluate a variety of beamline concepts and
architectures, to ascertain their suitability for IFE applications. This is best done in simulation, due to the
time and expense associated with prototyping such systems, even at significantly reduced scale. These
evaluations were performed rapidly using a laser energetics code (“LPM”) specifically developed for this
project. This tool tracks all system inefficiencies from wallplug power to the final optic, includes the
power consumed by cooling systems, and captures the behavior of different laser materials. In particular,
it is suitable for simulating both four-level (e.g.; Nd-based) and three-level (e.g.; Yb-based) gain media.
In order to achieve fast run-times, LPM abstracts away details of optical diffraction and propagation,
which are represented as scalar losses in various sections of the beamline. The magnitudes of these losses
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were determined from more detailed beamline simulations. New simulation methodologies needed to be
developed or added to the simulation codes to handle certain physics and device configurations, including
propagation through thermally birefringent materials, behavior of anamorphic spatial filters, and
harmonic conversion in devices with non-uniform temperature distributions.

Detailed beamline simulations were performed in four environments:

1. LLNL’s PROP92 code, with extensions for non-isothermal frequency conversion, which
provides full propagation of single-polarization optical fields, but does not include the details
associated with anamorphic filters

2. The CEA’s MIRO code, which provides full propagation of arbitrarily polarized fields and
anamorphic filters.

3. A custom MATLAB code written for this project (JONESPROP), which enabled rapid
assessment of thermal birefringence, depolarization, and nonlinear ellipse rotation, as well as
cross-checking the results of the more sophisticated full propagation models.

The propagation models were populated with aberration files taken from actual NIF optics, so that these
simulations showed behavior representative of that achievable with non-ideal optics.  The thermal,
stress, and birefringence inputs to the optical simulations were obtained from thermo-mechanical models.
The optical gain distribution and thermal loading in the amplifier heads was obtained from ray tracing
simulations of the pump diode delivery system which were performed using customized scripts for the
commercial FRED raytracing package. Stress and temperature fields were obtained from LLNL’s NIKE
and TOPAZ codes, which were cross-checked against commercial ANSYS software, and birefringence
was calculated using LLNL’s OPL code. Simulation results from these different approaches were
generally in close agreement.

The beamline architecture that emerged from this project requires certain new components, notably large
scale quartz rotators and grazing-incidence “slits” for anamorphic spatial filters. In order to understand
the risks associated with these components, we performed targeted experiments—specifically to assess
their robustness to laser-induced optical damage.

PRINCIPAL ACCOMPLISHMENTS
This project achieved the following key technical accomplishments:

1. Development of a novel laser beamline architecture suitable for IFE, which exhibits ~3x more
efficiency, 30% less nonlinear phase shift (B-integral), and ~2x smaller footprint than the IFE
laser design that existed prior to the project. This architecture also reduces the risk of optical
damage, by substantially reducing the operating optical fluence on the optics at both 1» and 3w,
and the risk of Pockels cell failure by reducing its fluence by ~12x. The basics of this architecture
are documented in the publication included as Appendix | of this report. This architecture was
adopted as the current baseline for LLNL’s IFE effort, and provided the basis for several
beamline proposals to external sponsors.

2. Development of a laser performance model (“LPM”) that enables rapid assessment of a complete
laser beamline, including inefficiencies associated with 3-level laser gain media and cooling
subsystems. This tool enables rapid quantification of the tradeoff between laser efficiency and



cost, and has been adopted by the IFE system development team for use in IFE facility design
studies. It is described in detail in the publication included as Appendix Il of this report.

3. An assessment of laser cost-efficiency tradeoffs for several gain media alternatives, which
guantifies the performance differences between four-level and three-level gain media. This work
is described in detail in the publication included as Appendix Il of this report.

4. Invention of several new components to support these beamlines, including a thermally-robust
harmonic converter with >70% tripler conversion efficiency (IL-12360, US Patent application
submitted).

5. A detailed assessment of thermal birefringence effects in the proposed beamline, which is
detailed in the paper included as Appendix IlI of this report. This study established the feasibility
of the proposed approach for mitigating thermal birefringence, a key risk associated with
operating at higher repetition rates.

6. Demonstration of a method for scaling quartz rotators, which is detailed in the paper included as
Appendix IV of this report. This work demonstrated the feasibility of fabricating larger quartz
rotators by bonding multiple small crystals, addressing potential risks associated with the
availability of large optical quartz crystals. This work, and subsequent experiments with larger
scale components, showed that the optical behavior of bonded material is suitable for use in the
proposed architecture.

7. Demonstration of high damage threshold “slits” for anamorphic cylindrical filters, as described in
Appendix V of this report.  Use of properly fabricated fused silica in this application yields
damage thresholds >100 J/cm? which is suitable for use as a refractive slit in the cylindrical
filters proposed for the beamline. These high damage thresholds enable compact filters, which in
turn minimize the overall beamline footprint.

The technical details associated with these accomplishments are described in the appendices.
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This paper presents our conceptual design for laser
drivers used in Laser Inertial Fusion Energy (LIFE)
power plants. Although we have used only modest
extensions of existing laser technology to ensure near-
term feasibility, predicted performance meets or exceeds
plant requirements: 2.2 MJ pulse energy produced by 384
beamlines at 16 Hz, with 18% wall-plug efficiency. High
reliability and maintainability are achieved by mounting
components in compact line-replaceable units that can be
removed and replaced rapidly while other beamlines
continue to operate, at up to ~13% above normal energy,
to compensate for neighboring beamlines that have failed.
Statistical modeling predicts that laser-system availability
can be greater than 99% provided that components meet
reasonable mean-time-between-failure specifications.

I. INTRODUCTION

Experiments on inertial-confinement fusion (ICF)
targets are now underway at the National Ignition Facility
(NIF)'? at Lawrence Livermore National Laboratory
(LLNL), and are anticipated to demonstrate fusion
ignition within the next few years. The LIFE concept
proposes to exploit this scientific breakthrough for energy
generation, as described elsewhere.**” This approach
minimizes target-performance risks by using target
designs that can be tested on NIF and by using laser
parameters and target-illumination geometries similar to
NIF.

Another important feature of the LIFE design is the
use of harmonically-converted, Nd:glass laser beamlines,
which have great similarity to the NIF beamlines. This
choice enables the reuse of much of the NIF technology
and manufacturing base for LIFE. The LIFE laser design
differs from NIF in several respects, however. While the
NIF laser slabs are pumped by flashlamps, the LIFE laser
slabs are pumped by laser diodes. Diodes pump laser
slabs more efficiently than flashlamps, due to their high
degree of directionality and narrow spectral emission.
Additionally, diodes are more reliable, have longer
lifetimes, and can produce more intense, useful pump
light. This last property is important for producing higher
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gain coefficients and stored-energy densities, which in
turn enables a high efficiency. Another difference is that
while NIF laser slabs are passively cooled, the LIFE laser
slabs are actively cooled, by flowing helium gas at high
velocity in narrow channels between laser slabs. Active
cooling enables operation at high repetition rate, by
removing waste heat produced by slab pumping
processes.

Because of its use of diode pumping and gas cooling,
the LIFE laser has much in common with the Mercury
laser system, a 10 Hz, 60-J, diode-pumped laser at LLNL
that also uses flowing gas to cool the laser slabs. Mercury
operated for more than 300,000 shots with slab surface
heat flux (~1 W/cm? per surface), amplifier slab thermal
stresses relative to yield stress (~20%), and Pockels Cell
fluence all similar to the LIFE point design, Thus,
Mercury provides a subscale demonstration of the key
technologies employed to enhance the NIF laser for LIFE
applications.®

A LIFE power generation system will have to meet
all of the basic requirements of the NIF including laser
requirements, target geometry, target illumination,
hazardous materials handling and radiation safety. In
addition, the power generation system will have to
address high average power operation of the laser system,
average power effects on the target chamber, target
injection and tracking, target mass production, blanket
and tritium production, and the balance of plant to
produce electricity. A typical power plant must have an
expected lifetime of > 60 years, which at a 16 Hz
repetition rate would require more than 30 billion shots
and 30 billion targets.

A LIFE power plant must be commercially attractive;
the cost of electricity (COE) and required capital
investment in the plant must be minimized, and LIFE
must be competitive with other forms of energy
production. The other requirement for commercial power
production is availability. Toward this end the Reliability,
Availability, Maintainability, and Inspectability (RAMI)
of the laser beamline must be optimized. Both the
financial constraints imposed by the COE and operational
constraints imposed by RAMI impose a heavy burden on
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the laser. Computer optimization codes are utilized to
analyze this multivariable problem. Examination of laser
subsystems provides insight into how technological and
materials developments can provide the pathway for
success in construction of LIFE systems. The LIFE
subsystems include: the laser architecture, diode laser
pump source, diode light delivery, optics and laser gain
media, cooling systems, gain isolation, beam control,
frequency converters, and final beam transport optics.

Several new technologies and architectures have been
proposed to address these issues based on the successful
deployment of NIF (essentially the full scale laser energy
required for a LIFE plant), the Mercury laser system® (a
sub-scale diode pumped solid state laser), and recent
technological advances. These advancements yield
wallplug efficiencies of 10-20%, decreased size, and
lower cost per Joule. The models and enhancements to the
baseline LIFE design (Fig. 1) will be discussed along with
realization of a LIFE demo plant.

Amplifier head
P 1o Beam Box

Preamplifier
module (PAM)

Pockels cell

§ A

Diode array

Deformable Mirror

Fig. 1 a) Isometric view of a LIFE power plant showing
compact beam architecture, b) Isometric view of an
expanded view showing the contents of a beam box.
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II. SYSTEM REQUIREMENTS

The essential goals of this new beamline design for
LIFE are best summarized by RAMI (Reliability
Availability, Maintainability, and Inspectability) as the
guiding principles. While it might appear that one must
sacrifice performance to achieve these goals, the overall
efficiency and cost of electricity were actually improved
by incorporating RAMI considerations into our design
process. To quantitatively assess the impacts of our
design decisions on the availability and maintainability of
a LIFE plant, Monte Carlo simulations of the Line
Replaceable Unit (LRU) components of a beamline were
used along with educated estimates of the Mean Time To
Failure (MTTF) of individual subcomponents. MTTF is
used to refer to components which wear out and are
discarded or recycled (such as capacitors, o-ring seals,
etc.) While our overall goal for the beamline LRU’s is to
get MTTFs that are commensurate with the plant lifetime
since this would also mitigate maintenance costs, an
availability of >99% is possible with a Mean Time
Between Failure (MTBF) of only a few thousand hours
(Fig. 2). MTBF is used to refer to a component or LRU
which requires maintenance. Critical to these estimates is
the Mean Time To Repair (MTTR), which is shown by
these models to require 8 hours or less to achieve 99%
availability. MTTR 1is used to refer to the replacement
time of an LRU. A short maintenance time mandates the
LRU concepts we have already adopted for the laser
architecture which rely on small footprint, low weight,
and kinematic mounting for transportability and
replacement.

Table I gives the top level laser system requirements
based on the RAMI principles, LIFE power requirements,
and the beamline ignition requirements derived from NIF.
For more detailed information on LIFE plant operation
including circulating power, gain, cost of electricity, and
capital cost, please see concurrent papers.’” Notable here
is the wallplug efficiency and repetition rate which are
necessary for efficient power production. The large
number of beamlines enables the plant availability while
maintaining proper target illumination. It should be noted
that the lifetime of the system, 30 x 10° shots corresponds
a ~60 year lifetime of the system at 16 Hz, NOT the Mean
Time Between Failure (MTBF). While the laser system
will be built with this lifetime as a requirement, the
complexity of the laser system combined with statistical
failure of subcomponents and/or servicing needs will
necessarily result in a MTBF less than the lifetime. A
survey of commercial pulsed high energy diode pumped
solid state laser systems indicates they are commonly
guaranteed for 10,000 hours, which by necessity would be
less than MTBF. While the fluence loading of optics in
these systems are not the same, these systems share a
commonality with LIFE laser beamlines in their need for
coolant systems, fluid and gas seals, power connectors,
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diode power conditioning, diode arrays, control
electronics, stability control, alignment control, and
average power handling. In Mercury, where the fluence
was commensurate with LIFE operational levels, it was
all of the aforementioned issues which dominated our
operational MTBF. From the analysis shown in Fig. 2, it
would appear a MTBF of 2000 hours would be sufficient
even for an 8 hr maintenance cycle, but the authors
consider this number to be the lower bound for LIFE
systems. Clearly a larger MTBF will lower maintenance
costs and ease operation of the system.
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0.992
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Fig. 2 Plant availability as a function of the Mean Time
Between Failure (MTBF) showing potential for high
availability with modest MTBF and MTTR

TABLE I. Top level laser system requirements

Characteristic Requirement
Total laser energy 22 MJ
Total peak power 633 TW

# beamlines 384 (48 x 8)
Energy per beamline (3w) 5.7kJ
Wallplug efficiency 15%
Repetition rate 16 Hz
Lifetime of system 30 x 10° shots
Availability 0.99
Maintenance <8 hrs
Beam pointing 100 pm rms
gela;rerzl r%lrS(;up energy stability <4% rms
Beam to beam timing at target <30 ps rms
Focal spot (w/ CPP*), 95% enclose 3.1 mm

Spectral bandwidth, 3 (GHz)** 180
Prepulse (20 ns prior to main) <10° W/em®

* CPP = Continuous Phase Plate — used to modify the far
field from a peak to a flat top for target drive

** Used for suppression of Stimulated Raman Scattering,
Stimulated Brillouin Scattering, and in conjunction with a
diffraction grating for Smoothing by Spectral Dispersion
(SSD) of the laser speckle induced by use of the CPP on
target.
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IT1. LASER ARCHITECTURE

To meet the reliability, availability, and
maintainability requirements for the laser system, the
whole architecture is designed to be packaged into Line
Replaceable Units (LRUs) which are assembled, tested,
and serviced at a factory and transported to the LIFE plant
via standard truck. The LRUs for the beamline include: a
1w beam box which houses the entire 1® beamline, a
frequency converter, transport mirrors, and final optics.
The 1o beamline is packaged in a box with rough
dimensions 2.2 meters wide x 1.4 meters tall x 10.5
meters long (Fig. 1b). This box requires only an electrical
connection, communications lines, water cooling lines,
and helium gas cooling lines.

The 2.2 MJ required for robust, high gain ignition at
the target chamber center’ is provided by 384 beamlines
(48 clusters of 8 beams), which each produce 8.1 kJ at
1053 nm. This energy is frequency converted and
transported to target providing 5.7 kJ at 3o on target.

The availability of the power plant is maintained at a
high level by allowing the lw beam-box units to be
replaced while the plant continues to run. This is achieved
through the introduction of a large number of beamlines,
each of which can operate at a higher level than nominal
to compensate for a nearby non-operational unit. This
design philosophy allows a short MTBF to be tolerated
while maintaining plant operations.

III.A. Optical Architecture

The LIFE design (Fig. 3) can be understood in
greater detail by following the laser pulse through the
system. A ~nJ pulse produced in the master oscillator
room (MOR) is transported by optical fiber to each 1o
beam box. In a preamplifier module (PAM) similar to the
one used on NIF, an amplitude modulator shapes the
pulse temporally, a regenerative amplifier amplifies the
beam, a beam shaper tailors the regenerative amplifier
output spatially, and a four-pass amplifier increases pulse
energy to ~0.5-1 J. The PAM for LIFE will have 10X
lower energy requirement (~1 J), but at higher repetition
rate (16 Hz), which is readily achievable with diode
pumped Nd:YLF amplifiers (having the same laser
wavelength as the Nd:glass gain medium). It should be
noted here that the spectral bandwidth requirement in
Table 1 is achieve in an identical manner to the method
used on NIF, through the use of integrated RF modulators
in the fiber optic portion of the front end. The seed pulse
is then injected into the main LIFE laser amplifiers, which
employ a 4-pass image-relayed architecture similar to
NIF. The PAM output is injected into the main l®
amplifier beamline using a mirror located near the far
field of the expansion telescope (fig. 3), which expands
and collimates the beam to a ~25cm x 25cm l® beam
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size. The beam is then reflected by a 1® mirror and a
polarizer into the amplifier cavity. The beam enters the
cavity s-polarized with respect to the polarizer and is
converted to circular polarization by a quarter waveplate.
Circular polarization lowers the nonlinear phase shift by
~33% relative to linearly polarized light. The beam then
passes through the first amplifier, the spatial filter, the
quartz rotator, and the second amplifier. Provided the two
amplifiers are pumped and constructed similarly to
achieve similar thermal birefringence distributions, the
90° polarization rotation imparted by the quartz rotator
causes the thermal birefringence of one amplifier to
cancel the thermal birefringence of the other. The beam
propagates through a telescope, is reflected by an adaptive
optic at the end of the cavity, and passes back through the
chain. As reflection changes the handedness of the
circularly-polarized light, the beam exits the quarter-wave
plate p-polarized with respect to the cavity polarizer. The
beam passes through the polarizer, through the Pockels-
cell, and is incident on a second polarizer that is oriented
a 90 degrees with respect to the first. Provided high
voltage is applied to its electrodes, the Pockels cell rotates
beam polarization by 90 degrees, allowing the beam to
pass through a second polarizer (not shown in Fig. 1).
After the beam is reflected back through the chain by the
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second cavity mirror, the beam makes two more passes
through the amplifiers. On the last pass, the quarter-wave
plate rotates the beam to the s-polarization state relative to
the main polarizer and the beam reflected out of the
cavity. The various telescopes and spatial filters in the
beamline relay the image of an apodized aperture in the
PAM to the harmonic converters and to the final optic.

The expansion telescope increases beam dimensions
to 41.7cm x 41.7cm and relays the image plane to the
frequency converter. The beam then passes through three
final transport telescopes, which utilize two ‘“neutron
pinholes” to protect the laser system from neutrons
generated in the LIFE chamber. The second transport
telescope applies an additional magnification factor to the
beam, which reaches dimensions of ~ 48.6 cm x -48.6 cm.
Propagation modeling shows that magnification to this
size ensures that the f# (focal length divided by beam
width) of the final optic is sufficiently small to achieve
the desired focal-spot size at the target (Table I). The final
telescope incorporates the final optic (details section XII),
a Fresnel lens which remains robust against target
generated neutrons, which deflects the laser beam to the
target to eliminate line of site for the same neutrons
through neutron pinhole 2.
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Fig. 3 LIFE laser architecture

II1.B. Diode Pumping

The architecture for the LIFE laser system builds
upon the NIF and Mercury designs. To achieve efficient
operation, the flashlamps utilized on NIF are replaced
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with laser diode pumped amplifiers. Raw AC power is
rectified to produce continuous DC power at low current,
which is stored in capacitors, and switched out using
compact and efficient pulser circuits to form high current
(700 Amp) electrical pulses which are ~ 164 ps long. The
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pulsers are connected to 50-bar stacks of laser diodes each
capable of 850 W peak power for a total of 42.5 kW per
stack. Approximately 770 of these stacks are mounted in a
regular grid upon a copper cooling plate to make an array
with a peak power of 33 MW. The electrical pulsers are
cooled on the back side of the same copper plate (see full
description of diodes in section 4). Two 33 MW arrays
pump each amplifier head. The output from each diode
array is relay imaged onto the amplifiers to provide a
uniform pump profile for maximum extraction efficiency
(see section 5 on the pump delivery). The amplifier heads
are an assembly of twenty high speed helium gas cooled
amplifier slabs composed of Nd:glass, whose doping
concentration is designed to absorb 99% of the pump
radiation (section VI). The wavelength of the diodes, 8§72
nm, was chosen to minimize the quantum defect which
maximizes the wallplug efficiency and minimizes the
thermal load to the amplifier slabs.

