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Abstract 

 
In order to develop the next generation of high peak intensity lasers, new grating 
technology providing higher damage thresholds and large apertures is required.  
The current assumption is that this technical innovation will be multilayer 
dielectric gratings, wherein the uppermost layer of a thin film mirror is etched to 
create the desired binary phase grating.  A variant of this is explored with the 
upper grating layer being a lower density gelatin-based volume phase grating in 
either sol-gel or dichromated gelatin.  One key benefit is the elimination of the 
etching step.      
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Nomenclature 

a  avalanche ionization coefficient 
A  area 
AOI  angle of incidence 
AR            Anti-Reflection 
CPA            Chirped Pulse Amplification 
d  layer optical pathlength   
D  ideal layer thickness in a strictly transmission VPG 
DCG  Dichromated Gelatin 
η  Single-pass grating diffraction efficiency 
E  energy 
F  fluence (energy per unit area) 
fs  femtosecond (10-15 s) 
FWHM Full Width at Half Maximum 
HR            High-Reflection 
J  Joule 
λ0  central use wavelength 
λe  exposure wavelength 
Λ  grating period 
LIDT  Laser-Induced Damage Threshold 
LLNL  Lawrence Livermore National Laboratories 
m  diffracted order 
mJ  milliJoule (10-3 J) 
μm  micrometer (10-6 m) 
MLD  Multi-Layer Dielectric 
MPI  Multi-Photon Ionization 
n  index of refraction 
n0  average index of refraction 
Δn change in index of refraction (i.e. amplitude of modulation about 

average n0) 
Ne  electron number density 
nm  nanometer (10-9 m) 
ns  nanosecond (10-9 s) 
PW  PetaWatt (10+15 W) 
ps  picosecond (10-12 s) 
R  reflection coefficient 
θ0  angle of incidence at a material with respect to surface normal 
θe angle of incidence for grating exposure with respect to surface 

normal  (general terms) 
θ1,2 angles of incidence for grating exposure with respect to surface 

normal   
θ’  angle of diffraction at a material with respect to surface normal     
SNL  Sandia National Laboratories 

 9 



 

t  true layer thickness 
T  4-pass grating transmission 
TW  TeraWatt (10+12 W) 
VPG  Volume Phase Grating 
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Introduction 

 
Short pulse lasers have undergone a rapid growth both in capability and 
application since the advent of chirped pulse amplification (CPA) in the mid-
1980’s [1]. In this approach, a short laser pulse is temporally stretched in order to 
reduce the peak intensity and to mitigate potential damage before amplifying it.  
After amplification, the pulse is then temporally re-compressed to nearly its 
original pulsewidth. Since such an approach to laser pulse generation uses 
dispersive elements in temporal compressors (see Fig. 1), grating technology 
has become essential.  The largest CPA systems are petawatt-class systems 
capable of several hundreds of Joules in several hundreds of femtoseconds such 
as the now-defunct LLNL Petawatt system in the U.S. [2,3], the University of 
Osaka system in Japan [4], and the Rutherford-Appleton Laboratories system in 
the U.K., as well as a variety of planned systems.  Such systems typically use 
gold relief gratings of meter scale in the temporal compressors [3].  The 
limitations are the relatively poor damage threshold (<0.5 J/cm2), the efficiency 
(<95%), and the fabricated size available (< 1meter diameter) [2,5,6].   Such 
issues keep energies <1 kJ and thus limit peak intensities on the order of 1 PW.  
 

 

Figure 1.  A conceptual grating compressor. The amplified and chirped input laser pulse 
will have the “bluer” or higher frequency components arriving after the “redder” or lower 
frequency parts. Dispersion in the compressor gratings causes the different frequencies 
to experience different pathlengths, eventually allowing the various spectral components 
of the pulse to exit synchronously.  This re-compresses the pulse temporally.   Two 
gratings can be used to compress a pulse but the beam will exit with a spectral spread in 
one dimesion.  As such, 4 gratings (as depicted) in single-pass or 2 gratings in double-
pass configurations are typically used. 
 
In order to reach higher laser peak powers, one must either develop shorter 
pulse systems (<500 fs) at a fixed high energy using the available grating 
damage thresholds or one must increase the laser energy at a fixed short 
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pulsewidth (say ∼500fs) by improving these damage thresholds.  Since one 
planned application of short pulses at our facility (Sandia’s Z-Beamlet) involves 
Fast Ignitor research [7,8], laser design necessitates multiple kilojoules of energy 
in a few picoseconds pulsewidth. As such, the technical problem at issue here is 
the development of improved grating technology (higher damage threshold and 
efficiency, yet scalable to large-aperture).  
 
The existing damage threshold and efficiency are tied heavily to the material 
properties of gold in the grating. The small absorption of the metal leads to a 
lower damage threshold and lower efficiency than one might expect for a 
dielectric grating.  As such, there is a push within the short pulse community to 
develop multilayer dielectric gratings [9-13].  While the designs may vary, the 
basic premise is to have an etched relief grating (often in silica) directly on top of 
a multilayer dielectric (MLD) mirror. Such systems offer the potential for much 
higher efficiencies (>95%) and improved damage thresholds (>1 J/cm2) [11]. The 
latter improvement in part is due to the ability to mitigate electric field 
enhancement in groove structure. With the MLD gratings, the electric field 
penetrates into the material some, but proper design can push the fields more 
into the groove space than the material [10]. While such improvements are quite 
significant, the problem of large-aperture fabrication (which is greatly affected by 
the need for uniform etching) still remains.   Due to the durability of the 
uppermost dielectric layers, wet chemistry/wet etch methods once used on larger 
gold gratings do not directly carry over to the newer MLD technology.  Rather ion 
etching or reactive ion etching are preferred to maintain etch rates but, until 
recently, the need for such capability at larger apertures has not existed.  As 
such, the development and certification of etchers with >50cm capability is a 
research area in itself. 
  
A simple and elegant alternative to traditional gratings may be to develop 
gratings written in gelatin thin films. Sol-gel films can exhibit the requisite high 
damage-threshold (>10 J/cm2 for 1 ns-scale pulses) [14,15] and can have 
gratings written into them [16-18], although verification of both properties 
simultaneously has not been explored.  We propose coating a high damage-
threshold mirror (>10 J/cm2 at the ns-scale) with sol-gel and then writing a 
volume phase grating into the medium (see Fig. 2). Volume phase gratings 
(VPG’s) essentially create a periodic index modulation and can exhibit very high 
efficiencies (>99%) [19]. To get such efficiencies, they are traditionally used in 
transmission.  Often these gratings use a thin layer of gelatin material to create 
the grating and then seal the gelatin grating between two anti-reflection coated 
glass substrates for support and environmental protection. The glass thickness in 
transmission poses a problem for short pulse lasers due to B-integral effects, 
wherein the accumulated nonlinear phase due to the nonlinear refractive index of 
a bulk medium leads to small- and large-scale self-focusing and nonlinear optical 
damage as well as difficulties in pulse compression.  In spite of this, such 
transmission gratings, as formed in Dichromated Gelatin (DCG) between glass 
plates, have been used at small scale for pulse compression but were ultimately 
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limited by nonlinear optical effects or damage in the glass substrate [20-21], with 
one source [20] indicating that the damage threshold at least exceeded the 
threshold for continuum generation (1 TW/cm2 or 85 mJ/cm2) in the grating 
substrate.   
 
The use of the mirror as a backing eliminates nonlinear phase accumulation (B-
integral) in the substrate leaving only the negligible phase accumulation in the 
thin grating layer.  The environmental protection created by the glass cover 
would be gone but, in a vacuum environment (such as those typically used on 
larger peak power grating compressors), the problem would bypassed.  Note 
that, since the substrate is a mirror, this periodic structure will constitute a 
double-pass transmission VPG, with the whole structure acting like a reflection 
grating.  The suggestion of mirror-backed VPG’s (again in DCG) has been made 
before for telecommunication applications [22-25] but has not been applied to 
pulse compression.   The issue then would be to verify that the behavior of the 
mirror-backed VPG meets the needs of a petawatt laser system’s grating 
compressor. 
 

Fused Silica Substrate

Dielectric HR Stack  

VPG Layer 

Modified Exposure 
AR Stack 

Ideal AR Layer θ0

λ0

Λ
θ’

Exposure AR Layer 
 

Figure 2. A conceptual mirror-backed volume phase grating. Unless labeled, layers apply 
to the central operating wavelength λ0.  For the VPG layer, the grating period is Λ, which 
diffracts incident light at λ0 at an angle of θο (with respect to a surface normal) into an exit 
angle of  θ‘ according to the standard grating equation: (m  λ0/Λ) = (sinθο   - sinθ‘), where 
m is the diffracted order. 
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2. Grating requirements 

 
The petawatt grating compressor should meet the following criteria: 
1) Appropriate dispersion. The grating dispersion should be high enough that 

the separation of the two gratings in the compressor is of a reasonable 
length (i.e. not exceeding 10m) due to the need for a vacuum housing vessel 
(see criteria 5 below). Based upon this, reasonable values are needed for 
the line spacing (i.e. the features are not too small for fabrication and yet are 
small enough to allow significant dispersion) and use angle (i.e. the angle for 
a Littrow or near-Littrow configuration does not require an excessively large 
grating).  Historically, grating compressor designs  have grating separations 
from 3 to 10m range, grating line densities from 1200 lines/mm to 1740 
lines/mm (for groove periods/feature sizes of 570 to 830nm), and 
incident/use angles from 30 to 75°. 