II.C. Cooling

The 16 Hz repetition rate is achieved using the same
methodology used on the Mercury laser, namely high
speed helium gas cooling.®’ The turbulent helium flow
efficiently removes the heat from the surface of the
normal incidence laser slabs. This longitudinal heat
extraction geometry enables high average power
operation without the large self focusing problems
observed in radially cooled architectures. Helium gas is
chosen to minimize scattering from the gas which is
proportional to the square of the change in the refractive
index. The Gladstone-Dale coefficient relates refractive
index change (An) to relative changes in gas density
(Ap/p): An = G Ap/p, where density changes are related to
temperature by the ideal gas law (p = p/RT). Helium’s
Gladstone-Dale coefficient (0.36 x 10%) is 7.4X lower
than nitrogen or air, which minimizes the scattering and
which led to no observable phase distortion on the
Mercury laser system (see section VIII for detail on the
cooling system).

I1.D. Spatial filtering

A common technique used to improve beam quality
in high energy systems is the use of a small aperture
(pinhole) in a relay telescope as a spatial filter. This limits
the gain of high spatial frequency near field amplitude
modulation due to accumulation of nonlinear phase
distortion, and holds off beamline parasitics. At high
average power the grazing incidence cone pinholes
typically used for this purpose exhibit plasma blow-off on
each shot, since the fluence levels are significantly above
the damage threshold of the material (typically steel,
tungsten, or diamond pinhole).'™!" To alleviate this
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problem, LIFE will use a pair of longitudinally displaced,
orthogonal cylindrical relay telescopes (Fig. 4). The
longitudinal displacement of the 1X relay telescopes does
not affect the object or relay image points in either axis,
but does separate the foci in each axis thereby creating
line-foci where this intensity is lower by ~ 100X. Filtering
can then be accomplished with slits instead of pinholes at
fluences engineered to be below the damage threshold of
the slit material. Since the slits are at the far field in one
axis, the net spatial filtering response vs. far field angle is
the same as a square cone pinhole (which is ideally
matched to the large square beams used on NIF, Mercury,
and LIFE). Note that while fig. 4 shows a single on-axis
pinhole for clarity, a multiplexed version of this telescope
can be realized by replacing each on-axis slit with two
off-axis slits. Ablation and damage of the slit material can
be avoided by employing a slit material such as fused
silica at grazing incidence, which has a very high damage
threshold (~475 GW/cm?).'? This high threshold is due to
the fact that most of the light is reflected at grazing
incidence, and the light that is transmitted is only
refracted and not absorbed by the fused silica. Our
baseline design is to load the slit at only a fraction of this
intensity, ~ 10 GW/cm2. A complete 1/3 scale telescope
is being fielded tested in 2011 to validate this concept.
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Fig. 4 Cylindrical spatial filter concept showing laser line
focus thereby lowering the laser intensity on the filters
enabling long lifetime

IIL.E. Depolarization

While helium gas cooling enables high average
power operation with a tractable induced wavefront, the
induced thermal gradient in the amplifier slabs causes
thermally induced stress birefringence. A detailed thermal
model methodology was used to calculate this effect (Fig.
5)."° Diode pump radiation is ray traced through the
amplifier head to produce a thermal profile. The thermal
deposition is converted by a finite element model into a
stress field. Ray tracing of laser light through the
modified optical slab produces a depolarization map.
Multi-slab effects in an amplifier can then be evaluated
using cascaded Jones matrix analysis.
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Fig. 5. A flowchart summarizes the numerical analysis of
the thermal birefringence.

Based on these calculations, the induced average
depolarization in a single slab is 6%, while the combined
average depolarization of an amplifier head is ~20%. If
the depolarization is not corrected, this light will be lost
after transmission through the cavity polarizer. The quartz
rotator in Fig. 3 rotates the polarization 90°, which
identically cancels these depolarization effects if the
optical conditions are identical in each amplifier."*'> The
amplifiers are pumped identically and 1:1 image-relayed,
which meets this requirement to first order. Second order
effects detract from perfect compensation including:
magnification between amplifiers, differing thermal loads,
differing alignment of the extraction beam on the pump
profile, and differing B-integral values present during the
extraction pass. Using these same codes, a sensitivity
analysis of these secondary effects was performed. The
results indicate that with careful engineering of the
system, the combined effect of these errors can be limited
to < 1% loss through the entire 1® beamline (see Fig. 6,
with a more detailed analysis found in reference 13).

1slab 1amplifier 2 amplifiers
1o, (22slabs) (compensated),
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Fig. 6 Results of a depolarization model showing the
extreme depolarization loss which would be incurred
without compensation, but which can be resolved using a
polarization rotator.

II1.F. Gain Isolation

Like Mercury (and unlike NIF), the LIFE architecture
is passively switched, requiring no active switch such as a
Pockels cell to trap the pulse in the amplifier cavity or to
eject the pulse from the cavity. This avoids the need for a
high average power Pockels cell, mitigating the difficulty
in handling the thermal load associated with residual
absorption (see section VII). With a small signal gain of
390,000, optical isolation is required to prevent parasitic
lasing of the entire cavity. By placing a Pockels cell in the
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location behind the cavity polarizer after two passes
through the system, the effective cavity gain for parasitics
can be reduced to approximately 625. The average power
loading of the Pockels cell can be reduced to ~20 times
below that required by a cavity switch, which enables the
use of simpler, lower cost devices (Section 1X).

HI.G. Frequency Conversion

One of the primary design criteria for the LIFE laser
system is reliability. Based on damage threshold data for
optics at 1053 nm, the maximum average fluence at 1053
nm is designed to be 15.6 J/em®. After amplification, the
beam is magnified 1.64X to lower the fluence into the
frequency converter to 5.8 J/cm’(including losses). The
frequency converters are composed of helium gas cooled
highly  deuterated (>98%) potassium dihydrogen
phosphate (DKDP). Gas-cooling is required to remove the
heat generated from the OH absorption in the material.'®
Simulations of both type I doubler and type Il doubler and
type II tripler designs based on four crystal cascade
conversion using this concept have shown 75%
conversion efficiency (section XI). After conversion, the
fluence is 3.9 J/em?, which is ~2X lower than the average
3w operational fluence on NIF, which will further
enhance the optical lifetime. Recent advances in surface
fabrication and mitigation techniques on NIF have
enabled a three-fold increase in the damage threshold
such that current optics can be manufactured with a
countable number of initiation sites (10-20) up to the peak
fluence of 12 J/cm®. These sites can then be mitigated
effectively eliminating all initiation sites below 12 J/em?,
which then becomes a true damage threshold in that no
initiation sites will form below this level.'™'® Thus
operating at ~3.9 J/cm® average (~6 J/em® peak), we
expect to be far from the point of even creating an
initiation (without initiation there is no damage or damage
growth). We propose to test this assertion with long term,
billion shot level testing in our near term development
efforts.

IIL.H. Final Transport Optics

The final transport optics represent a fundamental
change relative to the NIF laser system. The neutron
pinholes shown in Fig. 3 transport the laser beam while
significantly filtering neutrons from the target chamber to
levels acceptable for human occupation (~ 0.04 rem/yr).
The neutrons are absorbed by multi-meter thick concrete
walls. Relay telescopes puncture these walls to transport
the laser beams. In the pinhole region, the void section is
essentially the space required to transmit the laser beam
with a hole ~1 cm diameter at the focus. The optic which
experiences the greatest set of threats to its lifetime is the
final optic. The final optic is directly exposed to the target
ignition. The LIFE design provides some benefits
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compared to previous designs. lons and x-rays are
absorbed by the xenon gas in the target chamber.
Furthermore, the pressure wave and vibration associated
with the gas expansion from ignition and liquid lithium
flow in the target chamber blanket are mitigated by the
chamber design that mechanically decouples the blanket
from the vacuum chamber and optics. The remaining
challenge is the 14 MeV neutrons from the fusion events
with an average exposure of 1.5 x 10" n/m* sec. With a
last magnification step (1.28X), the final optic must
efficiently transmit the 351 nm laser light at 2.4 J/cm® and
allow high reliability operation, rapid replacement, and
adequate MTBF.

The baseline architecture which meets these
requirements is a thin Fresnel lens (5 mm fused silica).
The Fresnel focuses and deflects the beam to target,
preventing radially ballistic neutrons from making it
through the neutron pinhole. Irradiation studies of fused
silica indicate that the neutron induced absorption in this
material saturates to acceptable levels for -efficient
transmission of the beam to the target (see section XII),
although further studies are required to provide adequate
data on longevity. The relatively small size and weight of
the optic enable its extraction and replacement (compared
to, for example a multi-meter grazing incidence mirror).
All plant designs require a thin window in this region to
act as a gas barrier, and so adoption of a Fresnel to serve
as both a gas barrier and focusing element minimizes the
optics count and complexity.

IV. SYSTEM MODELING

Two laser performance codes were used to evaluate
the basic four-pass laser architecture chosen for LIFE and
to study its possible design variants: an energy-extraction
code that uses the Frantz-Nodvik equations'” to predict
pulse amplification and energy extraction from the Nd-
doped amplifier slabs, and a pumping code for predicting
gain, stored energy, and waste heat produced by the
diode-pumping process. These two codes were designed
to scan through large swaths of the design space, to study
important design tradeoffs and to identify attractive
design options rapidly. A similar approach, in which large
regions of the design space were evaluated using similar
energetics calculations, was applied during the early
design phases of NIF.?” Subsequent detailed propagation
calculations and experiments provided important design
details and tended to confirm results from the initial
energetics calculations.”’

IV.A Extraction
We used a Frantz-Nodvik ray-trace code to model
beam amplification and energy extraction. The amplifier

state was described by a single parameter, stored fluence,
which is the multiplicative product of amplifier gain in
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nepers and saturation fluence for the laser transition.
Likewise, the state of the laser beam was characterized by
a single parameter, the beam fluence. Beam energy was
found by multiplying beam fluence by the effective beam
area, which were determined from propagation
calculations with diffractive effects while using the high-
fill-factor gain distribution to gain-guide the extracting
beam. The mode-fill factor characterizing the size of the
extracting beam relative to the pump beam was
approximately 92%. The extraction code has been
benchmarked against NIF performance and against the
propagation codes Prop and MIRO.?>**%*

IV.B Pumping

Pumping of Nd*" ions by diode light was modeled by
numerically integrating a rate equation for excited-state
density. Like extraction calculations, pumping
calculations were one-dimensional, with a single number
characterizing the state of each slab. Separate calculations
were performed for each slab within the amplifier slab
stack. The rate equation accounted for all important
physical processes affecting the excited-state ion density,
including absorption of pump light, spontaneous
emission, amplified spontaneous emission (ASE),
concentration quenching and radiation trapping.

Pump light of equal intensity was assumed incident
on each end of the slab stack. Diode emission spectra
were modeled as Gaussian distributions with the central
wavelength shifting during the pulse to account for
thermally-induced chirp, as is characteristic of pulsed
edge emitters. The pumping rate was calculated for each
slab by integrating the product of the incident diode-light
spectrum and the laser-slab absorption spectrum. Filtering
effects of previously encountered slabs were included.

Slab absorption spectra were calculated from
measured absorption cross sections. The average Nd** ion
concentration of the slab stack was adjusted so that 99%
of the incident diode pump light was absorbed. Relative
Nd** ion concentrations of individual slabs were adjusted
to equalize excited-state density and gain.

Rates for all important decay processes were
included: spontaneous emission, amplified spontaneous
emission (ASE), radiation trapping and concentration
quenching. While spontaneous emission is directly related
to the intrinsic radiative lifetime of a material, ASE tracks
the magnitude of the gain and geometry of the amplifier
(i.e. this is the parasitic loss associated with high gain).
ASE decay rates were based on ray-trace simulation
results. The spectral dependence of spontancous emission,
trapping in individual slabs by total internal reflections
and slab-to-slab transfer within the closely-packed slab
stack were all taken into account. Radiation trapping was
estimated as the fraction of the excited-state fluorescence
emitted on the resonance transition at ~870nm that was
trapped by total internal reflection.
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IV.C. Heating and Cooling

The pumping simulations incorporated heating and
cooling effects. Heat sources included waste heat
generated by the diodes, thermalizing pump processes
within the laser slabs, and absorption of spontaneous
emission and ASE by edge claddings surrounding each
slab. All electrical power that was not converted to optical
output power at the diodes was assumed converted to
heat. Waste slab heat was calculated using the quantum
defect between absorbed pump light and emitted
fluorescence and laser light. Waste heat in the edge
claddings included both ASE and the fraction of
spontaneous-emission that is trapped by total internal
reflection, which were produced both during and after the
pump pulse. We accounted for the reduction in excited-
state population caused by the extracting beam.

These simulations provided estimates of the power
consumption of chillers, compressors, and pumps, as
required for cooling diodes, slabs and edge claddings.
Pump power was calculated using pressure drops for
specific cooling-channel dimensions and from coolant
mass-flow rates needed to limit temperature rise along
flow paths.

Slab temperature distributions and tensile stresses at
the large faces were approximated using the standard
formulas for uniform heat deposition and cooled faces.*

IV.D. Beamline Simulations

Pumping and extracting calculations were performed
for the basic architecture shown in Fig. 3, in which two
identical amplifiers are four-passed. Beam hard apertures
measured 25cm x 25¢m for 1o and 41cm x 41 cm for 3w,
sufficient for producing the required 1m and 3® energies
(8.1 kJ and 5.7 kJ, respectively) at operating fluences of
15.6 J/em® and 3.9 J/em® respectively. Margin allows
beamlines to produce make-up energy to compensate for
non-working neighboring beamlines, thus improving laser
availability. Laser slabs were modeled using
spectroscopic and thermo-mechanical properties of APG-
1 laser glass. Slab thickness was set at 1 cm, thin enough
for calculated thermal stresses to be well below estimated
fracture limits. Amplifiers were modeled with 20 such
slabs, each. Using more slabs would lower the average
gain coefficient, resulting in smaller ASE losses but
greater nonlinear phase shift. On the other hand, using
fewer slabs would raise the average gain coefficient,
which would increase ASE losses but lower the nonlinear
phase shift. We choose 20 slabs for the baseline design to
limit nonlinear phase shift to < 2 radians while
minimizing ASE losses. Passive transmission losses now
achievable with high-quality optics (99.95% transmittance
per surface with anti-reflective coatings) were assumed.

The middle, black curve in Fig. 7 shows calculated
efficiency versus diode pump pulselength. As diode
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power increases, pump pulselengths needed to achieve the
required gain and stored energy become shorter, decay
losses during the pump pulse become smaller, and
efficiency increases. As thermal management of the 850-
watt diode bars becomes more difficult when the duty
cycle increases, we have chosen the point corresponding
to 164-us-long diode pulselengths for our baseline design.
Predicted 3w electrical-to-optical efficiency is ~ 18%. The
grey curves in Figure 7 represents upper and lower limits
for the efficiency predictions, accounting for variability in
the design and various inputs used to make efficiency
predictions.
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Fig. 7 The LIFE baseline laser design lies on the
performance frontier for efficiency vs. power plant diode
power, which was modeled over broad ranges of pump
pulselength.

Table II lists efficiency and estimated variability for
the various energy-transfer processes. Decay losses,
extraction efficiency, and passive losses were calculated
using the pumping and extraction simulations described
above; other efficiency factors were obtained from
separate simulations or subject-matter experts. The
extraction efficiency is defined as the ratio of extracted
energy to the energy that could be extracted at infinite
fluence (this efficiency is evaluated in the central portion
of the beam, since mode-match factor addresses edge
effects).”” The “saturation fluence correction factor” is a
well-known adjustment to the emission cross section that
accounts for a small amount of inhomogeneous
broadening present in all Nd:glass laser systems, which is
empirically determined from experimental gain saturation
/ energy extraction data and emission cross section. This
factor also includes any non-radiative process which
reduces effective gain or extractable stored energy
(including excited state absorption, other rare earth
impurities, etc.) One of the near term experiments for
LIFE is to perform a detailed gain saturation measurement
on the APG-1 glass to confirm these numbers for relevant
diode pump conditions. Net efficiency results are
provided in several formats: 1o or 3@ and electrical-to-
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optical or optical-to-optical efficiencies at the bottom of
the table. 1o transport losses represent the effective loss
to the output beam associated with all of the optics in the
lo beamline/amplifier system (note that these passive
losses only begin cause an efficiency hit when the
amplifiers are extracted which is approximately only on
the last pass through the system). 3w transport losses
include all optics from the frequency converter to the final
optic. Some values are derived from the beam
propagation models (next subsection) such as the pump-
light nonuniformity, which affects the efficiency through
a spatially dependent gain to loss ratio during extraction.