 
2) High grating efficiency.  In common double-pass grating compressors for 

CPA lasers, a total of 4-reflections occur from the gratings. Thus, the total 
transmission T through the system is just the single-incidence first-order 
diffracted efficiency η raised to the fourth power (T=η4), resulting in 65.6% 
transmission for η=90%. Thus compressor gratings must then exhibit 
reflection efficiencies η>90% to have acceptable losses.  The nonlinear 
dependence is dramatic and good gratings should have η>95%, allowing 
total transmissions T>81%.    

 
3) High damage threshold.  Damage threshold issues are probably the most 

important for compressor gratings. Beam areas of 1000 cm2 to 1500 cm2 
with a damage threshold fluence of 0.4 J/cm2 (as for a gold relief grating) 
limits the output to 400 to 600 J.  This limitation is based upon the use of 
gold gratings, which exhibit the fairly flat damage threshold of 0.4 J/cm2 with 
respect to the laser pulsewidth for pulses in the 0.1 ps to 200 ps regime [26]. 
By comparison, dielectric materials exhibit a damage fluence threshold which 
increases with puslewidth, with the damage threshold almost always being 
higher than for metals. For a nominal 500 fs, damage threshold of fused 
silica is about 2.0 J/cm2, which would then represent an upper limit for any 
reasonable silica-based MLD grating in this regime. The damage threshold 
improves to around 3.0 J/cm2 at 5 ps duration. The potential for such an 
improvement in damage threshold and ensuing increases in laser output 
energies, in conjunction with higher diffraction efficiencies, is a large 
motivator for MLD grating development.  

       
4) Large-aperture capability.  The grating should be able to be fabricated at 

least to the 1 meter scale.  The ability to achieve this may also involve 
realizing sufficient optical uniformity at large aperture (i.e the diffraction 
efficiency is uniform to within ±15% and the optical wavefront is uniform to 
within λ/4 peak-to-valley).  Sol-gel coatings have been demonstrated up to 
fairly large apertures. For example, laser amplifier blast shields of size 1.8m 
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x 0.6m for the French Laser Mega-Joule project have been anti-reflection 
coated with sol-gel [27].  DCG diffractive optics are commercially available 
up to the 40 cm size. The associated coating processes are reasonably 
scalable and are highly cost effective when compared to the expense of 
large hard dielectric coating chambers. In addition, the VPG approach avoids 
any costs and scalability issues associated with large etching chambers. Wet 
etch or chemical rinse options can still be applied and maintain scalability in 
both the VPG scenario as well as harder gratings. 

 
5) Vacuum compatibility.  Due to the propagation distances involved, a 

petawatt-class laser accumulates a significant B-integral just from 
propagation in air. As such, the standard grating compressors and 
subsequent propagation paths and target areas must be in vacuum.    Sol-
gel’s have seen extensive use in vacuum systems, particularly in vacuum 
spatial filters on high energy lasers. When not in vacuum, the damage 
threshold and reflectivity become affected by water vapor and contaminants.  
DCG suffers similar environmental problems and has also been used in 
vacuum settings.  This lack of robustness is part of the reason that such 
VPG’s may not be considered as a viable option to MLD’s and gold-style 
gratings. This reasoning has certainly been used with regards to photoresist 
gratings [10].   However, the key here is to recall that, in any general high 
energy laser system, the environmental factors must be controlled anyway to 
mitigate damage.  In addition, in a petawatt-class laser, the compressor is in 
vacuum, which automatically reduces the fear of dust contaminants and 
water vapor.  

 
In addition to all of these physical needs, one would hope that the grating would 
be cost effective.  We will address how each of these needs is met in principle by 
a mirror-backed volume phase grating.  Manipulation of the key variables (grating 
period, use angle, the achievable index change, and gelatin layer thickness) 
should lead to gratings with both high efficiency and high damage-threshold at 
large-aperture.  To enable a mirror-backed VPG to meet these needs requires us 
to know the approximate compressor design.  As a nominal baseline, consider 
the design used in the LLNL petawatt laser. For that system, a 100 fs seed pulse 
at 1053 nm is stretched to 3 ns before amplification, setting the chirp. The 
compressor to compensate this chirp uses two 94 cm gold gratings with 1480 
lines/mm at an 8.4 m spacing in a single-pass configuration [2].  The angle of 
incidence would have been 46.2° such that the output was 10.7° away at 56.9°, 
although the Littrow angle (the angle at which the first diffracted order is anti-
parallel to the incident beam) is actually 51.2°.  
 

3.  Grating design 

 
To design the grating, one must keep in mind the compressor grating 
requirements outlined in section 2.   We have chosen to model the scenario 
using GSolver, a commercial grating design program [28], in order to consider 
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multiple effects,.  As input parameters, we need to know reasonable values of the 
bulk refractive index of the grating. Chemistry allows one to adjust the refractive 
index of silica sol-gels from 1.22 to 1.44, with around 1.22 being common for 
anti-reflection (AR) coatings of BK7 and fused silica [15]. Similarly, DCG’s 
refractive index can be adjusted from 1.27 to 1.54 [29].  As a reasonable value 
for both, we consider an average bulk index of n0=1.35. We then consider the 
index modulation Δn in addition to that. A value of Δn=0.06 for n0=1.35 refers to 
n=n0±Δn/2, allowing n to vary from 1.32 to 1.38. To date, Δn’s in sol-gel have only 
reached 0.02 [17] while they have reached 0.25 in DCG [29].  For the average 
n0=1.35 considered, we will only consider values of Δn up to 0.2, since this is an 
acceptable value for DCG (although it requires a great development leap on the 
part of sol-gel).   

 
Since the phase shift and hence the optical pathlength is critical in the grating, 
one must consider the optical thickness of the VPG. Sol-gels have been coated 
beyond 20μm thickness, but the uniformity over a large aperture is a problem. 
For most practical optical applications, sol-gel coatings are kept to less than 1μm 
in order to maintain coating quality. DCG can coat up to 100μm thickness but it is 
more common to see 5 to 20μm films (with 10% variation from edge to center) for 
optimal efficiency transmission gratings [29]. The general uniformity concerns 
imply that it would be best to minimize the thickness.  For a 10% variation to stay 
less than a wavefront distortion of λ/2 (to maintain a decent wavefront in the 
beam) and a wavelength λ of 1053nm, the desired thickness would be around 
5μm for DCG.   

   
As a starting point, we consider a mirror-backed grating of 1480 lines/mm 
(675.675nm period) to look at the effective operation of the concept. Similarly, we 
start by considering a Littrow configuration (θ0=51.2° incidence), as well as the 
more complex off-Littrow incident angle of 46.5° and exit angle of 56.5°.  Since 
the anticipated bandwidth (FWHM) of short-pulse Nd:Glass laser systems is 
about 5nm centered at 1053nm, we should consider use wavelengths in a slightly 
larger band from 1048 to 1058nm to make sure that the spectral wings are 
covered.  The grating layer is considered to be uniform throughout the thickness 
of the layer (i.e. there is no decrease in index modulation with depth) and is 
created by a sinusoidal variation in the refractive index from nmin=n0 - Δn/2 to 
nmax=n0  + Δn/2.   

 
Based upon use angle and average grating layer bulk refractive index, a mirror 
design is established. The same issues discussed on mirror design for MLD 
gratings should apply.  Thus, the mirror should have an optimal reflection for the 
use wavelength and use angle and should be nearly fully transmissive at the 
exposure wavelength and exposure angles.  A standard quarter-wave stack of 
high and low index materials is chosen for the mirror, following the general 
design that: 
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nH dH = nL dL = λ0/4         (1) 
 
where n is the refractive index, d is the optical pathlength in the material, and λ0 
is the vacuum wavelength of the incident light, with the H and L subscripts 
referring to high and low index respectively.  Note that the pathlength d is the true 
layer thickness t times cosθ0 for the angle θ0 formed between the surface normal 
and the optical beam.  Typically, s-polarization is favored for the grating mirrors 
since MLD gratings have the best diffraction efficiency for the thinnest layers 
when used in s-polarization (TE mode).  However, while thin grating layers are 
easier for some situations, other situations may favor a thicker grating and the 
use of p-polarization.  As such, both scenarios have been explored.   
 