TABLE II. Laser system efficiency factors with estimated
variability

Device or Process Efficiency (%)
DC Power Supply 95+2
Electrical Pulsers 95+2
Diodes 72+3
Diode Micro-Lenses 98 +2
Pump-Light Delivery System 93+2,-5
Pump-Light Absorption 99+1
Quantum Defect 83+2,-0
Spontaneous Emission, Trapping 85+2
Amplified Spontaneous Emission (ASE) 90+2
Saturation Fluence Correction Factor 90+4
Extraction Efficiency 92+3
Pump-Light Non-Uniformity 99+1
Mode-Match Factor (modefill) 92+3
1 Transport 90+3
Depolarization 99+1,-2
Frequency Conversion 75%3
3 Transport 95+2
3 Electrical-to-Optical Efficiency 18+2
3w Optical-to-Optical Efficiency 28+3
1 Electrical-to-Optical Efficiency 25+3
1w Optical-to-Optical Efficiency 394

IV.E. Beam Propagation

To understand the 3-D effects of phase errors, B-
integral, depolarization, spatial filtering and related
phenomena, 3-D diffractive beam propagation codes were
used including the PROP code developed at LLNL,” and
the MIRO code developed at CEA in France.”?* Initially,
the architecture for the entire beamline was developed in
these codes and the basic energetics benchmarked against
the energetics models described in this section. To more
accurately model the effect of using real LIFE optics, the
phase files from similar NIF optics were used.
Incorporation of the modeled diode pumped gain profile,
thermal phase and depolarization effects are used to
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simulate the effects of thermal loading and the edge /
spatial effects present in the real laser beamline. This
simulation approach is expected to provide a fair picture
of what to expect from actual LIFE systems. The results
of the simulation are shown in Fig.8 where the 5.7 kJ 3®
output beam is shown to have low contrast (4.5%) and the
spot size on target meets the LIFE beamline requirements.
Contrast is defined as the RMS fluence divided by the
average fluence over the central portion of the beam
profile. Contrast for the LIFE architecture is improved
due to the compact gas-cooled amplifiers (~24 cm path)
and strict image relay between each amplifier, which was
demonstrated on Mercury to significantly reduce beam
modulation. This effect has been verified in comparisons
based on propagation models with identical aberrations
included. As the optical design and engineering of the
LIFE beamline progress, these beam propagation models
will provide the basis for benchmarking and optimization
of the laser design.
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Fig. 8 a) Output beam profile after the tripler producing =
5.7 kJ with a contrast ~ 4.6%. b) the output far field at the
target location with CPP and Smoothing by Spectral
Dispersion (SSD) showing 95% in a 2.242 mm spot

V. DIODE LASER PUMP SOURCE

Semiconductor diode lasers are used to pump the
amplifier slabs to achieve the required laser system
efficiency and lifetime. Diode requirements are driven by
these considerations, plus the desire to minimize the size
and cost of the overall amplifier assembly.

Each amplifier is face-pumped by two planar diode
arrays, each delivering 33 MW of peak power at 8§72 nm
during a 164 ps Quasi-Continuous Wave (QCW) pulse.
The baseline array design employs a 2D mosaic of
submodules, each comprising vertically stacked, 1 cm
wide, edge-emitting diode bars.”® The stacks are mounted
on a common backplane providing cooling and current
drive, to minimize both diode package cost and the
number of fluid interconnects for improved reliability
(Fig. 9). Edge emitters are used to optimize efficiency,
having demonstrated >70% wallplug efficiency at
wavelengths of 808 nm and >940 nm for Continuous
Wave (CW) operation at 60~164 W/bar with low active
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area fill factors.””*** CW output power is limited by
thermal and fill-factor constraints, which do not impact
the pulsed operation employed for LIFE. Diodes at this
wavelength are available near term from nearly all diode
vendors due to a well established pump source for
Nd:YAG at 885 nm. Our design does not preclude future
use of surface emitting diodes,’™' which may offer
appreciable future cost reductions.

Energy storage Moly submount
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electronics
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Fig. 9. Schematic view of pump subassembly

V.A. High Power Considerations

Operation at maximal output power per diode bar is
desired to reduce pump costs, which to first order scale
with bar quantity. We anticipate operating at >500 W/bar,
a level below experimental demonstrations of 1000
W/bar.>¥ At 500 W/bar, several diode manufacturers
have concluded that packaged diode stacks can be
produced with volume price points of $0.02~0.04/Watt
for a single plant build, with further decreases to $0.01
and below for the additional volume associated with
multiple plant builds.** Notably, our face-pumped
amplifier architecture avoids stringent diode wavelength
specifications, which significantly reduces cost. Efficient
absorption is possible since the slab stack effective
absorption coefficient can be customized by selecting
different neodymium concentrations to provide high
absorption (>99%) for pump wavelengths within a 15 nm
band.

The two challenges for higher power operation are
efficiency and lifetime impacts. The higher drive currents
required for high bar power can reduce efficiency due to
series resistance I’R loss. On chip resistance is minimized
by increasing the active bar area, i.e.; increased cavity
length® >2 mm and active area. Simulations suggest that
cavity lengths of 2.4-3.0 mm can provide efficiencies
>75% provided that internal diode loss can be maintained
at ~0.7 cm™' (which has been achieved®?). Our design
mitigates the resistance of external drive circuitry by
maximizing the number of bars (40~50 bars) driven by
each driver and by maximally co-locating diodes and
circuitry, so that the total stack voltage drop dominates
external parasitic voltage drops. Based on measured
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component resistances within a 700 A prototype driver,”
we anticipate that driver series resistance <10 mQ can be
achieved. Future productization of multi-junction diode
bars*® may further mitigate high current requirements, but
are not included in our baseline design.

Diode wearout failure rates are impacted by both
operating point power/bar (P) and junction temperature
(T).*” Current devices at ~300 W/bar on 25 °C heat sinks
have demonstrated lifetimes >3.1 Giga-shots,”® and are
expected to exhibit 20 Giga-shot lifetimes.*” To mitigate
the higher operating power, the diode array is operated
with junction temperature near room temperature—a
reduction of 25~35 °C over typical operating conditions.
This is achieved due to the low duty cycle, a state-of-the-
art backplane cooling design, and low coolant temperature
input to the backplane.

A mini-channel design is used to provide effective
backplane cooling without costly and less-reliable
microchannel devices.* Using experimental correlations
for the minichannels,*”® simulations show 2 °C coolant at
the backplane inlet holds the junction at ~22 °C.

V.B. Pump Irradiance Considerations

Achieving a high irradiance (W/cm®) at the array
output is important to facilitate size reduction of the
overall amplifier and to simplify coupling to the amplifier
heads (and reduce coupling optics size). Polarization
multiplexing is used to obtain an array irradiance of ~40
kW/cm®. Approximately 25 kW/cm? is required from the
diode stacks, corresponding to a 200 um bar-to-bar pitch
for 500 W/bar (intensity equivalent to the design point of
340 micron pitch at 850 W/bar), which has been
demonstrated experimentally.”® The angular acceptance of
the polarization combiners (+3°) sets the diode fast-axis
collimation requirement. This divergence can be achieved
with relatively loose microlens alignment tolerances,
suitable for lower cost assemblies. Thermal simulations
show that a 340 um pitch does not significantly impact
either the diode average junction temperature or the
temperature rise of each QCW pulse.

TABLE II1. Diode Pump Subsystem Design and
Simulated Performance Parameters

Item Value
Array Peak Power 33 MW
Array Irrgdlance Wlth . 40 KW/em?
polarization multiplexing

Pulse width 164 ps
Diode wavelength range 872 + 6.6 nm
Average junction temperature 22 °C
QCW temperature excursion <6 °C on CuW
Coolant inlet temperature 2°C
Coolant mini-channel dimension 0.5 mm
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V.C. Integrated Pump Subsystem Model

The key design parameters described above are
summarized in Table III. Based on these parameters, the
complete pump subsystem (diodes, power conversion,
cooling) was modeled to determine its efficiency. The
model, which includes cooling pump power and a
secondary cooling loop, indicates an overall efficiency for
the pump subsystem of ~60%.

VI. DIODE LIGHT DELIVERY

The diode light delivery system’s critical role is to
transport the diode pump energy efficiently in a flat
profile to the amplifier slabs. Pump delivery designs must
address the challenges associated with the distributed,
divergent nature of these sources. The LIFE design
approach is to create a bright array and minimize the
depth over which the light must be delivered. The diode
light delivery system for LIFE takes advantage of a high
pump irradiance (20.3 kW/cm?®) and low divergence (4°
fast axis x 10° slow axis) source to accomplish this role. It
employs polarization combining to achieve additional
brightness (Fig. 10a), a common method of increasing
pump irradiance used for fiber systems and diode arrays.
Polarization combination is accomplished by splitting the
array into two sections. A half-waveplate is placed in
front of one section which rotates the polarization 90°
such that it transmits through a broadband polarizer (p-
polarization). The s-polarized light from the other section
of the array is directed by mirror to reflect off the same
polarizer such that the combined beams are traveling
collinearly. These beams are combined with the
collimated fast axis in the plane of incidence to minimize
the angular spectrum incident on the polarizer which has a
relatively narrow angular acceptance FWHM (~10°).
Neglecting loss, the effective irradiance of a given laser
source can be doubled. In reality, the optics impose a loss,
but this can be managed with proper design. Waveplates
and mirrors are low loss items accounting for < 0.5% to
the transmitted intensity. The polarizer in reflection (s-
polarization) also shows relatively low loss ~0.5%, while
in transmission the loss is can be expected to be 4% or
more. The combined transmission is then an average of
97%, or a combined irradiance of approximately 39
kW/cm®. Note that after polarization combination the
pump light is effectively unpolarized, so this method can
only be used where the pump polarization is not critical
(as in the LIFE architecture). As described in the previous
section, there are 1 mm gaps between the diode stacks for
mounting and electrical isolation. In the nearfield, these
gaps lead to local regions of low intensity. An additional
benefit of polarization combination method is that the two
polarizations travel different distances, so they are not
strictly relay imaged which tends to blur out the effect of
the gaps. Following the polarization combination optics is
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a simple Keplerian image relay telescope which takes the
polarization combined beam as an object and images this
diode pump source into the required pump area in the
Nd:glass amplifier. The relay imaging provides uniform
illumination with high contrast edges as the ray trace
model indicates (Fig. 10b). A mirror is used to fold this
architecture (for compactness) and direct the output of the
telescope through a dichroic which transmits the diode
light but reflects the 1053 nm laser light (Fig. 3). Note
that this was the original architecture to be used on the
Mercury laser, but low diode brightness prevented the
imaging system from being efficient. The polarization
combined diodes to be used on LIFE are ~40X brighter
than the Mercury diodes, which make this imaging simple
and straightforward.

Diode relay telescope Amplifier

Waveplate
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Fig. 10 a) Schematic of pump delivery method showing

polarization combination, b) output ray-trace showing
homogeneous pump profile

VII. OPTICS AND LASER GAIN MEDIA

There are a number of different types of optics in the
LIFE laser including amplifier glass, lenses, mirrors,
windows, a Pockels cell, and frequency conversion
crystals. Based on system modeling, these optics
specifications have been chosen for manufacturability and
to minimize cost. NIF, working in partnership with the
optics industry, has developed advanced fabrication
processes for more than 90 percent of optics specified for
LIFE. While optical lifetime testing at billions of laser
shots may ultimately require improvements to the
finishing and coating process steps to increase durability,
the NIF finishing specifications are currently thought to
be adequate for LIFE. The need to adjust optic fabrication
steps will be determined by lifetime testing in a one
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hundred Hz rep-rated laser facility that will be built at
LLNL.

The current baseline design for LIFE amplifier gain
media is a neodymium-doped phosphate laser glass
similar to that used in the NIF and previous laser systems
at LLNL. The current NIF amplifier glass and its finishing
specifications (i.e., scratch-and-dig limits), require the
amplifier slabs to be reduced in thickness to eliminate the
potential for surface crack growth due to thermal loading
during high-average-power operation. This requires that a
4-cm thick NIF amplifier slab be divided into 1-cm thick
slabs. In the LIFE baseline design, the angle of incidence
and aperture are also reduced from NIF’s from 56° angle
of incidence and 40 x 80 cm’ slabs to 0° angle of
incidence and 25 x 25 cm’ thereby improving
manufacturability. Advanced glass compositions with
higher fracture toughness and thermal conductivity can
significantly reduce the potential for thermal fracture.*!
With improved glass compositions the number of slabs
can be reduced to lower overall costs. Anti-reflection
coatings will need to be applied to these normal incidence
slabs with minima at the pump wavelength (872 nm) and
laser wavelength (1053 nm). Coatings very similar to
those required for LIFE were developed and are used in
the rod amplifiers for the NIF preamplifier modules, and a
similar coating was applied to the strontium fluorapatite
gain medium used on Mercury. As part of the
development effort, coating optimization and damage
measurements will be performed to engineer this coating
to meet LIFE specifications.

The LIFE laser will also require many different
lenses, mirrors, and windows. Most of these optics are
composed of fused silica which has been fully developed
for manufacturability to NIF specifications in sizes larger
that the LIFE laser requires. Finishing techniques such as
conventional polishing have been used and fully
developed in the past, along with Magneto-Rheological
Finishing (MRF) and small tool finishing to improve the
surface finish and reduce wave-front distortion. In
addition, coating techniques have been developed for the
NIF facility to meet spectral requirements with a high
damage threshold. We expect to maintain the NIF coating
specifications in LIFE. It is currently considered that the
NIF specifications for optics will be suitable for LIFE and
that durability measurements will confirm this to be the
case. Therefore, the focus for LIFE on finishing and
coating techniques is to reduce the costs by using
advancements such as deterministic finishing, automation,
or alternative techniques that meet requirements at
reduced cost. With regard to surface figure and finishing,
the only silica optics which are different from any of the
optics in NIF are the cylindrical optics to be used for the
spatial filter. While in general cylindrical optics are more
difficult to fabricate than spherical lenses, the
requirements on these optics (like all optics on NIF) are
stringent relative to typical commercial applications and
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require custom fixturing and test plates regardless of the
shape. Given this constraint and the fact that we will need
to produce > 1500 cylindrical optics for even the first
LIFE plant, optic vendors have assured us that with
proper facilitization, manufacturing will not be a problem
when the need arises.

Highly deuterated-potassium dihydrogen phosphate
(DKDP) crystals are required for the frequency
conversion and Pockels cell optics. NIF requires 70%
deuteration, however, the LIFE laser will require > 98%
deuteration to mitigate heating effects from absorption.
The growth of small 98%DKDP crystals has been
achieved, however, the growth of large crystals has not
been demonstrated and may be challenging due to the
monoclinic phase transition that occurs at lower
temperatures as the deuteration level increases. Therefore,
development of the technology for growing large highly
deuterated crystals will be required. Please note that
reasonably large plates of DKDP (50 x 80 x 10 mm3)
were fabricated for Mercury frequency converters which
showed excellent optical quality and a transmitted
wavefront meeting NIF  specifications.  Thermal
aberrations will be discussed in Sections IX and XI. In
general these aberrations are very low order wavefront
errors (and much smaller in magnitude relative to the
amplifiers) due to the face-cooled slab geometry we have
adopted which can be corrected with either a static
corrector or a deformable mirror.

Two new optical elements relative to NIF are
sapphire waveplates and quartz rotators as shown in the
LIFE beamline (Fig. 3). These two optic types currently
present the highest level of wuncertainty for
manufacturability and cost. A-plane sapphire crystals are
designed for ¥ waveplates. The blank size of 25 x 25 cm®
aperture is currently possible by two growth methods; the
HEM (Heat Exchanger Method)*' and the EFG (Edge-
Defined Film-Fed Growth) Method* (Fig. 11). Reducing
the cost of the blank optic as well as finishing of this very
hard material is necessary for use in the LIFE laser
design. Single crystal quartz presents a challenge for
producing the size required. Current quartz crystals are
grown by the hydrothermal growth method in sizes that
produce up to 150mm round optics* in a routine
production capacity. The scaling of quartz crystals to the
necessary size will be a lengthy development path due to
the lack of existing seed material of adequate size.
Therefore to reduce risk, an alternative method making
the large apertures is being pursued which utilizes smaller
quartz crystals bonded together to form the required large
aperture plate. Once a technique for producing the
necessary aperture is developed, cost reduction for
polishing and coating will be pursued.

There are potentially alternatives to sapphire and
quartz for polarization optics, but these carry even more
risk and development. Liquid crystals can be used for
polarization control both as waveplates and as rotators,
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but the liquid crystals are organic in nature. There is a risk
that at high fluences, the electric field will be sufficient to
break bonds. If even a small amount of carbon is formed,
runaway damage would occur for large shot count. An
alternative to the quartz rotators would be faraday rotators
but this would require development of the TGG ceramic
rotator material both in size and damage threshold, and
magnets which met the size/cost/field uniformity
requirements for LIFE. There are of course a whole host
of rotary materials for rotators and anisotropic materials
for waveplates that could be used. Setting aside damage
threshold, and chemical activity of many of these
materials, the biggest problem is near term availability in
the sizes needed for LIFE. Nonlinear and materials
experts have pursued alternative materials for several
decades here at LLNL, and the conclusion after this effort
is that DKDP is perhaps the only viable material for a
Pockels cell. Since development of this material is already
required, pursuing alternative materials for conversion is
unattractive. Quartz has been used for many years in high
energy systems and been proven as a laser material, and
from a scale standpoint can already be fabricated in
quarter aperture size which makes this material the
strongest candidate for a rotator. Likewise, sapphire is
already available in full size, with good intrinsic damage
threshold. Remaining development lies in minimizing
fabrication cost, and optimizing the surface fabrication for
highest damage threshold.

Fig. 11. Edge-Defined Film-Fed Growth (EFG) sapphire
plate from Saint Gobain showing current capability of 1.0
x 30 x 40 cm’ and 1.0 x 22 x 60 cm’

VIII. COOLING SYSTEMS

The two primary laser cooling systems are a liquid
(water-based) cooling loop for general cooling and a high
pressure Helium gas loop for the amplifier heads. The
liquid loop cools the diode pumps, Helium gas, and
assorted additional subsystems (e.g; beam dumps). It
accounts for ~90% of the electrical power consumption in
the cooling subsystem, which is dominated by chillers.
Cooling subsystem costs are divided approximately
equally between the liquid and Helium loops, with the gas
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loop cost being dominated by high pressure compressors
used to drive the Helium flow.

The primary heat load on the liquid loop is due to the
pump diodes (diode cooling details are provided in
Section 1V). The primary coolant is chilled using heat
exchangers interfaced to a secondary cooling
system/chiller using ammonia as the working fluid.

Amplifier heads are cooled by flowing high pressure
(5 atm.) helium gas over the amplifier slab faces at ~50
m/s, in a face-cooled configuration that minimizes
thermal birefringence. This approach uses Helium gas to
avoid beam quality degradation,® and was previously
demonstrated in a similar high energy/high average power
beamline.® The Helium cooling loop external to the
amplifier heads comprises a compressor and a distributed
set of intercoolers. Suitable industrial scale, high
reliability compressors are available from several
manufacturers. Each amplifier head is served by a
separate, water-cooled heat exchanger/intercooler, so that
multiple heads can be cooled in series by a single
compressor and the overall subsystem cost can be
optimized by increasing the number of beamlines served
per compressor. For maximal availability, bypass ducts
are deployed in the helium plumbing so that gas flow can
be rerouted around any beambox that must be replaced.
This enables other beamlines sharing a common
compressor to continue operations in the event of failure
or replacement of one beam box.

IX. GAIN ISOLATION

Because polarization rotation is used to switch pulses
out of the amplifier, the gain isolation device need not be
located at the output of the amplifier cavity. It can be
placed in a lower fluence location, and in our design this
fluence is <0.4 J/em®. This low fluence opens up a wider
range of design options for the gain isolation device, from
which we have selected a longitudinal Pockels cell based
on a z-cut, highly deuterated potassium dihydrogen
phosphate (DKDP) crystal. We use a longitudinal
configuration to reduce switching voltage and avoid the
need for stringent crystal matching (to compensate
thermal birefringence), as compared to transverse
devices.”” DKDP is used as the electrooptic material due
to its low optical loss and availability in large aperture.