Note that the reflection oscillations at lower wavelengths might cause a 
significant reflection at the exposure wavelength, leading to a ghost structure in 
the grating.  As such, we must consider the exposure wavelength and angle of 
incidence.  For a grating of period Λ and an exposure wavelength λe, 
  
Λ =  λe /(2⋅sinθe⋅cosφ)        (2) 
 
where the angle θe is the half-angle between the two exposing beams and φ is 
the angle of any small deviation that the grating surface normal might have with 
the axis of symmetry between the two exposing beams (see Fig. 3) [11]. For non-
zero φ to prevent back-reflections, the two beams will have slightly different 
incident angles θ1 and θ2.  Some common exposure wavelengths and angles are 
tabulated in Table 1. 

φ

θe
θe

θ1 = θe−φ

Λ

θ2 = θe+φ

 

Figure 3. Grating exposure arrangement. 
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Table 1. Exposure conditions to achieve Λ = 675.675nm (1480 l/mm). 

λe (nm) φ (°) θe (°) θ1, θ2 (°) 
355 0 15.23 15.23, 15.23 

 2 15.24 13.24, 17.24 
413 0 17.80 17.80, 17.80 

 2 17.81 15.81, 19.81 
488 0 21.17 21.17, 21.17 

 2 21.18 19.18, 23.18 
532 0 23.18 23.18, 23.18 

 2 23.20 21.20, 25.20 
 

Some groups have had the problem that the third harmonic peak at 351 nm can 
shift up when the incident angle changes, causing higher reflections at a λe =413 
nm (as seen in Fig.4).  The proposed solution in mitigating these reflections was 
an elaborate modification to the mirror structure [10].  Another solution is to use a 
slightly higher wavelength such as λe =488 nm.  If these were simple Fresnel 
reflections from the mirror, one would suggest an anti-reflection coating at λe on 
top of a slightly modified mirror.  As such, we chose to add a few more anti-
reflection layers to the top.  Furthermore, any real mirror used for this application 
would also have its rear surface AR coated at 488 nm to prevent ghost structures 
in that grating from that source. 
 
Based upon the discussion of grating needs and exposure, one arrives at a 
mirror design goal for a high reflector (R>95%) at wavelengths from 1045 to 
1060nm for the use angles from 45 to 60°.  Similarly, the grating exposure 
dictates that the mirror should be a high transmitter (R<1%) for 488nm from 15 to 
30°.  Designs will be considered for both s- and p-polarizations. 
 
3.1  S-polarization  Designs 
3.1.1  S-polarization Mirror Designs 
Due to the broader use of s-polarization for high efficiency thinner layer MLD 
gratings, this scenario was considered first.  For the best damage thresholds in 
the MLD stack, we choose HfO2 as the high index material (nH=1.8879) and SiO2 
(nL=1.4498) as the low index material.   For λ0=1053 nm and θ0=51.2° incidence, 
the angles in the media are θH=24.38° and θL=32.52°, resulting in layer 
thicknesses of tH=153.09 nm and tL=215.35 nm.  Eleven such high-low pairs (or 
22 total layers), represented as (HL)11, give high reflection at 1053 nm and at 
51.2° angle of incidence, with the reflection being >99.5% for s-polarization and 
lower for p-polarization (See Fig. 1).  Note that Fig. 5 indicates a broad reflection 
minima of about 1% or less for the exposure angles of interest. 
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Figure 4. (Left) Reflection efficiencies for an (HL)11 multilayer dielectric mirror design used 
at s-polarization. The solid black curve is the nominal high reflector at 1053 nm and 51.2° 
incidence.  The solid red curve verifies the mirror operation at 488 nm and 21.2° incidence. 
Dashed curves are without the empirically derived anti-reflection layers. (Right) The same 
mirror used in p-polarization. 
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Figure 5. Reflection efficiencies at 488 nm for s- and p-polarizations near the illumination 
angle of 21.2° incidence.  

 
3.1.2 S-polarization Grating Designs 
Upon this multilayer stack, one can now model a volume phase grating.  We first 
look at the effect of grating layer thickness upon diffracted efficiency for a fixed 
refractive index modulation Δn. This shows a slowly varying sinusoid with high 
amplitude, high frequency modulation on top (see Fig. 6).  The modulation is due 
to etalon effects in the grating layer itself.  In fact, a Fourier transform of the data 
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shows that the subtle beating of the high frequency modulation is actually due to 
the two different index extremes (nmin=n0 - Δn/2 and nmax=n0 + Δn/2) in the grating. 
One benefit of using the more rigorous modeling software rather than a simple 
analytical model like that of Kogelnik [19] is to point out unexpected results like 
this etalon behavior.  

 
Due to these etalon-effects, the grating surface was given an idealized anti-
reflection (AR) coating. For known refractive indices in air and the bulk VPG 
medium (n0=1.0 and nVPG=1.35 respectively) as well as angles (θ0=51.2° and 
θVPG=35.26°), the refractive index of an idealized single-layer AR can be 
determined to be nAR=1.1393 by setting equal the Fresnel reflectivities from air 
into the AR and from the AR into the VPG. With a known index and 
corresponding angle in the media (θAR=43.16°), a quarter-wave thickness of 
tAR=316.7 nm is determined.  Such a structure could be a simple coating of an 
aerogel or modified sol-gel AR.  With this AR applied in the model, the etalon-
generated structure is basically eliminated (see Fig. 6). The residual ripples may 
be due to the index modulation of the grating where the index extremes are not 
effectively matched.   
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Figure 6. First order diffraction efficiency at 1053 nm for s-polarization at 51.2° incidence 
versus VPG layer thickness. 
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Figure 7. First order diffraction efficiency (at 1053 nm for s-polarization at 51.2° incidence) 
versus VPG layer thickness for different Δn (0.02, 0.10, and 0.18) and n0=1.35. The grating 
here is a sinusoidal index modulation.  The simulation data is represented in the solid 
lines while the simple Kogelnik theory is represented by the dotted curves. 

 
Including the AR in the model, the original idea of varying the thickness and Δn 
was examined for a sinusoidally varying volume phase grating backed by our 
high reflector (see Fig. 7).  The modeled curves are overlaid with a simple 
theoretical curve for a non-absorbing dielectric transmission VPG presented by 
Kogelnik [19].  In Kogelnik’s theory, the transmitted diffraction efficiency η for a 
lossless dielectric grating structure of thickness D with an internal beam angle of 
θ in the medium and a slant angle φ of the grating with respect to the substrate is: 
 
η=sin2ν          (3) 
 
where, for s polarization, 
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This condition holds exactly if the Bragg condition is satisfied: 
 
sin θVPG = λ0/(2nΛ)         (5) 

 
In our case of λ0=1053 nm, nVPG=1.35, and Λ=675.7 nm (1480 lines/mm), 
θVPG=35.26° satisfies the condition.   

 
Based upon this, the only assumptions for the mirror-backed VPG are that the 
grating fringes are orthogonal to the mirror surface (i.e. the grating fringes are 
unslanted or φ=90°) and that the theoretical grating layer thickness t is exactly 
half that required for a thick film Bragg transmission grating in Kogelnik’s 
standard approach (i.e. t=D/2).  The first condition is the simplest means to 
satisfy the Bragg condition. The second condition is consistent with Kogelnik’s 
model being for a single-pass transmission grating whereas our model concerns 
a double-pass mirror-backed VPG.   As seen in Fig. 7, the theory matches well, 
showing that in this respect the mirror-backed grating option performs like a 
modified Bragg transmission grating and can exhibit a theoretical efficiency of 
η>99%. Note that Eq. 3 points out that the efficiency will peak when ν=π/2, 3π/2, 
etc. or when Δn⋅t = λ0⋅cosθVPG/2 = 0.43, 1.29, etc. These peaks trace out a series 
of curves indicated by the white bands of the contour plot in Fig. 8.  Such 
efficiency peak curves show that, for reasonable Δn<0.2, the grating layer 
thickness cannot be less than 2 μm.   
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Figure 8. (Left) A 3D plot of the simple Kogelnik theory showing where efficiency peaks as 
a function of grating thickness t and index modulation Δn. (Right) A top view contour plot 
with the white bands representing peak efficiencies. 
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For a few such optimal sets of Δn and t, the efficiency as a function of 
wavelength and incident angle is examined (see Fig. 9).  As one can see in the 
figure, the bandwidth increases as the thickness t decreases and the index 
change Δn increases. Similarly, the acceptance angle increases as the thickness 
t decreases and the index change Δn increases. To quantify a bit, consider the 
spectral and angular ranges of desired operation, which we would like to be 
η>95%.  The associated widths are plotted versus Δn in Fig. 10.   The basic 
result indicated is that the bandwidth Δλ is more than sufficient for a >100fs scale 
chirped pulse system but the angular acceptance Δθ is relatively narrow, 
specifically too narrow to use this design (the straightforward case where the 
grating fringes are orthogonal to the substrate) in the off-Littrow configuration 
(which would require Δθ>[51.2°-46.5°]=4.7° ).   
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Figure 9. (Left) Efficiency η versus wavelength λ for optimal grating thickness t and 
corresponding index modulation Δn pairs. (Right) Efficiency η versus incident angle θ for 
optimal grating thickness t and corresponding index modulation Δn pairs. 
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Figure 10. Bandwidth Δλ versus Δn (in red) and acceptance angle Δθ versus Δn (in black) 
for optimal grating thickness settings in Figure 6.  