The implementation challenge for longitudinal
Pockels Cells is the need for a transparent electrode in the
optical beam path. In a high energy fusion laser, this
electrode must withstand repetitive exposure to high
energy pulses without degradation. An elegant solution
proposed for the National Ignition Facility employed low
pressure plasmas for these electrodes.® Such plasma
electrode devices, however, provide very little ability to
cool the DKDP crystal, and could present difficulties in
high average power applications. A potential alternative is
the use of transparent, conductive thin film electrodes
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based on materials such as indium tin oxide (ITO),*"*%4

which has been demonstrated with optical damage
thresholds in the 3~11 J/cm® range.*’**

It is challenging to achieve both high transparency (a
prerequisite for high damage threshold) and Ilow
resistivity for ITO that is directly deposited on DKDP.
Because DKDP has a destructive phase transition near
145 °C, the ITO deposition must be performed at
relatively low substrate temperatures, resulting in high
sheet resistance (>200 CY/square) for high damage
threshold films.*”** The high sheet resistance, in
combination with the crystal capacitance, forms a
diffusive delay line with a slow rise time that is unsuitable
for gain isolation on timescales of ~100 ns.

For this reason, we have selected an alternative
approach in which the ITO is deposited on a separate
substrate, which is positioned in close proximity to the
DKDP crystal (Fig. 12).
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Fig. 12. Schematic view of gap-coupled Pockels Cell

By using a high-temperature substrate such as sapphire,
the optimal electrode deposition temperature (near 300
°C) can be used to optimize the transparency/resistivity
tradeoff. The thermomechanical properties of sapphire are
also attractive for this application. The high thermal
conductivity-heat  capacity = product of  sapphire
significantly reduces the ITO thermal rise due to residual
absorption of laser pulses, and the close expansion
coefficient match of ITO to sapphire reduces the stress
induced by transient laser pulse heating. Based on the
performance achieved for ITO deposited under optimized
conditions, we anticipate that electrodes can be achieved
with ~1% absorption loss, ~150 Q/square sheet resistance,
and damage thresholds >1.5 J/cm®.

IX.A. Cooling Considerations

At high repetition rates and moderate fluence, low
level absorption within the DKDP causes nonuniform
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heating of the crystal. This raises concerns with crystal
fracture or thermal birefringence (which degrades gain
isolation). Our designs limit the center-to-face
temperature gradient within the DKDP to < 1 °C to avoid
fracture concerns, and employ face cooling of the crystal
to minimize thermal birefringence effects.”” The gap
coupled electrode structure establishes a channel for fluid
flow between the crystal and electrode surfaces, providing
a natural mechanism for face cooling. This can be
achieved using either liquid or high pressure gas coolants.
With gas cooling, dielectric breakdown of the gas is a
concern, forcing the design to thicker crystals (increased
heating and thermal birefringence) and high gas pressures
(~2.5 atm, thick windows). For these reasons, an organic
liquid similar to those employed in commercial systems
will be used. Development and demonstration of this
Pockels cell technology is currently underway.

IX.B. Design and Simulated Performance

The electrode-to-crystal gap spacing is a key design
parameter, since it sets the drive voltage, device
capacitance, and coolant pressure drop. The baseline
design employs 8 mm thick DKDP, 0.4 mm gaps, and
26x26 cm’ device area. This provides a halfwave voltage
of 20.8 kV, appreciably less than that required for
transverse devices at the same aperture (>50 kV), and 1.3
nF capacitance. The electrode-resistance-limited risetime
is 70 ns to 2% settling for 150 Q/square sheet resistance.

This configuration can be cooled with a 0.24 m/s
coolant flow in the gaps, requiring 1 psi pressure drop.
Under these conditions, the temperature variation within
and across the DKDP is <0.3 °C, and the crystal
temperature rises 2 °C above the coolant due to boundary
layer effects. This results in a simulated extinction ratio
degradation due to thermal birefringence below 0.1%.

X. BEAM CONTROL

From an alignment perspective, LIFE has significant
architecture similarities to NIF. Like NIF, the laser is an
image-relayed, four-pass-amplifier design; the pulses
propagate to the target area through a system of transport
optics; and each beam is precisely aligned to a specific
point on the target.”™' However, there are also some
important differences: LIFE operates continuously at
16Hz, while NIF is a single shot system; pump light as
well as the pulsed beam must be aligned; the output from
the fusion engine places new limitations on the location of
control electronics; and finally, each pulse must hit a
moving target. It is important to note that shooting this
small target is not outside demonstrated commercial
capabilities. Note also the large difference in speed. The
target is moving at 200-400 m/s, while the tracking
system is operating at the speed of light 3x10® m/s. The
target will look frozen in space relative to the light
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diagnostics and pointing. Taking into account time
required for detection, controls for repointing, and laser
triggering (~17 ps), the target only moves about 7 mm
(and this distance is readily precompensated).

For LIFE, a slow pointing and centering subsystem
(~1Hz) maintains optimum average alignment throughout
the facility by compensating for low frequency drift and
for the thermal changes associated with the full range of
start up and normal operating conditions. The effects of
ambient vibrations from laser cooling, maintenance
activities, power plant components, and local ground
motion are controlled by a combination of mechanical
design and closed-loop pointing compensation.
Mechanical resonances are required to be SOHz or higher
and to avoid AC power frequencies. Higher frequency
pointing changes tend to be smaller in amplitude and are
compensated by a fast pointing system with a closed loop
bandwidth of hundreds of Hz. The operation of this
system is tuned to maximize pointing stability across the
full frequency range. These functions are noted in Fig.13.

X.A. Target Tracking and Engagement

A new capability for LIFE is target tracking and
engagement. Target tracking measures the trajectory of
each target as it approaches the nominal shot location.
Orthogonal pairs of horizontal beams cross the target path
at several vertical positions. At each level, opposing
sensors detect the time and transverse location of the
passing target by its effect on the transmitted beam.

Analysis of this data predicts the precise location and
arrival time of the target in the shot zone.

Immediately before the ignition pulse is injected into
the amplifiers, the engagement subsystem measures and
refines the pointing of each beam line with respect to the
target. Separate pulsed engagement illuminators (dashed
line in Fig. 13) provide a backward propagating glint from
the target. Comparison of the glint light direction with
that of the forward-going laser alignment beam
determines the final laser pointing correction, which is
implemented with acoustic beam deflectors in the small
aperture front-end of the laser system. Note that this
deflection is small (approximately 50 prad deflection in
the LIFE amplifier) relative to the size of the spatial filter
opening in the relay telescope between the LIFE
amplifiers (approximately 600 prad).

LIFE beam diagnostics perform the same basic
functions as on NIF. They monitor the repeatability of
pulse energy and temporal shape because these properties
must be within tolerance for each target. They also
measure beam average power, transverse profile, and
frequency conversion efficiency as inputs to maintaining
optimum beam line performance. An additional
subsystem monitors the condition of the final optics,
which are exposed to a more stressful environment than
the rest of the system The sensors required to implement
Beam Control functions are shared and integrated to the
maximum possible extent to minimize cost, space,
computer  control  overhead, and  maintenance
requirements.

Laser Box

¢ Slow centering & pointing
* Wavefront correction

* Fast pointing

* Laser diagnostics

Beam Transport

Beam Control Functions

¢ Slow centering & pointing
¢ Output diagnostics

* Wavefront correction

* Frequency conversion

» Target engagement beam deflector ¢ Target engagement sensor

Target Area
* Target tracking -
* Target engagement source ------

Fig. 13 Beam control schematic diagram

X.B. Wavefront Correction

The NIF wavefront correction system successfully
compensates for both the static aberrations of beam line
components and the thermal distortion introduced by
firing the main beam amplifiers.”” LIFE requires a similar
capability, but its amplifiers introduce significantly more
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thermal distortion at the beam edges. This occurs because
the size of the pumped footprint is closely matched to the
beam size for maximum efficiency and produces large
index gradients at the edge. A static wavefront corrector is
incorporated within each amplifier to compensate for this
effect. These correctors are easy to fabricate using the
same technique used to make the CPPs — namely
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Magneto-Rheological Finishing (MRF), a deterministic
polishing technique that allows the user to literally
program a desired surface into a computer controls on the
MRF machine which then creates the optic with high
fidelity and high damage threshold. This particular
method (corrector vs. CPP) was successfully used on the
Mercury laser system and enabled much of the early
operation of the system.® Alignment of these plates with
simple micrometer stages was straightforward because of
the large length scale of thermal aberrations (~3-10 mm).
The open architecture of the LIFE amplifiers will allow
an extremely simple, robust, and accurate method of
alignment: the pumped area can be aligned to a corrector
centered in the amplifier through simple feedback
between beam diagnostics and the pump alignment
system. Once aligned, this system will only have to
account for long term drift. The residual wavefront error
and other long term thermal drifts are compensated by a
full aperture deformable mirror controlled in continuous
closed loop (1Hz).

XI. FREQENCY CONVERSION

Frequency conversion’> of the fundamental
wavelength at 1053-nm to the second and third harmonic
wavelengths of 527-nm and 351-nm allows for more
efficient absorption of laser energy by the target.”® This
section describes a method for efficiently converting the
desired pulse shape to short wavelengths using highly
deuterated potassium dihydrogen phosphate crystals
(DKDP). Highly deuterated DKDP is desirable for high-
energy, high-average-power frequency conversion
because of its potential low absorption.'® Sapphire or
fused silica windows surrounding the DKDP crystals
form cooling channels for flowing Helium gas using the
same method as with the laser amplifiers. The continuous-
phase-plate (CPP) for beam smoothing applications at the
target plane, would be located midway between the
doubler and tripler crystal pairs (not shown), and will
have no impact on the conversion efficiency (as we have
shown with detailed simulations).

XI.A. Pulse Shape

The third harmonic pulse delivered to the target is
divided into two portions known as the ‘foot’ and ‘drive,’
as shown in Fig. 14. The foot and drive portions each
traverse separate amplifier and frequency converter
modules. Since the foot and drive have similar peak
intensities, a frequency converter can be designed to reach
optimal efficiency as compared to frequency converting
the “total” pulse with one converter. One “foot” beam line
is required for three “drive beam lines, and the focal
planes of each must overlap on the target for the
integrated pulse shape to match that required by ICF
target physics. For interchangeability in the LIFE facility,
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the “foot” and “drive” beam converters are optimized
with the identical crystal phase-match types and
thicknesses. The implications of this are that a particular
beamline is flexible to be either a foot pulse or a drive
pulse on the fly. Since the pulse shape for each beam box
is controlled by its PAM, if replacement of the one of the
small number of boxes producing a foot pulse is required,
a box producing a drive pulse can be switched to a foot
pulse (or any in-between shape that is deemed necessary
during the maintenance). This is accomplished using
preprogrammed pulseshapes which are loaded into the
computer controls, where pulse switching has been
demonstrated in Mercury lab to be possible even on the
next shot.

9200

200 - e==Total pulse (sum of beams)

Foot pulse (1 beam out of 4)

700 |
—==-Drive pulse (3 beams out of 4)

600

500

400 |

Power (TW)

300

;
200 | HEA
1
1
100 !
/
0 = e

0 5 10 15 20
Time (ns)

Fig. 14. The pulse shape is shown with its respective foot
and drive portions for optimizing conversion efficiency.

XI.B. Frequency Converter Design

Conversion to the second and third harmonics is
accomplished via a cascaded 4-crystal design,™ two
DKDP crystals each for second and third harmonic
conversion, as shown in Fig. 15. For frequency doubling
and tripling, the two crystals are rotated 180 degrees
about the beam-propagation axis with respect to one
another, creating an alternation in the c-axis orientation.”
This scheme is referred to as alternating-z. However,
parallel z-axis operation is also possible, if attention is
paid to the alternation of sign in the doubler angle-tuning.
These four-crystal schemes require thin crystals, which
are ideal for thermal and stress management under high
average power operation. They also allow a wide range of
incident intensities to be efficiently converted, thereby
increasing the dynamic range,” as compared to two-
crystal frequency converter designs (not shown).

Type I or type II phase matching is considered for the
second harmonic or ‘doubler’ crystals, while type II phase
matching is used for the third harmonic or ‘tripler’
crystals.”” Type I phase matching is preferred for the
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doubler since the four crystal type I/type II scheme has
near-equal conversion efficiency for the LIFE pulse shape
shown in Fig. 14 compared to Type II phase matched
doublers and triplers (76.5% vs. 76.3%, respectively), and
does not require an additional 35.3 deg rotation of the
input fundamental beam polarization. Also, type I/type II
tripling is the only phase-match scheme in DKDP that can
tolerate a moderately non-uniform polarization of the
1053-nm beam.’? For that reason, it has become the
default choice for ICF lasers around the world. In the
LIFE laser design, aggressive birefringence compensation
will limit polarization non-uniformities, allowing for
efficient frequency conversion with either a Type I/Type
IT or Type II/Type II frequency tripling scheme.

CPP plate il Beam
'Y Ry direction

<

3o pol.

Pair of type | or
type Il doublers

., Pair of type Il

triplers
Type |
input ‘\‘\
OR oot
Type Il 10 pol.
input 35.3°

Fig. 15. The frequency converter with two DKDP crystals
for frequency doubling and tripling is shown. Type I
phase matching requires horizontally polarized input.
Type Il phase matching requires the linearly polarized
beam be oriented at 35.3 degrees.

For Type I phase matching, the input polarization is
linear and along the ordinary axis of the first doubler. For
Type II phase matching, on the other hand, the incident
fundamental beam is polarized at 35.3 degrees with
respect to the ordinary axis of the first doubler crystal.
The ratio of incident fundamental power along ordinary
and extraordinary axes is 2 to 1. This provides the optimal
frequency mix ratio of fundamental and second harmonics
to produce the third harmonic in the pair of tripler
crystals. The use of Type II doublers would require a
quartz-rotator or sapphire half-wave plate upstream from
the converter, or else crystal orientations that are rotated
35.3 degrees about the propagation direction. In Type I
phase matching, the optimal mix ratio of fundamental to
second harmonic for tripling is obtained by angle-tuning
the phase-match error (with opposite sign) in the doubler
crystal pair. Further study is needed to decide which
phase-matching approach is more robust against thermal
distortion and ultimately less expensive.
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In our simulations, slight angular detuning in the
triplers of approximately 30 prad from exact phase
matching is allowed to account for errors in crystal
manufacturing. The sign of the angular tuning error must
be adjusted depending on the crystal’s alternating-z
orientation. Additionally, our simulations include the
phase-mismatch effects of 60 GHz of FM bandwidth for
the fundamental beam (180 GHz at the third harmonic),
required for beam smoothing and suppression of
transverse stimulated effects.' Increased third harmonic
bandwidth capability (up to 450 GHz) might also be
achieved, if necessary for target physics, by appropriate
phase-mismatch (by opposite angle tuning) of the tripler
crystal pair.”*’

Frequency converter parameters and efficiencies are
listed in Tables IV and V. For a given third harmonic
pulse shape, the incident pulse shape and required input
energy are calculated at the input of the laser amplifier
and frequency converter chain. Diffraction and beam
quality are accounted for in the 1053-nm laser chain and
in the frequency converter. Conversion efficiency can be
optimized by changing the crystal lengths and angular
tuning. While converter designs can be separately
optimized for the “foot” and “drive” beams, the four
crystal type Il/type II design listed in Table IV uses
crystal lengths of 8 and 9 mm. In the type I/type II
scheme, we’ve used a thicker first doubler, following the
work of Eimerl.”> However, for best thermal management
and reduced risk of crystal fracture, a thinner first doubler
may be used — by reversing the order shown in Table V -
with only a few percent loss in conversion efficiency.
Further crystal thinning is also possible with some loss in
efficiency. Adding a third doubler and/or tripler crystal is
also possible. While our detailed modeling of thermal
aberrations is still in progress, we anticipate longitudinal
thermal excursions of approximately 1 degree C for
highly deuterated KDP (>98%), which should allow the
conversion efficiency to remain high.

TABLE IV. Frequency Converter Parameters for a Four
Crystal Type II/Type II Tripling Scheme

Foot Portion | Drive Portion
Crystal lengths (mm) 9,8,8,9 9,8,8,9
Angular detuning (urad) | 30,-30,30,-30 | 30,-30,30,-30
Conversion Efficiency 69.5 % 78.5 %

TABLE V. Frequency Converter Parameters for a Four
Crystal Type I/Type II Tripling Scheme

Foot Portion

Drive Portion

Crystal lengths (mm)

13,11,8,11

13,11,8,11

Angular detuning (prad)

280,-180,30,-30

280,-180,30,-30

Conversion Efficiency

68.9 %

79.0 %
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XII. FINAL BEAM TRANSPORT SYSTEM

The final beam transport system encompasses all of
the optics required to transport the beam from the exit of
the frequency converter to the target chamber center. In
addition to the laser fluence at 351 nm, several of these
optics are exposed to neutron irradiation, and the final
optic to additional mechanical shock and target shrapnel
from target ignition. This final optics transport shown
schematically in Fig. 3, is fundamentally different than
the NIF architecture which essentially has a wedged
focusing lens and debris shield installed in close
proximity to the frequency converter. To protect the laser
system and operations personnel from neutron irradiation,
devices called neutron pinholes are used. The neutron
pinhole is a small (~ 1em) hole in the meter thick concrete
shield walls which allow light to pass, but also neutrons.
If this pinhole is situated at the focal location of a
Keplerian relay telescope, the aperture of this pinhole can
be minimized (theoretically to the same size as pinholes
in the lo beamline) thereby minimizing transmitted
neutrons while fully transmitting the laser light.
Calculations based on the hardware shown in Fig. 16
indicate that the radiation dose can be attenuated to 0.04
rem/yr. utilizing two cascaded telescopes. Note that the
final optic not only focuses but deflects the beam from the
axis of the final neutron pinhole relay telescope to the
target chamber center. While the final optic deflects the
laser beam, it can only act as a scattering source for
neutrons thereby preventing ballistic neutrons from
passing through the neutron pinhole. The transmitted
spectrum of neutrons from the pinhole will be a roughly
Lambertian source of neutrons which have scattered from
the surrounding shield materials and blanket. The axis of
the first neutron pinhole is orthogonal in the architecture
shown in Fig. 16 which prevents ballistic neutrons from
the first pinhole from passing through the second one.

Fig. 16 Target chamber and beamlines showing final optic
focusing and two cascaded neutron pinhole relay
telescopes
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As indicated in the architecture section, the optic
which is the most at risk in the entire laser system is the
final optic. The final optic is directly exposed to the target
chamber gases (primarily xenon, but with target
admixture of helium, hydrogen, deuterium, tritium,
carbon etc) and target shrapnel. The baseline output of the
LIFE.2 (first commercial) power plant is 2100 MW. The
ions and x-rays are absorbed by the xenon gas in the
target chamber, leaving 1730 MW of 14 MeV neutrons
from the fusion reaction which yield an average exposure
of 1.5x10"” n/m*sec at the final optic location. In addition
there is a pressure wave producing ~ 0.53 torr of pressure
at the final optic location in addition to the baseline
pressure of 21 torr. Finally, the optic sits in an
environment coupled to the vibrations associated with the
gas expansion from ignition and liquid lithium flow in the
target chamber blanket. This is somewhat mitigated in the
LIFE design by mechanically decoupling the first wall
and blanket from the vacuum chamber that is connected
to the optical pipe assembly. The beamline apertures in
the blanket also act to attenuate the gas shock incident on
the final optic. The final optic must survive the residual
threat and efficiently transmit and focus the 351 nm laser
light at ~3 J/cm? (normal to the beam).

There are several possibilities for the final optic
including: a grazing incidence metal mirror (GIMM), a
parabolic mirror, and a thin Fresnel optic. Note that if the
GIMM or parabolic mirror is used an additional vacuum
window must be included in the design immediately
upstream of the final optic before the neutron spatial
filter. This optic serves two purposes: first to guarantee
vacuum at the telescope focus so that the laser light can
be transmitted, and to serve as a tritium barrier. Careful
study of the different options indicates the Fresnel optics
offers the lowest risk at this time. The GIMM mirrors by
necessity will be very large making them difficult to
fabricate, mount, point and/or correct wavefront. The
metal substrate of the GIMM, like all metals has a low
damage threshold and can only achieve a high threshold
by having a nearly atomically flat surface. Such a system
is perturbation unstable to even the smallest of shrapnel
particles from the target. The parabolic mirror is difficult
to mount and point in this environment, and the dielectric
coating on the surface is extremely sensitive to
modification which could arise from the radiation. Further
study is needed to determine the magnitude of these
effects on the reflectivity and the damage threshold. Both
the GIMM and the parabola also require the vacuum
window which essentially represents another optic in the
high radiation environment (doubling the risk). The
Fresnel optic can act as both the final focusing optic and
as the vacuum barrier. By making this optic thin, the
neutron induced absorption can be reduced to the few %
level. Based on earlier work™®”, the neutron induced
absorption in fused silica saturates at fairly modest
neutron irradiation levels, and this absorption can be
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partially annealed by raising the temperature of the
substrate. A 5.3 mm thick fused silica substrate for the
Fresnel optic would be sufficient to serve as the vacuum
barrier between the target chamber at 21 torr and the relay
telescope at ~ 100 ptorr. Simulations based on the
experimental data indicate that if this 5.3 mm thick optic
were maintained at ~580 °C, the absorption loss could be
reduced to ~ 0.5%. The heating can be accomplished
through a combination of the beam heating and an
external heater producing ~3.4 MW. If no heater is used,
the beam heating alone will raise the temperature of the
optic to ~518 °C, with associated transmission loss of ~
3.5%, which is still reasonable. For these reasons, a 5 mm
thick fused silica Fresnel optic is the current baseline
architecture for the final optic. The damage threshold of
this optic is also in question and will require further study
to determine the combined effect of these threats on the
lifetime of the optic. While almost all of the LIFE systems
can be developed separately, the final optic (and all other
materials which must withstand the heavy neutron flux)
must be tested in an integrated facility like the proposed
first LIFE power plant.

The final issue which is shared by all final optic
options and by the other optics between the two neutron
pinholes is the replacement of these optics in a radiation
hot environment. To first order all electronics cannot
survive in this environment and would have a low MTTF.
Hydraulics and/or simple mechanical solutions are being
considered. At this time, an engineering solution has been
identified which is being modeled and will be
demonstrated with a engineering prototype to prove out
the capability. The replacement hardware must have a
very large MTTF since failure of these components would
require plant shut-down (affecting plant availability) to
enable access to the hardware in the high radiation area
around the target chamber. Our solution puts all of the
short lived components on the final optic LRU itself, so
that the MTTF of anything which is not accessible is
commensurate with plant lifetime. This architecture is
robust against catastrophic failure of the Fresnel final
optic since upstream optics act as secondary and tertiary
barriers. The vacuum system handling the both neutron
pinholes is connected to the trittum handling system in the
event of a leak during failure or intentional leak during
optic replacement. Finally the optic is monitored with a
damage detection system similar to that present in the 1o
beamline and demonstrated on Mercury which evaluates
the appearance of any flaws in the optic and shuts down
the beamline as necessary.

With a final optic solution identified, a complete
optical model of the final beam transport system has been
constructed. Grating efficiency codes are used to define
the operational space of the Fresnel optic. Transmissive
Fresnel optics have optimal efficiency for deflection
angles between 36-68 degrees when operated near Littrow
angle. While the beam will not experience any
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anamorphic change in this orientation, the models predict
a large temporal skew in the pulse as well as chromatic
aberration which causes the far field spot size to increase.
To minimize the negative chromatic aberration in the
Fresnel optic, a refractive relay lens (L9) with positive
chromatic aberration was added to balance the entire
system enabling chromatic performance similar to NIF.
Likewise, a second diffractive optic (grating LG in fig. 3)
was introduced to compensate for temporal shear induced
by the Fresnel optic across the pulse. This grating serves
double duty as a second neutron resistant optic since it is
the next optic in the path of neutrons scattered by the final
optic through the neutron pinhole #2 (see Fig. 3). This
grating can also be made thin and take advantage of
dramatically reduced neutron threat relative to the final
optic. To improve focal spot size at the 17 meter standoff
and reduce the fluence load to the final optic, the last
telescope magnifies one last time by a factor of 1.28X and
image relay is set at the final optic location which reduces
the average fluence on the final optic to 2.4 J/cm® with
contrast similar to the frequency converter (~4.5%). Due
to the scarcity of neutron sources for exposing large areas
of grating material for damage tests, ion bombardment
will be used for near term evaluation of radiation on the
grating geometry. As stated earlier, bulk neutron and
annealing effects on performance can only be evaluated in
an integrated facility producing 14 MeV fusion neutrons.

XIII. SUMMARY AND PATH FORWARD

Following the momentum initiated by the
construction of the NIF laser and anticipated fusion
ignition this year, we propose to construct an operational
fusion power plant. The laser system for LIFE can be
achieved by developing a few key technologies, and
precision engineering of existing technologies to match
our design requirements. One example of such a key
technology is the cylindrical spatial filter, which could
enhance MTBF of the beamline LRU. While these do not
pose any challenges from a basic physics perspective,
they require a robust engineering solution.

In the near term, small scale engineering prototypes
will be realized as a basis for a design effort. These laser
designs will be undertaken as part of an overall power
plant design process to ensure self-consistency and
system-level optimization of performance. Critical to
these initial studies is an accelerated testing facility for
the laser components and optics to evaluate and establish
baseline lifetime values for optics. This data will be used
to select materials and processes to be used with life
optics and laser systems as well as guide development
strategies and mitigation efforts for optics of the future. A
high repetition rate laser system running at 100 Hz has
been proposed which could generate lifetime data over 1
billion shots in a 4 month time period.®’ The engineering
prototypes and accelerated testing will culminate in a
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“LIFElet,” a single complete beamline demonstration of a
LIFE plant which includes focus into a simulated target
chamber with target injection and engagement
demonstration. This will serve as the final basis for the
first LIFE power plant where the integration and
interoperability of the system will be evaluated.
Immediately following the LIFElet demonstration,
construction of the first LIFE plant will begin with
intended average power operations producing power.
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Comparison of Nd:phosphate glass, Yb:YAG
and Yb:S-FAP laser beamlines for laser inertial
fusion energy (LIFE) [Invited]
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Abstract: We present the results of performance modeling of diode-
pumped solid state laser beamlines designed for use in Laser Inertial Fusion
Energy (LIFE) power plants. Our modeling quantifies the efficiency
increases that can be obtained by increasing peak diode power and reducing
pump-pulse duration, to reduce decay losses. At the same efficiency,
beamlines that use laser slabs of Yb:YAG or Yb:S-FAP require lower diode
power than beamlines that use laser slabs of Nd:phosphate glass, since
Yb:YAG and Yb:S-FAP have longer storage lifetimes. Beamlines using
Yb:YAG attain their highest efficiency at a temperature of about 200K.
Beamlines using Nd:phosphate glass or Yb:S-FAP attain high efficiency at
Or near room temperature.

©2011 Optical Society of America
OCIS codes: (160.3380) Laser materials; (140.0140) Lasers and laser optics.
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1. Introduction

Interest in the development of laser fusion energy has been increasing in recent years, for
several reasons. Demand for electrical power, particularly power that is carbon free, has been
increasing. The National Ignition Facility (NIF), which uses a solid-state laser driver, is soon
expected to achieve fusion ignition and gain, thus demonstrating the feasibility of the basic
process laser fusion power plants would use to generate electricity. Additionally, a sea change
is occurring in the cost, availability and performance of diode lasers, which enable solid-state
lasers to operate at the high efficiency and repetition rate required for fusion power plants.
Given these trends, it is not surprising that several groups have proposed to develop laser
fusion energy based on solid-state laser drivers [1-7].

A fusion power plant concept called Laser Inertial Fusion Energy (LIFE) has recently been
put forward by engineers and scientists at the Lawrence Livermore National Laboratory
(LLNL) [2,8-10]. As currently envisioned, each LIFE power plant would have net electrical
power generating capacity of 1 GW and use a 2.2 MJ, 384-beam, harmonically-converted
Nd:glass laser to ignite cryogenically-cooled, indirect-drive fusion targets. Predicted overall
laser efficiency, including power drawn by the laser cooling system, is greater than 15%.
Details of the LIFE laser beamline design have been described before [10].

Nd-doped APG-1, a phosphate glass, was the gain medium chosen for the LIFE laser
design because its properties meet requirements for efficient, high-average-power operation
[11,12]. Specifically, storage lifetime is sufficient for pumping to be achieved using numbers
of diodes that are affordable, when diodes are purchased in power-plant quantities. Saturation
fluence is high enough for energy to be stored efficiently at high density, yet low enough for

#151989 - $15.00 USD Received 29 Jul 2011; revised 10 Oct 2011; accepted 15 Oct 2011; published 26 Oct 2011
(C) 2011 OSA 1 November 2011 / Vol. 1, No. 7/ OPTICAL MATERIALS EXPRESS 1343



energy to be extracted efficiently at fluences below damage thresholds. Thermal shock
resistance is sufficient to sustain laser operation at the required repetition rate of 16 Hz.
Additionally, risks associated with the availability of Nd-doped phosphate glass slabs, in the
quality and quantities needed for fusion power-plant lasers, is small relative to availability
risks for most other gain-media. Over 110 metric tons of high-quality phosphate laser glass,
distributed over 3072 slabs with dimensions of 4 cm x 44 cm x 74 cm, has already been
fabricated for the NIF laser at LLNL. A similar quantity has been fabricated for the Laser
Megajoule in Ceste, France. In comparison, the LIFE laser design uses only 27 metric tons of
phosphate laser glass, which is distributed over 15,360 laser slabs with dimensions of 1 cm x
26 cm x 26 cm. The LIFE laser uses less phosphate glass than the NIF laser because stored
energy density in the slabs is higher, and because less energy needs to be stored due to higher
laser efficiency.

We have considered two other candidate gain media for use in LIFE laser beamline
designs: Yb-doped yttrium aluminum garnet (Yb:YAG) and Yb-doped strontium fluorapatite
(Yb:S-FAP). Both materials have been considered previously for use in fusion power plants
and have potential performance advantages relative to Nd-doped phosphate glass [3—6]. With
their longer storage lifetimes, Yb:YAG and Yb:S-FAP require fewer diodes for pumping.
Since laser pump diodes are a major cost center for solid-state fusion lasers, this is an
especially important consideration. Another advantage, which arises from the relatively
simple, two-state electronic structure of Yb** ions, is immunity from several loss mechanisms
that affect Nd** and other rare-earth lasers, including excited-state absorption, concentration
quenching and upconversion. YAG also has much higher thermal conductivity and higher
thermal shock resistance than phosphate glass. A disadvantage of Yb:YAG, however, is the
necessity to cool slabs to temperatures well below room temperature for efficient operation.
Cooling is required to reduce the thermal population of the lower laser level, which absorbs a
portion of the extracting laser beam. Cooling also reduces the saturation fluence, so that stored
energy can be extracted more efficiently without causing optical damage. Yb:S-FAP has more
fortuitous spectral features than Yb:YAG that enable it to operate efficiently even at room
temperature [13,14].

To date, Yb:YAG and Yb:S-FAP have been manufactured only in much smaller quantities
and slab sizes than would be required for a LIFE power plant. However, excellent progress on
the development of fabrication technology for these and similar materials has occurred.
Fabrication of transparent ceramic YAG material using vacuum sintering is particularly
salient [15,16], as this process appears readily scalable to large slab size. As the time required
for fabrication is quite small, the vacuum sintering method appears amenable to mass
production. Advances in technique have reduced scattering losses to ~0.1%/cm.

Progress has also been reported on the development of Yb:S-FAP crystals. Growth of the
first small, high-quality crystal boules were reported in 1994 [17]. Subsequently, a program
was conducted, both at LLNL and at Northrup Grumman, to develop larger crystals for use in
the Mercury laser system, at LLNL [18]. A number of crystal growth issues were discovered
and addressed, but the issue of the occurrence of growth defects that cause small-scale
wavefront features still remains. Nonetheless, crystals of sufficient size (0.7 cm x 4 cm x 6
cm) and quality were fabricated for use in the Mercury laser, which produced 60-J pulses at
10-Hz [19]. A recent development is the fabrication of C-FAP transparent ceramic [20]. C-
FAP has the same crystalline structure as S-FAP but with calcium ions replacing strontium
ions. Since C-FAP, like S-FAP, is uniaxial, it was necessary to align the constituent nano-
crystals, to manage scattering losses. Alignment was achieved using a strong magnetic field.
If successfully developed, this method has the potential for manufacturing laser slabs of the
size needed for LIFE lasers, while avoiding the defect issues that attend Yb:S-FAP crystal
growth.

In this paper, we examine and compare the predicted performance of laser beamlines that
use laser slabs of Nd:APG-1, Yb:YAG and Yb:S-FAP. A goal of our work is to provide
materials developers with a measure of the relative performance of these three different gain
media, when they are used in a laser architecture that enables high efficiencies to be attained.
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We have attempted to make these calculations comprehensive by including all laser energy
transfer processes as well as the electrical power consumed by the cooling system. The
remaining sections of this paper are as follows. In Section 2, we describe the LIFE laser
beamline design. In Section 3, we describe our model for calculating efficiency. In Section 4,
we describe calculations performed using our model. We present our modeling results in
Section 5 and we provide a summary in Section 6.

2. Laser design

Figure 1 provides a schematic diagram of the LIFE laser beamline design [10]. Following
established practices for high-energy pulsed lasers such as the NIF, the LIFE laser design uses
far-field spatial filtering to control the nonlinear growth of small-scale intensity features and
image relaying to limit the negative impacts of diffraction on beam quality [21]. Also, like the
NIF and LMJ lasers, the laser pulse is injected into the main amplifier cavity by reflecting a
low-energy seed beam from a small mirror near the far field of a telescope [22,23]. The beam
is collimated, at the desired size, by one of the telescope lenses. To ensure high extraction
efficiency, the laser beam has high fill factor and, after four passes, exits the amplifier cavity
at a fluence that is several times the saturation fluence. A quarter-wave plate located between
the main amplifiers and the polarizer causes the beam to be circularly polarized as it
propagates through the amplifiers and to be linearly polarized when it is incident on the
polarizer. Circularly-polarized light has one-third less nonlinear phase shift than linearly-
polarized light and reduced risk of beam break up into high-spatial-frequency intensity
features. As the two amplifiers are designed to be pumped and cooled similarly and to have
matching temperature distributions, the 90° quartz polarization rotator placed between the two
amplifiers causes the thermal birefringence of one amplifier to offset the thermal
birefringence of the other. The quartz polarization rotator also causes the beam to be s-
polarized and to reflect off the polarizer after four passes through the amplifiers, without need
to use an active polarization switch. The large Pockels cell, which is not used for switching, is
used to protect the front end from back-reflected pulses and to reduce risk for parasitic lasing.
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Fig. 1. Schematic diagram showing the LIFE laser beamline design, which was used for our
efficiency evaluations of Nd-doped phosphate glass, Yb-doped YAG, and Yb-doped S-FAP
slabs. For Yb:S-FAP, the quarter-wave plate was removed and the rotator was moved to a
location near the adaptive optic, to accommodate Yb:S-FAP’s natural birefringence.

Since requirements for the LIFE laser’s efficiency and repetition rate are more demanding
(>12% and 16 Hz, respectively) than performance characteristics of the NIF laser (~1%
efficiency and ~10~* Hz, respectively), the LIFE laser design is different from the NIF laser
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design in several respects. While the NIF laser slabs are pumped by flashlamps, the LIFE laser
slabs are pumped by laser diodes. Diode laser light is more directional and more spectrally
narrow than flashlamp light, and is transported to the laser slabs and is absorbed more
efficiently. Diode light also reduces the quantum defect (energy difference between pump
photons and extracting laser photons), particularly when pumping within the red-most pump
band of Nd** at ~873 nm, as is the case for the LIFE laser. Further, while the NIF laser slabs
are passively cooled, the LIFE laser slabs are actively cooled by forced convection of helium
gas over slab surfaces. The technological basis for pumping with diodes and cooling with
helium gas is well established and has been used before in the Mercury laser at LLNL [24].

Amplifiers comprise a stack of face-pumped Nd:APG-1 glass laser slabs, oriented at near
normal incidence to the laser beam. APG-1 is a phosphate glass that has high thermal shock
resistance relative to most other phosphate laser glasses. Slab thickness is one cm, thin enough
to ensure that tensile stresses at the large slab surfaces are less than ~25% of the yield stress.
Slabs are separated by two-mm-thick cooling channels in which helium gas is flowed to
remove waste heat. Cooling channels for the outward-facing surfaces of the outer two slabs
are defined by fused-silica windows, which are sufficiently thick (~7 cm) to hold off the
difference between the helium cooling gas pressure and the outside ambient pressure (~4
times atmospheric pressure). A high helium gas pressure reduces power consumption by the
helium compressor, under the constraint that the helium mass-flow rate is sufficient to limit
the caloric temperature rise of the gas as it flows over the slabs, to 10 K. Slabs are edge
mounted using a low-modulus transparent material that transmits amplified spontaneous
emission from the slab to a liquid-cooled absorbing edge cladding. All transmissive optics
have anti-reflective coatings.