 
In addition to all of the design validation, the first year of the LDRD hoped to 
model the effects of field enhancement in the grating structure. Such work was 
done by Bill Johnson and company in Org. 1642 using a modification to existing 
Sandia electromagnetic codes.  These modifications were benchmarked against 
existing published data on multilayer dielectric gratings [2] with nice agreement 
(see Fig.11).  The code was then applied to the baseline design of the mirror-
backed grating.  An electric field map of the results (for a single grating period) 
show a high field enhancement inside the grating structure (see right side of 
figure).  A similar model run for a gold-backed grating shows a similar field 
enhancement higher up in the grating (see left side of figure). This data points 
out some key issues. First, the field enhancement is located a fixed distance of 
roughly half of one optical wavelength from the surface of the high reflector, 
whether it be a multilayer dielectric structure or gold.  The reason for the 
difference in the two cases is that, in the multilayer case, there are a few extra 
dielectric layers for AR purposes above the final surface of the mirror.  The net 
result of such field enhancement placement is that one is driven again towards 
very thin gratings and higher index modulations.  The other point is that the field 
enhancement can be made to lie almost entirely within the grating structure (as 
indicated in the left figure gold-backed grating case). Since damage thresholds 
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are typically higher in bulk media than at a dielectric interface, the result of a high 
field enhancement may not be such a problem.  Only correlated damage testing 
will verify this. 
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Figure 11. (Top) Benchmarking: Upper left- Field modeling of an etched MLD grating from 
[10], Upper right- SNL benchmarked model of the same grating from [10].  (Bottom) 
Application to SNL mirror-backed VPG for case of s-polarization and grating fringes 
normal to mirror (n=1.35, Δn=0.16, t=2.688μm): Bottom left- Gold-mirror backed case 
Bottom right- Dielectric mirror-backed case. 
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3.2 P-polarization Designs 
3.2.1 P-polarization Mirror Designs 
As design work evolved, discussions with makers of DCG volume phase gratings 
began in order to prototype the concept.  The main vendor concerns were the 
layer thickness (which was desired to be in the 5 to 20 μm range) and the use of 
an anti-reflection top-coat.  For DCG production, an ideal aerogel AR is not 
possible and a standard dielectric hard coat may distort the delicate gelatin.  As 
such, a bit of investigation suggested that, if the grating is designed and used at 
p-polarization, the fact that the grating use angle is so near to Brewster’s angle 
(for which p-polarized reflections are minimized) may mitigate the strong etalon-
effect from the gelatin layer seen with s-polarization [30] (see Fig. 6). To be clear, 
the Brewster’s angle for n=1.4 is θ0=ArcTan(n)=54.5° and for n=1.35 is 
θ0=ArcTan(n)=53.5°, both of which are close to the 51.2° Littrow angle.  This 
option was modeled with GSolver with the result that the etalon effect was 
mitigated as expected (see Fig. 12).  With this in mind a design was created for a 
p-polarized mirror substrate.  
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Figure 12. First order diffraction efficiency (at 1053 nm for p-polarization at 51.2° 
incidence) versus VPG layer thickness.  In the unslanted case, the fringes/phase gratings 
are normal to the substrate.    

 
The new MLD mirror was designed to be a high reflector for 1045-1060nm at a 
45-60° angle of incidence (to accommodate the eventual grating requirements) 
while still being a high transmitter for 488nm from 15-30° angle of incidence (to 
accommodate the grating exposure). The latter issue requires an anti-reflection 
coating upon the rear surface for 488nm from 15-30° angle of incidence to 
continue ensuring that stray exposure light does not establish undesired 
secondary “ghost” grating structures. The original design called for a 34 layer (17 
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HL pairs) HR on the front substrate surface and a 2 layer AR on the rear surface. 
Samples of the experimental mirror design were fabricated with the help of 
Plymouth Grating Laboratories.  The design goals and the measured spectral 
responses of the mirrors are both shown in Fig. 13.  The figure shows that the 
fabricated mirrors match the design well, achieving high reflection for 1045-
1060nm at 45-60° angle of incidence.  The deviations from the design goal stem 
from several issues.  For one, the vendor preferred a 4-layer AR due to material 
selection. In addition, the 34 layer design was quite thick at a combined layer 
thickness of 6.07 μm. The vendor had to cut out 4 layers (or 2 HL pairs) which 
marginally reduces the reflection efficiency. However, these two small 
adjustments as well as small deviations in the modeled versus real layer 
thicknesses and indices of refraction easily explain the small variation of the 
fabricated samples from the original design parameters.  
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Figure 13. Dielectric coated mirror design goals and measured performance.  Note that, 
since the plot shows transmission rather than reflection, the large transmission bands in 
the 1.0 to 1.2 μm spectral range correspond to efficient reflection in this range. 

 
3.2.2 P-polarization Grating Designs 
Analysis quickly indicated similar results to the s-polarized case with respect to 
bandwidth and acceptance angle.  In general, reasonable Δn∼0.2 allow sufficient 
bandwidths Δλ>10nm for η>90% but keeps acceptance angles fairly narrow at 
Δθ<3° for the same efficiency range.  As such, slanted grating fringes (i.e. those 
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where the grating fringes are non-orthogonal to the mirror substrate or φ ≠ 90°) 
are considered.  
 
In Kogelnik’s theory [19], the grating efficiency for p-polarization is still the simple 
relation η=sin2ν from Eq. 3 as long as the Bragg condition is satisfied. However, 
the factor ν is modified for p-polarization: 
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The small deviation from the Bragg condition which will result for broadband 
pulses used with slanted grating fringes will cause the relation from Eq. 3 to 
become an approximation. Kogelnik’s theory for the efficiency includes extra 
terms to account for deviations from the Bragg condition but the expression 
becomes quite cumbersome. However, as will be demonstrated, the relation 
expressed in Eq. 3 still holds up quite well as long as these Bragg deviations are 
small.  
 
A sample comparison of the slanted versus unslanted cases appears in Fig. 14, 
which is the p-polarization analog to the s-polarized sample data in Fig. 9.  To 
better clarify things, some key cases are summarized in Table 2.  The Kogelnik 
theory was used to provide baseline information such as the layer thickness for 
the other given parameters which determine the peak efficiencies.  Using these 
values, a simulation using GSolver was performed assuming a gold substrate at 
first to approximate the idealized case which Kogelnik represents.  Afterwards, 
the MLD substrate design was added to the model.  As seen in the layer 
thickness row of Table 2, the theory and modeled data agree well.  In the model, 
the addition of the gelatin layer to the MLD substrate originally created some 
small percentage of 488nm reflections which were not present with the MLD 
mirror alone. This forced small changes to the gelatin layer thickness in order to 
mitigate any 488nm reflections (as indicated in the first two data rows of Table 2).  
The net result was a p-polarized DCG mirror-backed grating design (not 
prototype) with greater than 95% efficiency over >10nm bandwidth in each of the 
4 cases. The use of slanted fringes does slightly reduce the peak diffraction 
efficiency available and increase the gelatin layer thickness.  However, slanted 
fringes do permit the requisite angles of incidence and adequate bandwidth.    
 
To validate the concept, the custom mirror samples received from Plymouth 
Grating Laboratories were sent to Wasatch Photonics for coating with DCG and 
subsequent exposure.  Grating samples for case 3 described in Table 2 were not 
in fact created because the gelatin layer thickness was deemed too thick. 
However, six samples for each of cases 1, 2, and 4 were fabricated (see Fig. 15) 
and the results are shown Table 3.  The best sample achieved as high as a first-
order diffraction efficiency of η = 88% and numerous other samples achieved 
efficiencies in the 70-80% range.   The other cases were unable to produce 
significant quantities of gratings with efficiencies greater than 50%. 
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Figure 14.  (Left) First order diffraction efficiency (for p-polarization at fixed use angles) 
versus wavelength for unslanted and sample slanted fringe cases.  (Right) First order 
diffraction efficiency (at 1053 nm for p-polarization) versus incident angle for unslanted 
and sample slanted fringe cases. 

 

Table 2. Fabrication considerations for p-polarized DCG gratings. 

All gratings: 
 
Λ=675.675nm(1480 l/mm); 
50%duty cycle (sinusoidal) 
 

Case1:  
AOI=51.2°(Littrow), 
1.3<n<1.4,  
1053nm design;  
n=1.4 unexposed, 
488nm exposure at 
21.2° 

Case2:  
AOI=51.2°(Littrow), 
1.3<n<1.5,  
1053nm design; 
n=1.5 unexposed, 
488nm exposure at 
21.2° 

Case3: 
 AOI=46.2 °, 
1.3<n<1.4, 
1053nm design; 
n=1.4 unexposed, 
488nm slanted 
exposure at 
16.2°,26.2° 

Case4:  
AOI=46.2 °, 
1.3<n<1.5, 
1053nm design; 
n=1.5 unexposed, 
488nm slanted 
exposure at 
16.2°,26.2° 

VPG layer thickness on 
gold (both Kogelnik 
theory and Gslover 
model)  and adjusted for 
MLD (mm) 

12.68 (K),12.68 (G)  
 12.63 (G) 

5.75 (K), 5.75 (G)  
 5.7 (G) 

25.94 (K), 25.94 (G)  
 25.93 (G) 

10.17 (K), 11.6 (G) 
 11.58 (G) 

Unexposed MLD 488nm 
reflectivity at exposure 
angles with original and 
adjusted gel layer (%) 

R<6.7% 
 R<0.13% 

R<10.0%  
 R<0.14% 

R<0.78%,3.6%  
 R<1.8%,2.5% 

R<1.7%,2.7%  
 R<0.15%,0.36%

Slant angle f (°) 0 0 4.7 4.8 

η @ 1053nm @ 46.2°, 
51.2°, and 56.9° (%) with 
gold mirror and with 
adjusted gel layer on 
MLD 

0.15%,99.05%, 
0.4% 0.11%, 
98.32%,1.32% 

1.07%,99.04%, 
0.69% 11.61%, 
98.39%,13.25% 

97.91%,1.5%, 
98.81% 96.94%, 
3.09%,95.40% 

98.93%, 5.29%,  
99.01% 94.99%, 
3.69%,95.64% 

Acceptance angles and 
incident ranges (°) at 
1053nm 

0.8° (51.6°-50.8°) 1.8° (52.1°-50.3°) 0.5° (46.4°-45.9°); 
0.7° (57.2°-56.5°) 

2.1° (47.3°-45.2°); 
2.7° (58.1°-55.4°) 

Bandwidth and ranges 
(nm) at AOI 

12nm (1059-1047nm) 28nm (1067-1039nm) 10nm (1057-1047nm) 35nm(1071-
1036nm) 
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Table 3 Fabricated DCG grating results 

 Case 1 Case 2 Case 4 
First-order 
Diffraction 
Efficiency  
(and Sample 
Serial Number) 

77% (S/N 347),  
80% (S/N 393),  
XX% (S/N XXX),  
XX% (S/N XXX),  
XX% (S/N XXX),  
XX%   (S/N   XXX)  

71% (S/N 314),  
XX% (S/N XXX),  
XX% (S/N XXX),  
XX% (S/N XXX),  
XX% (S/N XXX),  
XX%   (S/N   XXX)

88% (S/N 054), 
82% (S/N 148), 
81% (S/N 158), 
84% (S/N 160), 
82% (S/N 162), 
72%    (S/N    169)

Average 
Diffraction 
Efficiency  
(and Standard 
Deviation) 

   
 

81.5 ± 5.3 % 

 

 

Figure 15. (Left) DCG mirror-backed grating prototype from Case 2. The spectral 
dispersion observed indicates that the sample has some response in the visible 
wavelength band as well as the designed infrared region. (Right) DCG mirror-backed 
grating prototype from Case 4 after vacuum pump-down.   

 
While the grating efficiencies are quite nice, the DCG layer is noticeably 
hygroscopic.  While one does not directly see water accumulate on the gelatin 
film, one can see a drop in diffraction efficiency after several days of ambient 
atmosphere exposure.  The attempt was made to pump down such a mirror-
backed VPG sample in a vacuum cell to draw off the water.  In general, such a 
maneuver does not harm DCG films on fused silica substrates with no MLD 
mirror stack, as was verified.   However, the presence of the thick HR MLD stack 
complicates the overall structure and the mirror-backed VPG developed 
pronounced fine stress lines along with tearing of the films away from these 
stress lines (see Fig. 15).  Dielectric films of HfO2 and SiO2 tend to show greater 
signs of stress when placed upon fused silica substrates than with other glass 
material substrates like BK7.  These stresses are then exacerbated when the 
coated optic is placed in vacuum.  Problems like this have been observed in 
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some etched MLD grating work where the coating began to craze and peel when 
placed in vacuum.  While not all coated substrates have vacuum incompatibility 
issues, the issue of low stress coatings for vacuum applications is an on-going 
area of work in the optics community at large but the topic lies outside the scope 
of this research. 
 

4. Damage Thresholds and Damage Testing 

4.1 Theory of Damage 
One of the core issues in optics development is the laser-induced damage 
threshold (LIDT).  The data is typically quantified in terms of a damage fluence or 
energy per unit area (F=E/A) at a given pulsewidth. Electric field enhancement is 
known to be a problem in MLD studies because it can reduce the damage 
thresholds.  Since damage thresholds tend to be lower at dielectric interfaces, it 
is believed that the effect can be mitigated in dielectric or volume phase gratings 
in part by trying to shift the high field regions to the air gap, by more generally 
placing the field enhancement in the bulk material (especially the low index 
material), or by distributing the field more uniformly via soft transition boundary 
condition.  Beyond such considerations, grating damage becomes as much an 
issue of material science as of design.  
 
With regards to basic material science and LIDT, lower density materials (like 
sol-gel) should benefit slightly from an inherently better damage threshold than 
the higher density counterpart (like bulk fused silica).  To understand this, 
consider the mechanism involved in short pulse damage [31]. Avalanche Joule 
heating dominates in the long pulse regime (>100 ps) with a scaling dependence 
of τα for 0.4<α<0.5. For a temporal intensity profile I(t), the Joule heating follows 
a rate equation for electron density Ne growth with time t: 
  
dNe/dt =  [a I(t)]⋅Ne(t)       (7)  
 
The factor a is the avalanche coefficient. At shorter pulsewidths, multiphoton 
ionization (or even tunneling ionization for extremely high intensities) begins to 
become significant.  The multiphoton ionization (MPI) for an nth order process will 
follow a distinctly different rate equation: 
 
dNe/dt = N0⋅[ σ⋅I(t)n]         (8)  
 
The net rate equation is the sum of these: 
 
dNe/dt = [a I(t)]⋅Ne(t) + N0⋅[ σ⋅I(t)n]      (9) 

 
From this, one can see that MPI will dominate the ionization early on but 
eventually the collisional/avalanche ionization rate will exceed the MPI rate, 
causing MPI to act as a seed for avalanche ionization.  Eventually, the material 
achieves a plasma density equal to the critical density. Above this density, the 
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laser energy is strongly absorbed in the long pulse limit, leading to the common 
definition of the damage fluence as the fluence at which critical density is 
reached [31].  It is worth mentioning that, for shorter pulses, the plasma scale 
lengths become shorter than the laser wavelength, leading to an enhanced 
reflection rather than absorption.   The basic rate equation from Eq. 9 has been 
solved and the corresponding fluence which leads to damage (i.e. the fluence 
where the plasma density equals the critical plasma density) has been 
determined as a function of pulsewidth, as shown in Fig. 16.  The equation 
solution is benchmarked to published data from [26], as seen in the green curve.   
Note that the deviation from of the modeled data from the published data stems 
from the fact that diffusion effects which dominate at longer pulse durations are 
not accounted for. 

3SiO2 (2.2 g/cm )
sol-gel   (0.22 g/cm3)
aerogel (0.022 g/cm3)

 

Figure 16. Comparison of damage threshold versus pulsewidth for different density 
materials.  The modeling (in color) was benchmarked to the experimental data from [26] (in 
black). 

 
To compare, the initial density conditions were reduced by one or two orders of 
magnitude, which is the difference in density when going from bulk fused silica 
density to a sol-gel or the difference in density when going from bulk fused silica 
density to an aero-gel respectively.  The resulting curves, shown in blue (for sol-
gels) and red (for aero-gels) in Fig. 16, point to a 10-20% improvement in the 
damage fluence compared with bulk fused silica.  The key here is that sol-gels 
have a lower initial density, which will not affect the long pulse regime 
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significantly but will affect the short pulse regime. As such, sol-gels will require 
more intensity to reach the seed threshold for cascade ionization to take over, 
which in turn should slightly elevate the short-pulse damage threshold for sol-
gels compared to a denser bulk fused silica.    
 