Laser slab stacks are pumped on each end by pump-light modules, which produce intense,
high-fill-factor, flat-top pump distributions. Diode light originates in closely-packed, high-
power arrays of diode bars, which use microlenses to achieve low divergence (4° fast axis x
10° slow axis). On each amplifier end, light from two different arrays are combined using a
polarizer, which nearly doubles the irradiance available from a single array. A half-wave plate
is placed in front of one array to implement this polarization-combining method. A telescope
images light from the two diode arrays onto the slab stack. Diode arrays are offset parallel to
their emitting surface, to blur imprinting of individual diode tile structures onto the pump
profile.

We used the beamline design, as shown in Fig. 1, to model performance with Nd:APG-1
slabs and Yb:YAG slabs. Both gain media are anisotropic and transmit circularly polarized
light without difficulty. When modeling performance with Yb:S-FAP, which is uniaxial, the
quarter-wave plate, Q1, was removed so that the beam propagating through the slabs was
linearly polarized. The beam is polarized in the direction of the high-gain extraordinary axis
on the first and fourth passes through the system, and in the direction of low-gain, ordinary
axis on the second and third passes.

3. Efficiency model

We performed detailed efficiency calculations in which all energy transfer processes were
taken into account, beginning with input electrical power and ending with optical power
delivered to the final optic, which focuses light onto the target. See Table 1. The efficiency for
conversion of alternating current to direct current (AC-DC) reflects the current state of
commercial rectification technologies. The efficiency for the electrical pulser reflects results
of recent prototype pulser tests, which have demonstrated 90% efficiency. However, circuit
simulations show that anticipated improvements in the series resistance of capacitors and
other components will increase pulser efficiency to 95% [25]. The efficiency for diodes
reflects industry consensus on diode performance that will be achieved with mass-produced,
low-cost diodes within a few years, and on efficiencies reported in the literature for diode
lasers operating at 808 nm and 940-970 nm [e.g., 26-29] and at 850-980 nm [30], which have
exceeded 70%. Pump light delivery and absorption efficiencies were calculated using ray-
trace simulations of the pump delivery system described above, and measured absorption
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spectra for Nd-doped APG-1 glass [11], Yb:YAG [31] and Yb:S-FAP [14]. Diode emission
spectra were calculated assuming an instantaneous Gaussian distribution with a full-width,
half-maximum bandwidth of 5 nm, and a time-dependent spectral chirp due to rising diode
temperature during the pump pulse. Overall decay rates for excited ions were found by
summing decay rates for all known significant decay channels, including spontaneous
radiative decay rates [11,13,32], concentration quenching rates (for Nd:APG-1 only) [11], and
amplified spontaneous emission rates. Amplified spontaneous emission (ASE) and radiation
trapping rates were calculated using Monte-Carlo ray-tracing techniques that include both
spectral and geometric effects, including transfer of radiation from slab to slab within the slab
stack.

Extraction efficiency was calculated using the Frantz-Nodvik formalism [33,34], which
was applied to individual slabs and with transmission losses taken into account at the input
and output surfaces of each slab. To model pulse shape and nonlinear phase shift of the beam
as it propagates through the beamline, laser pulses were divided into over one-hundred time
slices. An iterative routine was used to adjust the input pulse shape and energy to achieve the
desired output pulse. The extraction efficiency reported in Table 1 is the extracted fluence at
the centerline of the laser aperture, divided by the centerline stored fluence. Stored fluence
was calculated by multiplying the gain in nepers by the saturation fluence. The effect on
efficiency of imperfect overlap between the gain distribution and the extracting beam was
captured by the mode overlap factor. Mode overlap factor and the impact of gain
nonuniformity were calculated using simulation codes [35,36] that have been extensively
validated against high-energy pulse laser systems, and which include spatial variations across
the beam profile.

The slab pumping simulations incorporated heating and cooling effects. Heat sources
included waste heat generated by the diodes, waste heat generated by pump processes and
thermalized within the laser slabs, and absorption of spontaneous emission and amplified
spontaneous emission by edge claddings surrounding each slab. Our simulations used
standard techniques [37,38] to calculate power consumption of chillers, compressors, pumps,
and heat exchangers, as required for cooling diodes, slabs and edge claddings. Coolant pump
power was calculated using pressure drops for specific cooling-channel dimensions and
coolant mass-flow rates needed to limit temperature rise along flow paths. The caloric
temperature rise of helium gas flowing over the laser slabs was limited to 10 K. The caloric
rise of liquid coolant flowing over the edge claddings was limited to 20 K. Slab temperature
distributions and tensile stresses at the large faces were approximated using standard formulas
for uniform heat deposition and cooled faces [39].
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Table 1. Efficiency Factors for Beamlines Using Slabs of Nd:APG-1 Phosphate Glass at
326 K, Yb:YAG at 200 K, and Yb:S-FAP at 295 K

Efficiency Factor Nd:APG-1 Yb:YAG Yb:S-FAP
@ 326K @ 200K @295K
DC Power Supply 95 95 95
Electrical Pulsers 95 95 95
Diodes 72 72 72
Diode Micro-Lenses 98 98 98
Pump-Light Delivery System 93 93 93
Pump-Light Absorption 99 92 92
Quantum Defect 83 91 86
Spontaneous Emission, Trapping 85 90 86
Amplified Spontaneous Emission 89 93 94
Transparency 100 88 87
Energy Extraction 81 95 95
Pump-Light Non-Uniformity 99 99 99
Mode-Match 92 92 92
Infrared transport 92 93 93
Depolarization 99 99 99
Frequency Conversion 75 75 75
351 nm transport 95 95 95

Electrical-to-Optical

Efficiency, without Cooling 18 21 19
Cooling Efficiency 87 74 85
Electrical-to-Optical Efficiency, 16 15 16

with Cooling

4. Calculations

Using the model described above, energetics calculations were performed iteratively to
determine combinations of design parameters that meet laser energy and power requirements
while producing high overall efficiency. The beamline designs we analyzed use the same 1o
beam size (25 cm x 25 cm, including apodized borders) and the same values for efficiencies
that are independent of gain medium, such as harmonic conversion efficiency and 3w beam
transport efficiency. Square pulse distortion, the ratio of small-signal gain at the beginning of
the pulse to small-signal gain at the end of the pulse, was limited to ~30-40, to ensure that
output pulse shapes can be controlled accurately, given limitations on the dynamic range of
pulse-shaping hardware in the laser front end. In turn, the limit on square pulse distortion gave
limits on 1o output fluences, which were different for the three different gain media due to
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Table 2. Key Properties Used for Modeling Performance of APG-1, Yb:YAG and Yb:S-

FAP
APG-1* Yb:YAG® Yb:S-FAP®
Property Symbol @326 K 200 K 295 K

Laser Properties

Gain peak (nm) AL 1054 1030 1047

Emission cross section at A, (107 cm?) Gem 3.3 4.4 6.1

Absorption cross section at A (1072 cm?) Gabs,). 14 0.060 0.320

Saturation fluence (J/cm?) Dsar 5.8 43 3.0

?zi?(l)dg(:lrfcl;ftigtri?)en limit) (us) To 385 995 1,100

Judd-Ofelt radiative lifetime (ps) T 361 - -

Emission band width (FWHM) (nm) Aesp 27.8 2.4 4.0

Concentration quenching factor (cm™)* Q 16.7 - -

Pump wavelength (nm) Ap 874 932 899

Quantum Defect Nop 0.829 0.905 0.859
Optical Properties

Refractive index at A np 1.526 1.82 1.612

Nonlinear index parameter (10~ cm*GW) Y 3.11 6.9 4.1
Thermal Properties

Thermal conductivity (W/m-K) k 0.83 16.6 2

Coefficient of thermal expansion (107/K) o 99.6 48 100

Mechanical Properties

Poisson's ratio v 0.24 0.23 0.4

Fracture toughness (MPa/mO's) Kic 0.6 2 0.51

Young's modulus (GPa) E 70 308 109

Thermal Shock Parameter Ry 61 3780 63

(for 25-um flaw size) (W/m-K)

11,12, °[32,46-48], [13,14]

differences in saturation fluence. Thus, the three different gain media produced different
output energies per beamlines and required different numbers of beamlines to meet the overall
3w output energy requirement of 2.2 MJ.

Values of amplifier gain and stored energy were scanned to determine near-minimum
values needed to produce lo output fluences. For each value of amplifier gain and stored
energy tested, the injected energy from the front end was adjusted until the maximum output
energy and extraction efficiency were obtained. Next, with stored energy set at the near-
minimum value, the average gain coefficient was adjusted to determine the minimum value
consistent with nonlinear phase shift < 2 radians, for the desired pulse shape. Nonlinear phase
shift is limited to avoid beam breakup into small intensity features, which can degrade beam
quality and increase damage risk. Using the minimum value of gain coefficient has the
advantage of minimizing amplified spontaneous emission loss, which increases nonlinearly
with gain coefficient. As gain coefficient was adjusted, the total thickness of glass in the
amplifier was also adjusted, to keep overall gain and stored energy constant.

Following the extraction calculations, pumping calculations were performed. First, the
average ion doping concentration in the gain medium was scanned until the desired absorption
efficiency was obtained (for APG-1), or until the product of the absorption efficiency and the
transparency efficiency factor was maximized (for Yb:YAG and for Yb:S-FAP). The
transparency efficiency factor, which is important for quasi-three-level lasers, accounts for
absorption of the extracting beam by the lower laser level, which increases as doping
concentration increases. Using trial values for pump-pulse duration, slab thickness and
number of slabs, doping concentrations of individual slabs were adjusted until all slabs had
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approximately the same gain. Diode pump power was adjusted to determine the value
required to produce the specified gain. Pump pulse duration was scanned, to determine
efficiency vs. diode pump-power curves. If necessary, calculations were repeated, using
adjusted slab thicknesses and slab counts, to ensure that thermal stresses in slabs were a small
fraction (less than 25%) of the estimated yield stress.

Calculations were performed for average slab temperatures of 326 K for Nd-doped APG-1
slabs, at temperatures of 150 K, 175 K, 200 K, and 232 K for Yb:YAG slabs and at a
temperature of 295 K for Yb:S-FAP. Values for gain-medium parameters used in our
calculations are presented in Table 2. For APG-1, emission cross section and saturation
fluence have been adjusted slightly to account for the difference between average slab
temperature and room temperature [40,41], at which the spectroscopic properties of APG-1
were determined. Also, for APG-1, saturation fluence was adjusted to compensate for
observed discrepancies between Frantz-Nodvik predictions and the results of saturated gain
measurements for Nd glasses. It is believed that these discrepancies arise from the effects of
inhomogeneous broadening, which occur in the glass matrix. Since no saturated gain
measurements at high fluence have been reported for APG-1 glass, we used a correction factor
of 0.9, which is the average value reported in the literature for eight different phosphate laser
glasses [42-45]. For Yb:YAG, fits were made to reported temperature-dependent properties,
including emission cross section and saturation fluence, radiative lifetime, and thermal
conductivity [32,46—48], to allow modeling at arbitrary temperatures between 77K and 250K.
Table 2 gives values for Yb:YAG only at the operating temperature that gave the highest
efficiency, which was 200 K.

5. Results

Calculated laser efficiency is plotted vs. peak diode power in Fig. 2. Generally, as peak diode
power increases, the pump pulselength required to produce the necessary gain and stored
energy becomes shorter, which in turn causes decay loss to decrease and efficiency to
increase. Since diodes are a major cost factor, the optimum design point for LIFE beamlines is
not at the highest efficiency. Rather, it is a point that balances costs for adding diodes against
costs for generating more electrical power that is recycled to the laser. Thus, the baseline
design chosen for the LIFE laser system, which uses Nd:APG-1 glass, has ~15.6% overall

20

18
16 ¢ Yb:YAG,200K
14

12

Efficiency (%)

& Nd:APG-1,326 K

10 e Yb:S-FAP, 295K

at150 K 400 ps =Diode Pulse Duration

O

0 10 20 30 40 50 60 70
Peak System Diode Power (GW)

Fig. 2. Efficiency vs. peak system diode power for beamlines using Nd:APG-1, Yb:YAG and
Yb:S-FAP laser slabs. Since output fluence and energy per beamline depends upon the gain
medium and operating temperature, the number of beamlines was varied to keep the total
output pulse energy at 3w fixed, at 2.2 MJ. See text for details.
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Table 3. Beamline Properties

Property APG-1 Yb:YAG Yb:S-FAP
Average Slab Temperature (K) 326 200 295
Peak diode power for 2.2 MJ system (GW) 50 27 16
Laser efficiency, including cooling power 15.6 15.5 15.7
Laser efficiency, without cooling 17.9 20.8 18.56
Cooling Efficiency Factor 0.87 0.74 0.85
Number of beamlines used to produce 2.2 MJ 384 390 500
1o output energy / beamline (kJ) 8.1 7.9 6.3
3 output energy / beamline (kJ) 5.8 5.7 4.7
1o output fluence (J/cm2) 15.0 14.6 11.5
Number of laser slabs / beamline 40 14 40
Slab thickness (cm) 1.0 2.0 1.0
Average ion doping concentration (10'*/cm?) 7.5 35 0.8
Peak diode irradiance incident on slabs (kW/cm?) 55 30 13.4
Diode pulse duration (ps) 164 250 500
Central pump-diode wavelength (nm) 877 937 898
Average gain coefficient (1/cm) 0.083 0.14 0.11
Average thermal power density in laser slabs (W/cm3) 22 1.37 1.3
Surface-to-center temperature rise in laser slabs (K) 35 4.1 8.0

efficiency and uses ~50 GW peak diode power, at a ~164-us pulselength. As Fig. 2 shows,
higher efficiency is possible but would require the purchase of additional diodes.

The highest predicted efficiencies for Yb:YAG are at an average slab operating
temperature of 200 K. This optimum temperature occurs as a result of tradeoffs between
several temperature-dependent factors. As temperature is increased, extraction efficiency falls
due to greater absorption by the thermally-populated lower laser level and due to reduced
emission cross section, which causes saturation fluence to be higher. On the other hand, as
temperature is increased, ASE losses become smaller, due to the reduced emission cross
section, and electrical power consumption by the refrigeration system becomes smaller, due to
the increase in coefficient of performance for the refrigeration system. At the LIFE baseline
efficiency of ~15.6%,Yb:YAG (at 200 K) requires ~45% fewer diodes than Nd:APG-1. Fewer
diodes are required primarily because of the longer radiative lifetime of Yb:YAG (995 ps vs.
361 ps). In comparison, Yb:S-FAP requires 68% fewer diodes than Nd:APG-1, also at an
efficiency of 15.6%. Yb:S-FAP has longer radiative lifetime than Yb:YAG (1100 ps vs. 995
ps). Additionally, radiation trapping increases storage lifetime relative to radiative lifetime by
about 45%, compared with ~20% for Yb:YAG. However, the primary reason that Yb:S-FAP
requires fewer diodes than Yb:YAG is operation at room temperature, which gives a
significant efficiency boost due to reduced refrigerator power.

As indicated above, Table 1 gives efficiency breakdowns for Nd:APG-1, Yb:YAG and
Yb:S-FAP beamline designs that have approximately the same overall laser electrical-to-
optical efficiency of ~15.6%. Absorption efficiencies for Yb:YAG and Yb:S-FAP are lower
than for Nd:APG-1, since their ion concentrations were limited to avoid excessive reductions
in transparency for the extracting beam. Nd:APG-1 is not significantly affected by
transparency, as Nd** is a four-level laser. Extraction efficiency for Nd:APG-1 is lower than
for Yb:YAG and Yb:S-FAP due to the application of the correction factor for saturation
fluence to account for inhomogeneous broadening, as explained above. Overall electrical-to-
optical conversion efficiency is higher for Yb:YAG than for either Nd:APG-1 or Yb:S-FAP,
when the electrical power needed for cooling the laser is not included. The effect on
efficiency of including cooling power is substantially greater for Yb:YAG than for Nd:APG-1
and Yb:S-FAP, due to operation of Yb:YAG at reduced temperature.

Table 3 provides addition information on APG-1, Yb:YAG (200 K) and Yb:S-FAP
beamline designs. The 1o output fluence and energy per beamline become progressively
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smaller as one progresses across the table, due to falling saturation fluence and corresponding
reduction in the square-pulse-limited output fluence. As output fluence and energy become
smaller, a larger number of beamlines are needed to produce the required pulse energy to
drive fusion reactions. For example, the laser systems we analyzed, which produce 2.2 MJ at
3w and which use slabs of Nd:APG-1, Yb:YAG and Yb:S-FAP, require 384, 390 and 500
beamlines, respectively. It should be noted that the numbers of beamlines needed could have
been changed by adjusting the aperture size.

6. Summary

We have performed a side-by-side comparison of the efficiency of Nd:APG-1, Yb:YAG and
Yb:S-FAP beamlines that have been designed for use in laser inertial fusion energy (LIFE)
power plants. Our modeling accounts for 18 different efficiency factors, each representing an
energy-transfer step or an energy loss mechanism. When multiplied together, these efficiency
factors give the overall electrical-to-optical conversion efficiency of the laser. Two loss
factors, one of which represents losses due to spontaneous decay while the other of represents
losses due to amplified spontaneous emission, depend on the gain medium chosen as well as
on the duration of the pump pulse. These losses can be reduced by using a higher diode peak
power to pump the laser slabs for a shorter period of time, while still attaining the necessary
population inversion. Provided sufficient numbers of diodes are used, beamlines using
Nd:APG-1, Yb:YAG or Yb:S-FAP can achieve an electrical-to-optical conversion efficiency
of at least 12-16%, well within the desirable range for the LIFE power-plant application. Due
largely to differences in storage lifetime, the three different gain media require different
numbers of diodes. For example, to achieve an overall electrical-to-optical conversion
efficiency of about 15.6%, laser systems using gain media of Nd:APG-1, Yb:YAG and Yb:S-
FAP require relative peak diode powers of 1, 0.55 and 0.32, respectively. Additionally, due to
differences in saturation fluence, the three different gain media operate at different 1w
fluences and require different numbers of beamlines.
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ABSTRACT

Thermally induced birefringence can degrade the beam quality in high-average-power laser systems with doped-glass
substrates. In this work, we compare glass-laser slab amplifiers at either Brewster’s angle or normal incidence and
discuss trade-offs between both designs. Numerical simulations show the impact of thermally induced depolarization in
both amplifier systems. A non-uniform temperature profile and the resultant mechanical stress leads to depolarization
that worsens as the beam propagates through the slab-amplifier chain. Reflective losses for depolarized light at
Brewster’s angle cannot be compensated and degrade beam quality. This motivates the selection of normally incident
slab amplifiers, which facilitates birefringence compensation.

Tolerances for birefringence compensation of two matched normal-incidence glass-slab amplifiers balanced by a quartz
rotator are also investigated. Imbalances in thermal load, relative amplifier position and beam magnification between
amplifiers show the highest depolarization sensitivity and establish limits for manufacturing tolerances and amplifier
design.