While the modeling points to improved damage thresholds for lower density 
materials from the standpoint of plasma generation, the model does not account 
for changes in the structural integrity which may occur with such materials.  
Gelatin materials such as sol-gels and aero-gels are notoriously soft and are 
subject to easy deformation from external applied pressure.  Such properties 
make gelatins potentially susceptible to pressure gradients which can be created 
with laser light and/or plasmas. Actual damage testing is required to verify the 
hypothesis. 
 
4.2 Damage Testing 
In order to measure the damage threshold of the various substrates the damage 
testing setup depicted in Fig. 17 was built. 
 

energy meter

alternate image
plane CCD

dark field CCDMCP

DBS

BS

40 cm lens

target

vacuum
chamber

negative pinhole

imaging lens

main beam dark field probe beam

 

Figure 17. Overview of the damage testing setup. 
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The damage sample is placed into a vacuum chamber at a pressure of less than 
5 x 10-6 Torr. This eliminates ionization in air and the resulting absorption and de-
focusing which occurs while the beam is going through a focus as it is relay 
imaged onto the front surface of the target. Beam size is verified by placing a 
CCD camera into an alternate image plane using a second 40 cm focal length 
lens (see Fig. 17). The image at the target plane and the alternate image plane 
are compared prior to damage testing to ensure proper correlation between 
them. The laser beam energy is measured with a Molectron J3-05 energy meter 
and calibrated to the main beam. The intensity or fluence where damage occurs 
can be quantified via energy, target area, and pulsewidth diagnostics. Those 
pulsewidth diagnostics were performed using a single shot autocorrelator.  
 
We have used two methods to quantify the onset of damage: 
 

1. Dark-Field Scattering (DFS): 
 

In this method a 5 mW, 532 nm continuous wave laser beam is propagated 
collinear to the main 1054 nm damage beam in order to illuminate the 
damage spot on the target surface. The green beam’s divergence is adjusted 
in a way that its focus is about 8 cm behind the target (see Fig. 17). Using a 
10 cm focal length lens, the target surface is then imaged onto a CCD 
camera. If the target is a transparent medium at 532 nm that shows little or no 
scatter, then the CCD camera will show no signal if a negative pinhole (a 
transparent slide with a small, circular absorber or scatterer) is placed at the 
focal point of the 532 nm beam. Upon damage, the sample will scatter the 
532 nm beam around the obstacle in the focal plane causing light detection 
on the dark field CCD. 
 
Measurements were performed by taking the background image of an 
unperturbed sample spot and subtracting it from the scattered light image 
caused by a damage spot. The onset of damage was determined by plotting 
the number of bright (non-zero) pixels versus laser fluence. Figure 18 shows 
a typical background and damage image as well as the processed data. 

 

- =

scattering from damaged sample background image processed image  
 

Figure 18. Typical single shot damage on a fused silica sample. 
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2. Ion detection via a micro-channel plate (MCP): 

 
We have also developed an entirely new method for measuring the onset of 
damage with high accuracy. This method uses a micro-channel plate to 
detect positive ions that are liberated when surface damage occurs. Figure 19 
shows a schematic of the MCP assembly. 

anode signal

negative
HV bias

negative
HV bias

optional ports
for reverse MCP
bias anode signal

microchannel
plate (MCP)

 

 Figure 19.  Schematic of the MCP assembly. 

 
The MCP is biased to -1800 V and is placed 10 cm from the target surface. 
When laser damage occurs, ions are liberated from the front surface and can be 
detected by the MCP. The sensitivity can be varied by adjusting the MCP bias 
voltage from -1600 to -2200 V. The main benefit in using this method is that it 
doesn’t require careful alignment and that its results are independent of the 
particular setup. The MCP can also serve as a time of flight (TOF) detector. A 
careful analysis of the detected voltage pulse can reveal the ion species that 
have been ablated from the surface. One should note that an MCP should only 
be operated at pressures around 10-6 Torr which restricts this method to vacuum 
damage testing. Figure 20 shows a typical voltage pulse recorded by the MCP. 
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Figure 20. Voltage signal from the MCP. 

 
 
Single Shot Measurements were performed as follows: Prior to every shot, a 
background image of the dark-field scatter CCD was recorded. An electronic 
signal was used to open a shutter and to trigger the alternate image CCD camera 
as well as the single shot autocorrelator. The MCP signals were triggered on the 
laser light pulse itself using a fast (10 ns rise time) photo diode. Using the light 
signal as a t=0 starting point will allow for TOF measurements. After each laser 
pulse, the MCP signal trace, the laser beam energy, the pulsewidth, the DFS 
image, and the beam profile in the alternate image plane were recorded. The 
position of every damage spot was carefully recorded and could be correlated to 
later measurements with a microscope. Onset of damage was determined by 
plotting the number of bright pixels in the DFS image as well as the MCP voltage 
signal versus fluence. Figure 21 shows the normalized signals for both methods 
versus laser fluence for a single shot damage measurement of fused silica at a 
pressure of less than 5 x 10-6 Torr. 

 
 

36



 

0 1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

1.0

 normalized MCP voltage
 normalized DSF count

no
rm

al
iz

ed
 s

ig
na

l (
a.

u.
)

mean fluence (J/cm2)

Fused Silica Corning 7980

 
 

Figure 21. Plot of normalized DFS and MCP voltage versus fluence. 

 
One can see an excellent correspondence between the DFS signals and the 
MCP data. The data shows a steep rise in signal strength at around 2.4 J/cm2 
with statistical fluctuations up to 3.0 J/cm2. This threshold value corresponds very 
well with measurements that have been performed by Perry et. al [31]. The result 
verifies the suitability of an MCP for detecting the onset of damage. 
 
Extensive damage studies on several materials have been performed using the 
above outlined methods. The 1053 nm laser beam energy was varied while the 
pulsewidth was kept at around 800 fs and the illuminated target area was 150 μm 
in diameter. Single shot damage threshold was determined by recording the 
fluence at the first sign of damage, meaning either the onset of scattering in the 
DFS setup or the occurrence of a voltage pulse in the MCP. Table 4 shows the 
obtained results for the dark field scattering technique as well as the MCP 
voltage measurements.  For comparison, Table 5 shows the available published 
laser damage threshold values for fused silica.  The main results are that silica 
aerogels exhibit a lower damage threshold than bulk fused silica, which implies 
that the modeled behavior is inaccurate, possibly due to the previously 
mentioned lack of inclusion of pressure effects in the model.   However, the 
damage threshold of the unpatterned aerogel still exceeds that of unpatterned 
gold coatings (about 0.6J/cm2, which lowers to around 0.4J/cm2 due to field 
enhancements when used in a grating), as does the value for DCG. 
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Table 4. Measured Laser Damage Thresholds for 1053nm at 800fs 

Material Environment  
(Air, Vacuum) 

Damage Threshold 
from DFS (J/cm2) 

Damage Threshold 
from MCP (J/cm2) 

fused silica (Corning 7980) Vacuum 2.40 2.34 

dichromated gelatin  
(5μm thick,  
2.5 minutes fixing) 

Vacuum 1.95 1.97 

Dichromated gelatin 
(5μm thick,  
2.5 minutes fixing) 

Air 2.05 N/A 

sonicated aerogel 
(4.5μm thick, n=1.074) 

Vacuum 0.65 0.65 

vertishear silica aerogel 
(2.4μm thick, n=1.05) 

Vacuum 0.96 0.95 

 

Table 5. Fused Silica Damage Thresholds  

Authors Wavelength 
(nm) 

Pulsewidth 
(ps) 

Damage 
Fluence 
(J/cm2) 

Damage 
Environment 
(Air/Vacuum) 

Number of 
Pulses 

Perry et al [31] 1053 10 4.1 Air 600 
 1053 1 2.5 Air 600 
 1053 0.1 1.2 Air 600 
Lenzner et al [32] 780 1 6.0 Air 50 
 780 0.05 3.3 Air 50 
Tien et al [33] 800 1 5.2 Air 1 
 800 0.1 3.3 Air 1 
Ashkenasi et al [34] 800 0.1 3.6 Vacuum  1 
 800 0.1 1 Vacuum  100 

 
 

5. Chemistry and Achievable Index Modulation 

 

5.1 Approach 
Optical patterning of average properties of disordered sol-gel films for fabrication 
of optical elements such as waveguides [35] and diffraction gratings [16] is well 
reported in the literature.  These processes typically use an organosilane 
modified metal alkoxide, often in conjunction with a photoinitiator to locally 
polymerize the organosilane.  We have recently shown [17] that the 
polymerization increases the refractive index of the exposed region relative to the 
unexposed region (Δn ≈ 0.025).    Although we investigate these photosensitive 
sol-gel films for large area diffraction gratings, their usefulness may be limited by 
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a number of factors:  low refractive index difference, low film thickness (and 
questionable UV penetration through thicker films), and 450◦C processing may be 
unsuitable for large area optics.  
 
 The development of coatings for large area, large-aperture high damage-
threshold sol-gel diffraction gratings focused on two areas:  1) development of 
oxide thin films (nominal thickness ≥ 1 micron as index modulating grating 
structures, and 2) investigation of patterning strategies for deposited films.  
Because single layer, crack-free sol-gel coatings are generally limited to < 0.5 
micron/layer, strategies that involve many multiple coatings or thick film concepts 
(e.g. aerogel) must be considered to achieve the coating thicknesses required for 
gratings, as suggested by modeling studies described previously.   Silica aerogel 
thin films, currently under development at Sandia for thin film insulators and 
optical display applications, exhibit > 95% porosity (refractive index ~1.05-1.11) 
and may be deposited routinely at thicknesses exceeding one micron per layer.  
Aerogel films are appropriate to consider as the low-index component of a 
volume phase grating and may be multiply-coated for designs requiring 
thicknesses of several microns.  The interconnected high porosity of the silica 
aerogel reduces the refractive index of the silica structure from 1.46 to <1.1; 
further, the porosity may be exploited for infiltration with a higher refractive index 
sol-gel material (e.g. ZrO2, TiO2, HfO) to achieve the required difference in 
refractive index between the low and high index regions of the grating.  
Deposition of the high refractive index phase into selected areas of the low index 
material may be accomplished either by selective dewetting of 
hydrophobic/hydrophilic regions of the aerogel film or by incorporation of a 
photosensitive molecule (e.g. photoacid generator) to yield denser regions 
(higher n) upon exposure to UV.   
 

5.2 Background: Aerogel films 
During conventional deposition of sol-gel films by dip-coating, an entrained 
inorganic sol is concentrated on a substrate surface by evaporation leading to 
aggregation and the formation of a physical or chemical gel.  Continued 
evaporation creates liquid-vapor menisci, which, for wetting fluids, causes the 
liquid to be in tension.  This tensile stress in the liquid causes shrinkage (pore 
collapse) accompanied by continued polymerization of the gel network, resulting 
in irreversible drying shrinkage.  The dried film remains in its most compacted 
state as adjacent SiOH groups react to form Si-O-Si bonds and to “lock-in” the 
shrunken structure.  Under these conditions, the film porosity is limited to 
approximately 10-60%.  Drying the film under supercritical conditions eliminates 
the liquid-vapor interfaces and the associated tension-induced shrinkage but it is 
not suitable for applications where retention of the high porosity of the wet gel 
state is desired or for film processing using continuous coating operations. 
 
We previously developed an alternative means of preserving the porous network 
of the wet gel (Fig. 22, [36]) where the drying shrinkage is reversible.   In this 
benchmark process, the hydroxylated surface of the gel is derivatized with 
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organosilanes via standard silylation routes [37] to form an organosilyl-terminated 
surface.  This surface does not participate in chemical reactions (condensation, 
hydrogen bonding) that occur during drying and which form Si-O-Si bonds.  
Shrinkage of the network still occurs due to recession of the liquid-vapor menisci 
into the gel interior, but because the structure is not “locked-in”, the elastic 
network progressively “springs-back” to its original highly porous state.  We 
exploit this process to form films that retain the high interconnected porosity of 
the gel state (>95%) that may subsequently be selectively infiltrated with a 
second phase to form a patterned composite film. 

   

Figure 22. Schematic diagram of “springback” aerogel dip-coating process.  Region A-B is pre-
gelation stage.  B is the gel point.  Region B-C is the initial drying stage.  C is the drying line. 
Region C-D is the final drying stage .  HMDS sols exhibit expansion or springback in this region 
because chemical cross-linking in the fully compacted state at C is prevented by organosilyl 
groups allowing drying shrinkage to be reversible. 

 

5.3 Experimental Methods 
We prepared organosilyl derivatized silica sols from tetraethoxysilane (TEOS) 
and hexamethyldisilazane (HMDS) according to the following procedure:  TEOS 
diluted in ethanol was partially hydrolyzed with water under acidic conditions at 
60◦C (molar ratios TEOS:ethanol:water:HCl = 1:3.8:1.1:7x10-4).  After 90 minutes 
of stirring, aqueous ammonium hydroxide was added with ethanol at room 
temperature resulting in final molar ratios TEOS:ethanol:water:HCl:NH4OH = 
1:38.8:3.6: 7x10-4: 2x10-3.  Following gelation, the gel was aged at 50◦C to 
strengthen the gel network, washed twice in an excess volume of ethanol, 
washed twice in an excess volume of hexane, and derivatized using a 5% 
solution of HMDS in hexane. The HMDS treated gel was again washed twice 
with an excess volume of ethanol to remove residual HMDS.  The washed gel 
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was further processed to break up gel aggregates to create a fluid sol suitable for 
dip-coating.  Post-silylation treatment included dilution with ethanol followed by 
sonication for 30 minutes at a power of ~95 W or mechanical shearing 
(Vertishear™ apparatus).  Residual gel aggregates were removed by filtration 
prior to film deposition.  The aerogel sol was stored at -20◦C when not in use.   
 
Titania sols, for use as the high refractive index phase of the grating, were first 
prepared using titanium tetraethoxide as the TiO2 precursor.  Because the 
precursor hydrolyzes so rapidly, water cannot be added directly to the alkoxide 
without complete hydrolysis which leads to catastrophic Ti(OH)4 precipitation.  
Thus, titanium ethoxide was added to a 10X volume of ethanol containing 1 vol 
% nitric acid (70%).  Water was added to the mixture to achieve a molar ratio of 
H2O/Ti(OC2H5)4 of 1:1.  After addition of water, the solution pH is ~2; hydrolysis 
proceeds slowly without precipitation at such a low OH concentration. 
 
A second synthesis procedure was ultimately used not only for titania but also 
other candidate high refractive index materials -- zirconia and hafnia.  Films 
prepared using this process resulted in sols with a polymeric structure rather than 
the particulate sols prepared using the acidified alcohol procedure and, further, 
allowed controlled synthesis conditions by slowing the reaction rate of the 
precursor.  Ethanol and Brij-56 surfactant were mixed and then sonicated to 
dissolve Brij-56.  The metal chloride was added and again sonicated.  Finally, 
propylene oxide was added (molar ratio ethanol:metal chloride:propylene oxide, 
22:1:2) and the solution was aged for two hours before it was filtered.  The ratio 
of Brij-56 to metal chloride ranged from 0 to 0.06 grams/millimole.    Addition of 
surfactant (Brij-56) was used to induce porosity in the resulting film by serving as 
a templating agent [38], thus giving even more control over the possible 
refractive index range.  In contrast, in the standard sol-gel approach to the 
formation of metal oxide sols, highly acidic sols are utilized to suppress the rate 
of condensation to minimize precipitation and facilitate the formation of 
homogeneous monolithic or thin-film materials.  Control over sol nanostructure in 
this type of synthesis is often difficult, however, and conditions utilized for one 
type of metal oxide are generally not transferable to other elements.  Our 
generalized strategy for producing metal oxide sols for thin film deposition utilizes 
a proton scavenger (propylene oxide) to control the degree of condensation in 
the solution, thus resulting in improved control over material nanostructure.  This 
procedure, based on previously published routes to metal oxide xero- and 
aerogel materials (for example, [39]), is applicable to a wide range of materials 
and results in high-quality coatings on a variety of substrates. 
 
Films were deposited by dip-coating onto silicon wafers or quartz lenses at rates 
ranging from 10-18 inches/min.  Aerogel films were stabilized by heating for 15 
minutes at 250-400◦C in air; titania, zirconia and hafnia films were fired in air at 
350◦C for 6 hrs.  Film thickness and refractive index values were determined on 
Si using ellipsometry at 632.8 nm wavelength. 
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5.4 Films for index modulating grating structures  
Porous Aerogel Matrix  We first demonstrated that silica aerogel films with 
refractive indices as low as 1.05 can be deposited as uniform films without 
cracking at single layer thicknesses of 0.7-1.5 micron and that thicknesses of 
several microns can be easily achieved over a  4” diameter sample area (see 
Fig. 23).  