Keywords: thermal birefringence, depolarization, high-average-power lasers

1. INTRODUCTION

Thermally induced stress birefringence can present challenges for high-average-power lasers, including those with glass
as the host material. Non-uniform heating of a glass slab creates thermal gradients at the pump-beam edges resulting in
stress birefringence that depolarizes the beam. Excessive birefringence can have negative effects on beam quality,
especially when polarized output is required.

Laser amplifiers with glass slabs positioned at either Brewster’s angle or normal incidence are both susceptible to
thermal birefringence. P-polarized reflectivity is zero at Brewster’s angle, providing the advantage of not requiring anti-
reflective (AR) coatings that may damage under high-power operation. However, any light depolarized in a Brewster’s
angle slab amplifier experiences a high reflective loss. In this work, we investigate thermally induced depolarization in
Brewster’s angle slabs to determine beam quality degradation and compare the results to slabs at normal incidence. The
results motivate the use of AR-coated normal incidence slabs with birefringence compensation.

A balanced-amplifier compensation scheme is also presented. Two amplifiers, equally pumped with the same number of
slabs, are birefringence-compensated via a polarization rotator. Imbalances in the amplifiers giving the highest residual
depolarization are discussed. These potential asymmetries determine the tightest tolerances for amplifier design.
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2. ANALYZING THERMAL BIREFRINGENCE

Thermal birefringence is modeled using a multi-step method that links data from finite-element analysis to a ray-tracing
program for analyzing beam depolarization. Finite-element modeling of the temperature profile and stress are performed
for a given heat deposition profile. These results serve as inputs to a ray-tracing program that calculates the Jones
matrices for determining the beam depolarization as a function of position for a single slab. An additional script
multiplies these Jones matrices to determine the beam depolarization in a multi-slab amplifier. A flowchart of the
analysis is given in Figure 1. The finite-element thermal and stress analyses as well as the depolarization ray-trace model
are based on validated codes that have been tested and previously published in the literature [1]. Multiplying Jones
matrices for multiple-slab amplifiers is performed with a MATLAB script.

Finite-element Ray-trace analysis Multi-slab Jones
Heat deposition data —> thermal and —>» of depolarization —>»| matrix analvsis
stress analysis for a single slab y

Figure 1. A flowchart summarizes the numerical analysis of the thermal birefringence.

The heat deposition is given by an analytical super-Gaussian pump profile of order » and half-width w that can be
written as

SG(x,y) = exp[— (x" +y" )/ w"]. (1)

The depolarization ray-trace analysis treats each finite element composing the slab as a linear retarder. At each element,
rays are traced through the thickness of the slab to determine the Jones matrix for each spatial coordinate. The Jones
matrix for given x and y coordinates on a single slab can be written as

B cos[s(x, y)/2] 0 e cos[2y (x, y)]sin[5(x, y)/2] —sin[2p(x, y)]sin[6(x, y)/2]
S MR TR e o e B o o e

where
8w, y) =22 (- n,) ®)

is the retardation and y(x,y) is the rotation angle of the retarder axis [2-4]. / is the distance traversed through the medium
and n,- and n,- are the refractive indices along the axes in the coordinate frame of the slab element being ray-traced. The
depolarization for a multi-slab amplifier is calculated from the product of the Jones matrices comprising the individual
slabs. For an amplifier with » identical slabs, it can be shown that the amplifier’s Jones matrix is equal to

. cos[nd(x, y)/2] 0 i —cos[2y(x, y)Jsin[nd(x, y)/2] —sin[2p(x, y)]sin[rd(x, y)/2]
R(V/’é‘) B { 0 cos[n&(x,y)/Zﬂ {— sin[Zl//(x,y)]sin[n§(x,y)/2] cos[Zl//(x,y)]sin[né‘(x,y)/Z] } @

where the retardation is multiplied by the number of slabs, n. The depolarization for a multi-slab amplifier is given by
(23]

Depol = sin[2y(x, y)[ sin[n5(x, y)/2] . (5)

For analyses in this paper, the incident light is assumed to be p-polarized. The depolarization is given by the power
converted to s-polarization. When circularly polarized light is propagated through an amplifier system, the output field is
multiplied by an analytical quarter-wave plate to convert to linear polarization.
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3. AMPLIFIER WITH BREWSTER’S ANGLE SLABS

Amplifiers constructed with Brewster’s angle slabs have the advantage of not requiring AR coatings. While p-polarized
light experiences no reflective loss at Brewster’s angle, s-polarized light has a 16% reflective loss at each slab interface.
Any depolarized light sees a power loss from multiple reflective surfaces. The loss for a 44-slab amplifier is analyzed in
this section.

3.1 Analysis with a theoretical super-Gaussian pump profile

Figure 2a shows the temperature distribution at the slab-center for a super-Gaussian pump beam of order n = 20 and
half-width w = 20 cm incident on a 42 cm by 42 cm glass slab. The slab thickness is 1 cm. The pump beam is normally
incident on the Brewster’s angle slab. The front and back faces of the slab are cooled with flowing gas. Since the slabs
are oriented at Brewster’s angle, the transmitted beam is rectangular with dimensions 22 cm by 40 cm. The 40 cm by 40
cm inner window defines the extent of the ray-trace for depolarization analysis. Any roll-off of the transmitted beam is
assumed to occur in the 2-cm border region of the slab. The temperature gradients from pump-beam roll-off lead to shear
stress extending into the slab in Figure 2b. The maximum heat deposition is 1.66 W/cm’.

XY Stress

Temperature
3.70e+01+~

2.73e+02~
2.00e+02*

3.00e+01+

1.00e+02*

| ‘ 0.00e+00*~
=1.00e+02~
-2.00e+02*
=2.73e+02~

2.00e+01*

1.00e+01+

3.16e-01~

Figure 2. Plot (a) shows the temperature profile in degrees Celcius at the center of the slab with heat deposition
data determined by a super-Gaussian pump profile. Plot (b) shows the resultant shear stress at slab-center in
N/em?. The slab dimensions are 42 cm by 42 cm. The inner window is 40 cm by 40 cm and defines the extent of

the beam for ray-trace analysis.

The depolarization for a single Brewster’s angle slab is shown in Figure 3 with a maximum depolarization of 54%. The
x-dimension is shortened because of the Brewster’s angle orientation of the slab.
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Figure 3. A map of depolarization is shown given the temperature and stress from Figure 2. The map in the x-
dimension is reduced due to the Brewster’s angle orientation of the slab.
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Figure 4. Image (a) shows the transmitted p-polarized light after traversing four Brewster’s angle slabs. Image (b)
shows the transmitted beam after double-passing a 44-slab amplifier (88 passes through Brewster’s angle slabs).
Both images use temperature and stress data from Figure 2 and include the 16% per interface reflective loss seen
by the depolarized light. Gain is not included.

Figure 4 shows the p-polarized transmitted beam after traversing (a) four slabs and (b) a double-pass of an amplifier with
44 slabs. Gain is not included in the calculation. Figure 4b demonstrates that traversing multiple slabs compounds the
depolarization loss. By double-passing a Brewster-slab amplifier that includes traversing 44 individual slabs twice and
encountering 176 reflective interfaces, the depolarized light at the slab corners is lost. This creates a transmitted beam
with an iron-cross shape instead of the desired flat-beam profile across the slab aperture. The fraction of power
remaining in p- and s-polarization for single- and double-passing the amplifier is given in Table 1. Only 0.3% of the s-
polarized light and 26% of the p-polarized light remains after a double pass. Lost power as a function of the number of
slabs traversed during a double pass is shown in Figure 5. For a double-passing a 44-slab amplifier, the lost power
reaches 75%. Transmitted-beam degradation must be overcome for Brewster’s angle slabs to be a viable option for high-

average-power laser systems.

Table 1. The fraction of average power in each polarization is given after a single- and double-pass of a 44-slab
amplifier. 16% reflective loss for s-polarization at each interface is included.

Single Pass Double Pass
P-polarized light 0.3285 0.2600
S-polarized light 0.0080 0.0030
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Figure 5. The fraction of power lost from reflected s-polarized light is shown as a function of the number of slabs
traversed for a double-pass of the amplifier.

3.2 Varying the super-Gaussian pump profile

A uniform pump profile with a sharp roll-off at the edges may minimize depolarization from thermal birefringence.
Super-Gaussian pump profiles of varying half-widths, w, and order, n, are tested with Brewster’s angle slabs. The
average depolarization for a 42 cm by 42 cm slab is shown in Table 2. Overfilling the pump beam on the slab reduces
the magnitude of the temperature gradients from pump roll-off, thereby reducing the depolarization. Increasing the order
of the super-Gaussian from n = 20 to n = 30 increases the rate of pump roll-off. However, Table 2 shows that overfilling
the pump beam on the slab is more beneficial than increasing the pump roll-off.

Table 2. Individual slab depolarization is given for various super-Gaussian pump profiles on a 42 cm x 42 cm slab.

Single-slab average
Super-Gaussian depolarization Pump-beam overfill loss
w=19 cm, n =20 0.1567 0.2%
w=19 cm,n=30 0.1517 0.01%
w =20 cm, n=20 0.0797 2.3%
w=21cm,n=20 0.0244 7.4%
w=22cm,n=20 0.0053 14%

From Table 2, a super-Gaussian half-width of 22 cm gives an average depolarization of 0.5% for a single Brewster’s
angle slab. However, the pump power lost from overfilling the super-Gaussian profile on the slab is 14%. The
depolarized light lost to reflection when double-passing 44 slabs is 55% when w = 22 cm compared to 75% for w = 20
cm observed in Figure 5.

Reducing depolarization in a Brewster-slab amplifier involves sacrificing pump efficiency by overfilling the slab with
pump light while still suffering high losses from reflected depolarized light. Losing pump efficiency to reduce
depolarization does not provide sufficient benefit to improving performance of a Brewster’s angle slab amplifier. As a
result, normally incident slab amplifiers are considered over Brewster’s angle slabs.
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4. AMPLIFIER WITH NORMAL-INCIDENCE SLABS

Figure 6 shows the depolarization pattern, excluding reflective loss, for a normally incident slab pumped by a super-
Gaussian beam of order 20 with a half-width of 11.5 cm. The incident beam is assumed to have the same dimensions as
the pump beam. The slab dimensions are 26 cm by 26 cm with a heat load of 2.27 W/cm®. The slab thickness is 1 cm
and the slab faces are gas-cooled. Figure 7 shows the maximum p-polarized transmission after a single pass through a
22-slab amplifier and includes 0.1% AR-coating reflective loss at each interface. The periodic variation seen in Figure 7
that resembles an isogyre pattern stems from the phase wrapping that occurs once the retardation (Eqn. 3) reaches 2.
Note that both p- and s-polarizations at normal incidence experience equal reflective loss as opposed to the Brewster’s
angle case. Thus, any depolarized light is still present with equal power compared to the power of the desired
polarization in the system. Clearly, depolarization is a problem for normal-incidence slabs if polarized output is required.
However, equal reflective loss for s- and p-polarized light allows for birefringence compensation.
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Figure 6. The depolarization for a normally incident slab is shown given a heat load of 2.27 W/cm”.
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Figure 7. Maximum p-polarized transmission is shown after a single-pass of a 22-slab amplifier. An AR-coating
loss of 0.1% is included at each interface and affects both p- and s-polarizations equally.
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5. BIREFRINGENCE COMPENSATION

One method for compensating thermal birefringence involves placing a polarization rotator between two identical
amplifiers [5,6]. Figure 8 shows a schematic of a balanced compensation scheme. A quartz rotator rotates the
polarization by 90 degrees. This allows any depolarized light to experience an equal and opposite phase retardation in
the second amplifier, thereby eliminating depolarization. The incident light is linearly polarized, while the light
traversing the amplifiers is converted to circular polarization via a quarter-wave plate to reduce nonlinear focusing
related to B-integral [7,8]. Depolarization is analyzed by converting output circular polarization to linear polarization
with a Jones matrix for a quarter-wave plate and noting the residual depolarized light. The mirror in Figure 8 may be
replaced with a quarter-wave plate for calculating single-pass depolarization to convert the circularly polarized light
back to linear polarization.

Mirror
Rel Spatial
elay Filter
Amp Amp Incident
2 \ 1 Beam
Quartz Quarter-Wave
Rotator Plate

Figure 8. A birefringence compensation scheme using two balanced amplifiers (Amp) and a quartz rotator is
shown with relay imaging optics and a spatial filter. A mirror is used to double-pass the amplifier, but may be
exchanged for a quarter-wave plate for single-pass depolarization analysis. The incident light is linearly polarized
but is converted to circular polarization with a quarter-wave plate.

Imbalances between amplifiers and residual depolarization are addressed in this section. Differences in amplifiers 1 and
2 that have the tightest tolerances are addressed, including a heat imbalance between amplifiers, one amplifier offset in
position with respect to the other, and a beam magnification error in one amplifier. Thermal loading in the quartz rotator
is also discussed.

5.1 Birefringence compensation with increased heat load in one amplifier

Table 3 lists the percentage of depolarized light remaining after compensation when amplifier 2 has a higher heat load
than amplifier 1. Double-passing the system with only 2% higher heat in one amplifier leads to 5.4% residual
depolarization. To keep any residual depolarization below a nominal value of 2%, the heat load in each amplifier must
agree to within 1%.

Table 3. Depolarization after birefringence compensation with amplifier 2 running hotter than amplifier 1.

Heat Increase, Single-Pass Double-Pass
Amplifier 2 Depolarization Depolarization
1% Hotter 0.56% 1.56%
2% Hotter 2.1% 5.4%

5.2 Birefringence compensation with a position offset for one amplifier

If one amplifier is offset in position with respect to the other, significant depolarization can remain after compensation.
Amplifier 2 is offset laterally with respect to amplifier 1 by varying amounts as listed in Table 4. An offset of only 1 mm
gives a single-pass residual depolarization of 4%.

Proc. of SPIE Vol. 7916 79160V-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/12/2012 Terms of Use: http://spiedl.or g/terms



Table 4. Depolarization with one amplifier offset laterally in position with respect to the other.

Position Offset Single-Pass Depolarization
200 pm 0.71%
400 pm 2.3%
600 pm 3.5%
800 pm 3.9%
1 mm 4.0%

Figure 9 shows the transmitted beam images for amplifier offsets of 200 um and 1 mm. The beam distorts around the
edges with increasing offset. AR-coating loss of 0.1% is included in the plots. Each amplifier must be positioned to less
than 1 mm accuracy to keep lateral-offset depolarization to a minimum.

0.916 0.918

0.824 —

0733 0.733

0.641 0.641

0.540 0.540

0.458 0.458

0.366 0.388

0.275 0.275

0.183 0.183

o 5 1 15 20 25 E:gii 0.092
x . 0.000

(a) 200 um offset (b) 1 mm offset

Figure 9. Transmitted beam images from a single pass of two compensated amplifiers with one amplifier offset to
the right by (a) 200 um and (b) 1 mm. An AR-coating loss of 0.1% is included.

5.3 Birefringence compensation with a magnification error

The beam must be reimaged from one amplifier into the other via a relay telescope. If the telescope does not relay the
beam with perfect one-to-one imaging, the beam will sample a larger area of one amplifier compared to the other
amplifier. Table 5 gives the residual depolarization as a function of increase in beam diameter. The depolarization
increases rapidly with magnification error. This offers a guideline for determining manufacturing tolerances on the relay
telescope elements.

Table 4. Depolarization from a relay telescope magnification error. The second amplifier experiences the given
increase in beam diameter.

Beam Diameter Increase Single-Pass Depolarization
200 pm 0.43%
400 pm 1.7%
600 pm 3.5%
I mm 7.5%
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5.4 Thermal loading of the quartz rotator

Thermal variation of rotation in quartz has been investigated by Chandrasekhar [9, 10]. At the operating wavelength of
1053 nm, the rotation per mm, p, has a temperature dependence, dp/dT , of 7.643x10 deg/mm/K. This equates to a

variation in p of 0.11% for a 10 degree increase in temperature. Thus, temperature variation of polarization rotation in
quartz at 1053 nm is quite small and should not pose a problem for birefringence compensation.

6. CONCLUSION

Depolarization losses that are overcome at the expense of efficiency make Brewster’s angle slab amplifiers a less
attractive option than normal-incidence slab amplifiers. Normally incident slab amplifiers allow for depolarization losses
to be compensated with balanced amplifiers and a quartz rotator. By meeting the system design tolerances determined by
residual depolarization discussed in section 5, the normally incident slab amplifier is a promising option for a high-
average-power laser system.

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National
Laboratory under Contract DE-AC52-07NA27344.
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ABSTRACT

Current state-of-the-art and next generation laser systems—such as those used in the NIF and LIFE experiments at
LLNL—depend on ever larger optical elements. The need for wide aperture optics that are tolerant of high power has
placed many demands on material growers for such diverse materials as crystalline sapphire, quartz, and laser host
materials. For such materials, it is either prohibitively expensive or even physically impossible to fabricate monolithic
pieces with the required size. In these cases, it is preferable to optically bond two or more elements together with a
technique such as Chemically Activated Direct Bonding (CADB®). CADB is an epoxy-free bonding method that
produces bulk-strength bonded samples with negligible optical loss and excellent environmental robustness. The authors
have demonstrated CADB for a variety of different laser glasses and crystals. For this project, we will bond quartz
samples together to determine the suitability of the resulting assemblies for large aperture high power laser optics. The
assemblies will be evaluated in terms of their transmitted wavefront error, and other optical properties.

Keywords: Optical bonding, quartz rotators, CADB, LIFE

1. INTRODUCTION

Several projects are underway worldwide which promise to demonstrate fusion ignition and gain. The first of these to be
completed is the National Ignition Facility (NIF) at Lawrence Livermore National Laboratory[l].l’2 In 2010, the team of
scientists and engineers operating the NIF will start a campaign to demonstrate fusion ignition, which could serve as the
basis for a national program to develop Laser Inertial Fusion Energy (LIFE). A LIFE power generation system will have
to meet all of the basic requirements of the NIF including laser requirements, target geometry, target illumination,
radiation/hazardous materials handling and safety. In addition, the power generation system will have to address high
average power operation of the laser system, average power effects on the target chamber, target injection and tracking,
target mass production, blanket and tritium production, and the balance of plant to produce electricity.