 
 
 

1.1μm
1.1μm

Aerogel film 

substrate 

Figure 23.  (Left) Cross section SEM micrograph of silica aerogel on silicon.   (Right)  
Aerogel top view showing 10-100 nm particles.                                                                                                             

 
Following silylation, we used two processes to modify the structure of the aerogel 
film in an attempt to further tune aerogel properties.  Aggregate breakup using 
ultrasonic energy was compared to mechanical shearing of the aerogel structure.  
SEM micrographs of films deposited from these processes are shown in Fig. 24 
showing clusters of aerogel particles (both images following 250◦C treatment in 
air for 10 min) following mechanical shearing and a sponge-like structure 
following high-energy ultrasonic treatment.  Both films exhibit ultralow refractive 
index, with the mechanically sheared film exhibiting a slightly lower refractive 
index (1.043 vs. 1.066) than the ultrasonically processed film.  Film thickness 
was 1.06 micron and 0.81 micron for mechanical vs. ultrasonic processing, 
respectively.  Other properties of interest in addition to optical properties include 
mechanical strength, light scattering, and laser damage resistance.   
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Figure 24.  (Left)  Mechanically sheared aerogel film.  (Right)  Ultrasonically processes 
aerogel  film 

 
Photosensitive sol-gel films   To determine if photosensitive sol-gel films could be 
used in high-low refractive index gratings designs, we infiltrated the aerogel film 
matrix with silica/surfactant/photoacid generator (PAG, [diaryl iodonium 
hexafluoroantimonate]) [17]. In this system, silica/UV exposure through a mask at 
240-260 nm causes photolysis of the PAG, releasing a strong Brønsted acid that 
condenses the silica matrix (and yields higher n) in the unmasked regions.  The 
silica/surfactant/PAG system showed photoactivity upon UV exposure when the 
PAG was infiltrated into the aerogel matrix as a silica sol containing a non-ionic 
surfactant (Brij-56).  Presence of the PAG within the aerogel film was qualitatively 
confirmed by incorporation of a pH sensitive indicator dye (ethyl violet) that 
turned from purple to yellow in response to the pH change caused by the PAG 
upon UV exposure.  Yet to be investigated are the penetration depth of the 
PAG/silica sol into the aerogel, as well as the efficiency of UV activation (UV 
wavelength/intensity, PAG concentration) in thicker PAG/silica.   
 
High Refractive Index Coatings   We investigated high/low index modulation 
materials using sol-gel coatings, focusing on ultra-low index silica aerogel films 
as the low index component (thickness 1-10 microns, refractive index 1.05-1.11) 
and various high index refractive oxides (titania, zirconia, hafnia, refractive index 
ranging from 1.6-2.2) as infiltrants into the porosity of the aerogel.   We studied 
infiltration of aerogel porosity using ZrO2 (propylene oxide process) and TiO2 
(nitric acid process).  Figure 25 shows films infiltrated with TiO2 (n ≈ 2.2) with Δn= 
(n composite – n aerogel) = 0.14. The similarity in refractive index between aerogel and 
the aerogel/ TiO2 composite suggests that titania infiltration may be limited to the 
near surface region or may be sporadically deposited on the aerogel surface.   
The nitric acid titania synthesis procedure was replaced by the propylene oxide 
procedure to enhance full penetration into the matrix and similar propylene oxide 
synthetic routes were successful in producing hafnia coatings (n = 1.6-1.8) which 
are reported in the literature to exhibit high laser damage resistance. 
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In marked contrast, ellipsometry (see Fig. 26) of zirconia, zirconia/silica 
composites, and silica aerogel alone suggest that ZrO2 fully coats the 
interconnected porosity of the aerogel film, as evidenced by the refractive index 
similarity between zirconia and the composite.  The composite refractive index is 
quite similar to that of zirconia, Δn=(n composite – n aerogel) = 0.76.  The SEM/EDAX 
map of the zirconia infiltrated aerogel showed zirconia infiltration throughout the 
bulk of the aerogel. 
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Figure 25.  Refractive index (ellipsometry) of silica aerogel, aerogel/titania composite and 
titania as a function of temperature. 
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Figure 26.  Refractive index (ellipsometry) of silica aerogel, aerogel/zirconia composite and 
titania as a function of temperature 
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We investigated the use of a non-ionic surfactant (Brij-56) as a structure directing 
(i.e. porosity forming) template to exert further “tuning” of the high refractive index 
phase.  Table 6 shows the decrease in refractive index with increasing surfactant 
concentration, i.e. increase in porosity as the volume% template is increased. 

   
Table 6:  Film refractive index for chlorides of Hf, Zr, Ti as B-56/MCl4 ratio varies 

Brij-56 / MCl4 
(g/mmol) 

Film Ref. Index 
M = Hf 

Film Ref. Index 
M = Zr 

Film Ref. Index 
M = Ti 

0 1.806 1.798 1.867 
0.05 1.607 1.649 1.726 
0.06 1.612 1.642 1.697 

 
 

Patterning of Deposited Films.  Our patterning studies focused on selective 
dewetting as a process to pattern the aerogel film into hydrophobic or hydrophilic 
regions by UV/ozone treatment as a means to direct subsequent high-index film 
deposition to specified regions.  A schematic of this process is shown in Fig. 27 
where alcohol evaporation causes silica/surfactant/water enrichment in the film 
being deposited.  The film selectively dewets the hydrophobic portion of the 
methyl-terminated aerogel surface so film deposition occurs only on the 
hydrophilic regions.  This strategy can be employed with any hydrophilic sol. 

 
 film deposits SiO2 

on hydrophilic pattern

               

Hydrophobic 
-CH3 terminated 
    SiO2  surface 

 

 
 

Figure 27.  Schematic of selective dewetting process to deposit a high-index pattern on 
aerogel film. 

 
Further control of selective dewetting can be obtained by tailoring the 
hydrophobicity of the surfaces.  We demonstrated that the contact angle of water 
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on aerogel could be reversibly varied from 160o to 15o by varying surface 
methylation and UV/ozone treatment as shown in Fig. 28.  An uncoated mercury 
grid lamp can be utilized to UV/ Ozone treat aerogel coatings on Si wafers to 
exhibit contact angles varying from 160o to 15o.  The maximum required 
treatment time is eight minutes.  Films showing 20o contact angles after UV / 
Ozone treatment can then be re-treated with HMDS vapors to increase contact 
angles up to 150o, almost entirely regaining their water repelling tendencies.  
These films can be patterned to create optically defined regions, such as simple 
microchannels progressing to more complicated patterns and images. 
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Figure 28.  Hydrophobicity of film can be tailored by UV-ozone exposure 

 

Overcoating of hydrophilic/hydrophobic patterned aerogel films with the high 
refractive index films (TiO2, ZrO2, HfO) showed poor patternability with propylene 
oxide derived films (due to amphiphilic nature of ethanol solvent).   For 
comparison, we subsequently introduced a new aqueous process to prepare with 
alumina films (n ≈ 1.7) that showed excellent patternability (see Fig. 28 patterns).  
These results suggest that such patterning would allow subsequent infiltration of 
the high-n sols to be confined to particular regions of the film and to result in 
optically defined films.  Modification of the propylene oxide process to increase 
the hydrophilic nature of the sol is needed to improve pattern selectivity of these 
materials.  While we have shown that a substantial range of appropriate 
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materials options exist for formation of the low (silica, n = 1.05-1.4) and high 
(zirconia, titania, hafnia, alumina, n = 1.6-1.8) refractive index coatings, further 
investigations are needed to optimize and increase the line resolution obtainable 
using this technique in order to deposit precise volume phase grating structures 
on large area optics.  

Conclusions 
 

The idea of mirror-backed volume phase gratings for pulse compression offers 
several key benefits to the laser community: 
• By avoiding traditional ion etching, the process could be used at a larger 

number of  labs to custom fabricate gratings and other diffractive structures. 
• The technique offers the possibility of specialized diffractive optics such as 

custom phase plates, Fresnel lenses, and beam samplers. Since this can be 
done at large-aperture, such devices could impact the traditional laser ICF 
community. 

• By combining the thin double-pass transmission grating and mirror into a 
single reflection grating, one can use the strengths of normal transmission 
gratings without many of their weaknesses. This offers the possibility of 
exceedingly high damage threshold gratings (possibly >1.5 J/cm2) in order to 
allow the next generation of high power lasers.  At such levels, the 
technological pathway is facilitated towards multi-kJ-class petawatt lasers, a 
goal essential to Fast Ignitor fusion research at Sandia and abroad.   

 
The prototypes developed in this research met some aspects of the criteria for a 
petawatt grating compressor. From section 2, these criteria were: appropriate 
dispersion, high diffraction efficiency, high damage threshold, large aperture 
capability, and vacuum compatibility. The mirror-backed DCG samples can 
demonstrate adequate dispersion (as measured during the diffraction efficiency 
tests) and fairly high diffraction efficiency.  However, the issues of environmental 
susceptibility to water and vacuum environment incompatibility pose limitations to 
practical application, limitations which could possibly be overcome but only with 
much more work. Subsequently, the vacuum compatibility and environmental 
issues prevented actual grating damage studies and large aperture development.  
While the low damage threshold values for aerogels point to a difficulty in 
translating strengths of the prototype to practical use in an aerogel-based mirror-
backed VPG, damage studies on the unexposed DCG material could be 
performed and were actually encouraging towards the fabrication of better 
damage threshold gratings.   
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