A laser driver meeting these basic requirements was formulated based on a self consistent conceptual design for
a Laser Inertial Fusion Energy (LIFE) power plant.>® Although we have used only modest extensions of existing laser
technology to ensure near-term feasibility, predicted performance meets or exceeds plant requirements: 2.4 MJ pulse
energy produced by 576 beamlines at 15 Hz, with 12% wall-plug efficiency. High reliability and maintainability are
achieved by mounting components in compact line-replaceable units that can be removed and replaced rapidly while
other beamlines continue to operate, at up to ~8% above normal energy, to compensate for neighboring beamlines that
have failed. Statistical modeling predicts that laser-system availability can be greater than 99% provided that
components meet reasonable mean-time-between-failure specifications. In our proposed development plan, a prototype
beamline is built and tested in ~4 years and a 288-beam laser system for the first LIFE demonstration power plant is built
and activated in ~13 years. Timely demonstration of fusion energy is required to meet an expected growth in power plant
production and displace carbon based power sources slated for this need.

One of the many optics required for this laser architecture is a large aperture (27 x 27 cm?) 90 degree quartz
rotator for the Nd:glass laser beamline. Such an optic is larger than any current quartz crystal, and many years of growth
scaling will be required to eventually scale the optic up to full aperture. A potential alternative to growing very large
crystals is to optically bond smaller apertures together.

The Chemically Activated Direct Bonding process (CADB®) has been developed by Precision Photonics Corp and
results in epoxy-free optical paths that are 100% optically transparent with negligible scattering and absorptive losses at
the interfaces. For YAG and similar materials, the process has been proven to offer bond strength performance
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equivalent to that of bulk. It is thus exceptionally durable, reliable and resistant to changes in laser fluence, temperature,
and humidity.” Due to the zero bond line thickness, complete conformance is ensured between the two bonded surfaces,
making it ideal for this application. Using the CADB process, a small aperture quartz rotator samples were bonded
together to test this alternative.

2. PREPARATION OF QUARTZ ROTATOR ASSEMBLIES

To fabricate the bonded assembly, we procured a set of 4 commercial, off-the-shelf small aperture quartz
rotators from a separate vendor. As shown in Fig. 1(a), the substrates were 20mm x 20mm x 14mm, with the quartz
extraordinary axis oriented normal to each square polished face. We decided to construct one rotator assembly from
each pair of small aperture quartz pieces. To allow for a robust evaluation of the bonded interface in the final assembly,
we polished the 14mm x 20mm face of each quartz slab at an angle of 15°. The alignment error on this angle as well as
the adjacent face 90° angle were maintained at <1 arc minute, which ensured that the quartz e-axes would match up well
at the bond line. Axis matching is essential in quartz because of the large optical and thermo-mechanical asymmetries in
the material.

We used a special process to polish the quartz bonding surfaces. Our goal was a set of surfaces with low rms
roughness, good surface quality, and minimal flatness error at the outer edges (edge roll-off). By reducing edge roll-off,
we could increase the usable aperture of the optic and minimize the extent of the delaminated seams that form along the
perimeter of the bonded interface. After we finished polishing, we proceeded to bond the individual quartz pieces. We
used the CADB process to join the 2 pairs of slabs together into 2 larger rotator assemblies (see Fig. 1(b).

a) b)
Fig. 1: (a) Four small aperture 90 degree quartz rotators in their raw state prior to edge polishing and edge
bonding. (b) One of the bonded assemblies after polishing both of the broad faces. The angled bond line is only
visible along the ground side face, which was not processed after bonding.

3. BONDED QUARTZ ROTATOR EVALUATION

The substrates were prepared by creating bonding surfaces at a 15 degree angle to the front surface normal. This
geometry would assure that after bonding light transmitted through the rotator at normal incidence would not travel
along the bond line which would be amorphous and induce phase error. At the 15 degree angle, the bond should be
invisible to the transmitted phase of the beam assuming there is no induced stress in the substrate and there are no
trapped contaminants along the bond interface. The results of this initial test are shown in Fig.2 where the “hairline”
edge of the original parts is still visible. These edges were later removed in the final polishing step, but are left visible in
the figure to illustrate the geometry and bring attention to the bond area because after polishing there should be no
visible evidence that the bond even exists. To test the viability of this assembled quartz rotator, an experiment was
performed with a schematic shown in Fig.3. A camera was used to assess the transmission of the parallel polarizers with
the rotator cancelled by the waveplate (near 100% transmission) and with the waveplate aligned to the polarization such
that the 90 degree rotator creates a crossed polarization condition (near 0% transmission). The contrast between these
two states was measured to be 1500:1 which is sufficient to determine the relative alignment of the two rotators within
~1.5 degrees. This assessment was made by translating the rotator orthogonal to the beam so that the beam could sample
one half of the crystal, the bond area, and the other half successively. At each location the polarization contrast was
evaluated. Initial measurements could find no difference in the transmitted intensity between the left and right halves
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including the bonded area. These results indicate excellent crystallographic alignment control between the two samples,
exceeding the requirements of a LIFE rotator optic. The second test evaluated the reflectivity of the bond interface using
a relative measurement method accomplished two ways: between the known Fresnel reflectivity from the surface and the
reflected beam from the interface, or measure the extinguished intensity through crossed polarizers relative to the
reflected beam from the interface. In both cases, this reflectivity was found to be ~5x10° indicating a very clean
interface, very thin bond, and < 1.5 degrees alignment of the crystalline axis.

Fig. 2: a) small aperture 90 degree quartz rotators bonded together to create a single large aperture rotator. This
unfinished substrate shows the residual edges of the original subcomponents which was removed by polishing in
the finished part (b) to create a single contiguous aperture.

id2
90" rotator
Pelarizor platc Polarizer

1053 nm
= \ B i \ == Camera
laser l \

El Translation stage

Fig. 3: Experimental setup for evaluating efficacy of bonded 90 degree quartz rotator

The final process step was to touch-up polish the input/output faces of the rotator assembly. This step was
necessary to remove the fine seams of delamination at the outer edges of the bonded interface so that the bond line
would be completely invisible to an incident laser. In addition, the final polishing step was needed to eliminate any path
length differences through the rotator as a function of position. Such path length differences can arise whenever there is
a slight (~30 arc second) misalignment of the 2 quartz pieces during bonding or if there is a small residual pyramidal
error during the wedged face polishing step—see Fig.4. We discovered that the post-bond processing of the quartz
assemblies was fairly difficult relative to ordinary glass, e.g., fused silica, assemblies due to the large sensitivity of the
quartz assembly to thermal shock.

During our process development, we used one quartz assembly as a test piece for the more aggressive
fabrication steps like coarse grinding. As a result, the outer surface of this first quartz assembly was damaged and
rendered unsuitable for laser-based evaluation of the bonded interface. However, we were able to extract some useful
information from the test piece by prying apart the bond. After exerting considerable force on the assembly in a
direction parallel to the bond plane, we succeeded in separating the two quartz pieces in the assembly. Due to the very
high bond strength, we saw that a major portion of the bonded interface did not delaminate—instead the bulk quartz
material fractured above and below the original bond line (see Fig. 5). This bulk material fracture actually extended
almost 400 microns above the plane of the original bond, which implies that there was negligible subsurface damage
below the polished surfaces. It appears that the polished quartz material at the two mating surfaces was bonded so
strongly that the bulk crystalline quartz fractured before the bond gave way. The observed high bond strength bodes
well for future work that we have planned for larger edge-bonded quartz assemblies.
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Fig. 4: (a) Transmitted wave interferogram showing three discrete zones in the quartz assembly after initial
bonding. Each zone has a different optical path length due to slight misalignment of the polished faces. (b)
Transmitted wavefront error (TWE) OPD map after polishing of the input/output faces of the rotator assembly.

Fig. 5: Quartz rotator pieces after prying apart one of the bonded assemblies. Bulk material fracture zones are
visible as elliptical regions near the center of each bonding surface. The shape of each zone is a mirror image of
the other.

4. CONCLUSIONS

All of the above results are very promising for scaling this bonding technique to full aperture LIFE optics. The final
polished part will now undergo further testing such as: transmitted wavefront and bond interface damage testing. In the
interest of moving this technique forward quickly, larger substrates (each 5 x 8 cm?) have already been procured and are
being prepared for a larger aperture demonstration of this bonding technique.

ACKNOWLEDGEMENTS

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract DE-AC52-07NA27344 in conjunction with Precision Photonics Corp internal
funding.

Proc. of SPIE Vol. 7912 79121K-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/12/2012 Terms of Use: http://spiedl.org/terms



REFERENCES

[1] C.A.Haynam et. al., “National Ignition Facility Laser Performance Status,” Appl. Opt. 46, 3276 (2007).
[2] E.L Moses, “Ignition on the National Ignition Facility: a path towards inertial fusion energy,” Nuc. Fus., 49, 104022
(2009).

[3] M. Dunne et. al., “Timely Delivery Of Laser Inertial Fusion Energy (LIFE),” Fus. Sci. Tech., to be published 2011.

[4] J.F.Latkowski et. al., “Chamber Design for LIFE,” Fus. Sci. Tech., to be published 2011.

[5] T. Anklam et. al., “LIFE System Design,” Fus. Sci. Tech., to be published 2011

[6] Bayramian, et. al., “Compact, efficient laser systems required for laser inertial fusion energy,” Fus. Sci. Tech., to be
published 2011.

[7] N. Traggis and N. Claussen, “Improved bond strength characterization of chemically activated direct bonding
(CADB) epoxy-free bonded solid state laser materials”, SPIE Proceedings, Vol. 7578: Solid State Lasers XIX:

Technology and Devices, (2010).

Proc. of SPIE Vol. 7912 79121K-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/12/2012 Terms of Use: http://spiedl.or g/terms



Quartz rotators for Inertial Fusion Energy Lasers

A.J. Bayramian, K. I. Schaffers, J. Adams, J. Wolfe, C. Stolz, and R. J. Deri

One of the many optics required for the LIFE laser architecture is a large aperture (~27 x 27 sz) 90 degree quartz
rotator for thermal birefringence compensation of the Nd:glass laser amplifiers. Such an optic is larger than any
current quartz crystal and represents a new material from the standpoint of NIF qualified optical materials. Many
years of growth scaling will be required to eventually scale the optic up to full aperture. A potential alternative to
growing very large crystals is to optically bond smaller apertures together.

The Chemically Activated Direct Bonding process (CADB®) has been developed by Precision Photonics Corp
and results in epoxy-free optical paths that are 100% optically transparent with negligible scattering and
absorptive losses at the interfaces. For YAG and similar materials, the process has been proven to offer bond
strength performance equivalent to that of bulk. It is thus exceptionally durable, reliable and resistant to changes
in laser fluence, temperature, and humidity.1 Due to the zero bond line thickness, complete conformance is
ensured between the two bonded surfaces, making it ideal for this application. Using the CADB process, a small
aperture quartz rotator samples were bonded together to test this alternative.

Since the publication in 2010, the bonding has been scaled to achieve bonding of two 5.0 x 8.0 x 1.4 cm3 parts
to achieve a final aperture of 8.0 x 9.0 x 1.4 cm3 bonded subsrate (fig. 1 a) with a finished wavefront (Fig. 1b). The
transmitted wavefront (<lambda/14) & rotation (>99.9%) are reasonable for this first demo. The wavefront will
improve with process knowledge and experience in bonding large parts, and can be corrected after bonding using
deterministic finishing techniques such as MRF technology previously demonstrated.

Bonded Quartz Rotator Transmitted wavefront error
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Fig. 1a) bonded quartz rotator, b) transmitted wavefront of bonded quartz rotator using same methodology as
previously published by Traggis, et. al.

Using this bonding technique, full size LIFE aperture quartz rotators could be fabricated today by bonding four 15 x
15 cm2 single crystal substrates available from Sawyer Corporation.

Another important aspect of these rotators is demonstration performance at high fluence (i.e. laser damage
resistance). To get an understanding of where the material capabilities currently stand, we commissioned tests of a
series of rotators from several vendors worldwide including Sawyer Corporation, a bonded sample from Carl
Lambrecht, and Asahi Glass Company. Raster scan damage testing was carried out at SPICA Inc. on the three
different samples over 1 cm2 area using a 1064 nm, 3 ns Nd:YAG laser system. First initiation sights were observed
at 16 J/cm’, 16 J/cm® and 49 J/cm’ respectively. The 49 J/cm2 result was observed on the Sawyer part, but at this
early evaluation stage this could very well be sample to sample variation. Rather the lesson we take from this is
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that the crystal can intrinsically have very high damage thresholds over cm2 apertures. This is a very good place to
start engineering this material for larger aperture high damage threshold capability similar to the other optical
materials development on the NIF. In addition to the raster scans, a long term test was performed at a single site
at the nominal LIFE operational fluence to get an idea of intrinsic lifetime of this material. Using the same laser
source, the site was successfully tested at 10 J/cm2 for 10° shots. This data nominal shows compliance with laser
specifications and justifies further pursuit of this material for the intended application for high average power
laser systems for IFE and other industrial and scientific uses.
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Spatial filtering for IFE Lasers
A.J. Bayramian, A. C. Erlandson, S. Rana, K. I. Schaffers, M. Monticelli,
M. A. Henesian, A. L. Bullington, G. Huete, and R. J. Deri

A common technique used to improve beam quality in high energy systems is the use of a small aperture
(pinhole) in a relay telescope as a spatial filter. This limits the gain of high spatial frequency near field amplitude
modulation due to accumulation of nonlinear phase distortion, and holds off beamline parasitics. At high average
power the grazing incidence cone pinholes typically used for this purpose exhibit plasma blow-off on each shot,
since the fluence levels are significantly above the damage threshold of the material (typically steel, tungsten, or
diamond pinhole).>? To alleviate this problem, IFE lasers will use a pair of longitudinally displaced, orthogonal
cylindrical relay telescopes (Fig. 1).
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Fig. 1 Cylindrical spatial filter concept showing laser line focus thereby lowering the laser intensity on the filters
enabling long lifetime

The longitudinal displacement of the 1X relay telescopes does not affect the object or relay image points in
either axis, but does separate the foci in each axis thereby creating line-foci where this intensity is lower by ~ 100X.
Filtering can then be accomplished with slits instead of pinholes at fluences engineered to be below the damage
threshold of the slit material. Since the slits are at the far field in one axis, the net spatial filtering response vs. far
field angle is the same as a square cone pinhole (which is ideally matched to the large square beams used on NIF,
Mercury, and IFE). Note that while fig. 4 shows a single on-axis pinhole for clarity, a multiplexed version of this
telescope can be realized by replacing each on-axis slit with two off-axis slits. Ablation and damage of the slit
material can be avoided by employing a slit material such as fused silica at grazing incidence, which has a very high
damage threshold (~475 GW/cm?).2 This high threshold is due to the fact that most of the light is reflected at grazing
incidence, and the light that is transmitted is only refracted and not absorbed by the fused silica. Our baseline design
is to load the slit at only a fraction of this intensity, ~ 3-30 GW/cm?. This is evidenced through diffractive beamline
simulations based on benchmarked models used extensively by the NIF program (Fig.2 a-c). The LIFE laser system
input nearfield (Fig. 2a) is focused by the first cylindrical lens to a line focus (Fig.2b). If we examine the this far
field intensity profile (Fig. 3c), the advantage of cylindrical filtering becomes very clear. At the 200 microradian
spatial filtering angle, the fluence is only 10-100 J/cm2. At the infrared wavelength (1053 nm), uncoated fused silica
typically demonstrates damage thresholds higher than this even at normal angle of incidence
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Fig. 2 a) Simulated nearfield profile of a beam entering the cavity spatial filter, b) far field profile (in one axis)
of the beam, c) Line profile orthogonal to the far field shown in b) showing fluence vs. half angle.
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To reduce this concept to practice, a complete 1/3 scale telescope has been constructed for the purpose of field
testing this concept (fig. 3). The purpose of this hardware is two-fold: to demonstrate a viable 1:1 cylindrical relay
telescope with slit based spatial filtering, and to demonstrate the viability of these filters at high laser fluence.

Lens mount Viewport for slits

Fig. 3 Cylindrical spatial filter



The first task is to independently demonstrate the viability of the silica based slit filters. A laser damage experiment
(fig. 4a) was designed and implemented utilizing a prototype silica filter substrate at SPICA Inc., a company
specializing in laser damage testing. Damage testing and handling protocols at SPICA have been validated and cross
correlated with data taken at LLNL by NIF optics group. To simulate one half of a real slit spatial filter, a 50 x 50 x
10 mm® fused silica substrate was irradiated at near grazing incidence. To maximize the performance of this filter
substrate, we utilized fabrication, finishing, and handling techniques developed on NIF. The substrate is inclusion
free Corning UV-grade 7980 fused silica which is polished on all sides. As a final finishing step, the surfaces were
treated with the Acid Mitigation Process (AMP)* developed by NIF scientists. This process cleans the surface at an
atomic level, removing polishing contaminants and dulling scratch/dig flaws in the surface resulting in record level
damage thresholds 2-3X beyond previous demonstration. While most of the light incident on the silica will be
reflected via Fresnel reflection (Fig. 4b), some of the light will be transmitted into the substrate. The two large
surfaces are wedged 2° to prevent internal reflections from remaining trapped inside the substrate.
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Fig 4 a) Silica filter experimental architecture, b) Fresnel reflectivity curves showing enhanced reflectivity near
grazing incidence.

The testing laser is intended to mimic the conditions in a LIFE spatial filter. The test laser was a g-switched
Nd:YAG laser at 1064 nm operating at 30 Hz with a 3 ns pulse and circular polarization. The laser beam was raster
scanned at constant fluence over 80% of the full aperture at an 87 degree angle of incidence. The fluence was
ramped from 10 — 300 J/cm? in the following increments: 10, 20, 30, 40, 50, 75, 100, 125, 150, 175, 200, 225, 250,
275, and 300 J/cm?. Tests were performed first in dry air and then in vacuum to match the conditions on the inside
of a vacuum relay telescope. The vacuum chamber with experimental apparatus is shown in Fig.5a, with a closeup
of the laser test on the silica substrate in Fig. 5b.
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Fig. 5 a) Photo of the vacuum chamber used for the testing, b) closeup of the silica substrate showing the incident
laser beam

For the experiment in air, a substrate was successfully ramped all the way to 300 J/cm2 in dry air (RH 5%). A
second sample raster scanned in vacuum showed only a single damage spot initiated at 150 J/cm2, which grew
slightly at 275 J/cm2, and the rest of the substrate successfully ramped to 300 J/cm2. The sample tested in air was
tested again at vacuum with no damage anywhere up to 300 J/cm2. As a final “lifetime” test, the laser was held fixed
in a single spot for 250,000 shots and showed no damage. These results confirm our expectations and the
observations of Kurnit, and justify further investigation both in the form of these offline experiments and in
integrated experiments using a full telescope and spatial filter assembly. We will be repeating these experiments in
the future and add an RGA to the damage experiment to determine if any ablation of the surface is taking place. The
absence of any measurable ablation of the surface would help to confirm the viability of these high average power
spatial filters for long lifetime operation. When a high average power laser system is available, the integrated
cylindrical spatial filter assembly will be tested as an integrated system to confirm these offline tests.
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