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1.0 Status and Understanding of 
UV Light Generation and Transport for the NIF 

October 1998 

The design of the National Ignition Facility (NIF) includes a Final Optics Assembly 
(FOA) subsystem for ultraviolet 0 light generation and transport for each of the 192 
beamiines. Each subsystem incorporates a type I/type II third-harmonic generator to convert 
the 1.053-p.n fundamental wavelength of the laser amplifier to a wavelength of 0.351 pm for 
target irradiation. This converter is followed by a large fused silica (SiO2) focusing lens, two 
diffractive optics plates, and a debris shield. The first diffractive optics plate contains a color 
separation grating (CGS) etched on the lens side and a beam sampling grating (BSG) etched 
on the target side. The CGS diffracts the unconverted lm and 0 .5 -p  light, allowing it to be 
blocked from transport to the target. The BSG diffracts off a small sample of the W beam for 
detailed diagnostics. The second diffradive optics plate contains a kinoform phase map 
intended to randomize the spatial coherence of the laser light at the target. Finally, the debris 
shield allows transport of the UV light to the target, while shielding the upstream optics from 
the shower of debris generated during experiments. To meet the requirements of the NIF, the 
FOA must achieve high conversion efficiency and must maintain high transmiss ion. 

Adyt~ca l  and experimental work has been done to help understand and predict the 
performance of the FOA. A prime focus of the work has been a series of experiments on the 
NIF prot~type, Beamlet, at high-fluence loading. These experiments have generated extensive 
and encouraging information on frequency conversion efficiency and unantiapated results on 
optics damage. In the five sections of this report, the current status and understanding of (1) 
frequency conversion efficiency, (2) damage model and off-line testing, (3) observation of 
damage and damage growth in potassium dihydrogen phosphate (KDP), (4) observation of 
damage and damage growth in fused silica, and (5) status and potential improvements of 
coatings for frequency conversion crystab are discussed. 

This report is intended to document as a reference the status of work and 
understanding at the current time. It is not intended to report solutions to the remaining 
issues. As such, it will serve as an information reference as work progresses through the NIF 
program. 
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2.0 Frequency Converter Development 
for the National Ignition Facility 

2.1 Introduction 

The wavelength of the NEF Nd:glass amplifier will be converted from 1.053 um (lo) to 
0.351 urn (30) using cascade type I/type II ~um-frequency generation [l]. The basic scheme is 
diagrammed in Figure 2-1. Through expcskmnb conducted on the B e d e t  prototype laser 
over the past year, valuable experience has been gained in operating and characterking 
frequency converters of this type at an aperturesize of 37 an and in a prototypical NIP 
confipration titking full-perimeter mounting of the crystals in a compact final optics cell 
0 in vacuum [2,3]. B& on this experience, clear idtrsltiffcation and greatly improved 
understanding of the many factors that are eqected to impact third-harmonic generation on 
the NIF has been achieved. Currently, the level af understanding is such that 30 conversion 
efficiencies on hamlet have been predicted to within a few percent of measured values. As s 
result, it is now clear where &e greatest berage for improving pehrmance lies and where 
future ehgineering efforts mwt be concentrated. 

The close agreement between measurement and @wry is the r d t  of well-diagnd 

tamtbn briefly zeviews this model to 
experiments and an accurate physics model, for which the input parameters are firmly 
p u n d d  on m e a s m b  iolf dcuhtion. The 
summarize the relevant crystal and field parameters that are itnportiant for frequency 
conversion. With the model as a tool, a detailed analysis has been performed of the NIP 
baseline converter design using rn error budget approach in which expected deviations of the 
relevant parmeters from theit i d d  values constitute "errors" resulting in specific reductions 
in conversion effiaency. The results of this are compared side by side with the results 
from an identical analysis applied to a Beamkt converter in Section 2.3, followed by a more 
detailed discussion of the Beamlet experimental data that was used to validate the model in 
Section 2.4. Section 2.5 concludes with priorities for future work. 

3 
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Figure 2-1. (a) Frequency conversion scheme for the NIF, consisting of an ll-mm type-I KDP 
doubling crystal and 9-mm type-I1 dKDP tripling crystal in series. The letter c denotes the direction 
of crystal optic axis. (b) Planc-wpve calculation of 30 conversion efficiency showing how the 1dZa 
mix ratio for effiaent tripling at high irradiance is set by angle-tuning the type-I doubler 200 to 250 
pad from exact phase matching. 

2.2 Frequency Conversion Physics Model 

The mode1 for the frequency converter is based on the well-known coupled amplitude 
equations for sum-frequency generation in the paraxial slowly varying envelope 
approximation [MI. As adopted here, the equations include terms for effects identified as 
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having small, but non-negligible impacts on frequency conversion: bulk linear loss, diffraction, 
Poynting vector walk-off, 2-photon absorption at the third harmonic, and nonlinear refractive 
index. In comparison, the effects of group velocity dispersion are negligible for this application 
and are not included in the model. 

With the following definitions for the three fields associated with sum frequency r 

generation 

1 1  
Ej(x,y,zyt) = -- ~ . ( x , y , z , t ) e ~ [ i ( k ~ z - c u i t ) ] + c . c ,  j =  1,2,3 

2 6  J 

the equation for the sum-generated field As has the form 

(3) 

which depends critically on the material birefringence (refractive indices q), and thus on the 
frequency of the input fields a,, a+, the crystal temperature T , and the orientation 8 of the 
crystal optic axis with respect to the field propagation direction. Complicating the picture in 
large crystals is an effective variation of 8 in x and y due to surface refraction and strain effects 
[7,8]. Some of the strain resides naturally in the crystal as a residue of the growth and 
fabrication process. In practice, however both 6 and T can be treated as applied quantities, 
extrinsic to the material, and subject to characterization through measurement. For example, 
errors in average crystal orientation from specified values are either estimated from fabrication 
tolerances or measured. Variations in 6 across the part due to refraction or stress are 

r 

r 

r 

-I 

quantified after mounting using a technique called-orthogonal-polarization interferometry, as 
described in Appendix A. f- 

Parameters that are intrinsic to the crystals include the linear and nonlinear loss coefficients 
q and 8, the nonlinear coeffiaent for the refractive index 7p and the field coupling coefficient P 

I 
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where dg depends weakly on the orientation as dxsineSin2$ for type-I, and dXsin2&0s2$ for 
type-II. Definition of the lasses incurred at each crystal surface and a suitable approximation 
for the amplitude and phase profiles of the field at the input to the crystals complete the 
parameter specifications that are required for the model. 

Parameter 
1 
% 
a2 

% 
d36 

ern 
Ae 
surface loss 

i) 
2.3 Error Analysis of Frequency Conversion 

units ' 

mm 
cm-l 
cm-l 
cm-' 
pm/V 
desrees 
P a d  
% 

Using this physics model, an error analysis of the converter design has been performed to 
determine the performance that can be expected for the NIF ICF mission and to compare this 
performance with the peak-power conversion efficiency specified in the current W system 
perfoamance model [9]. In the context of this analysis, factors that cause the parameters of the 
converter model to deviate from conditions defined as "ideal" constitute "errors" that produce 
a calculable reduction in conversion efficiency. The effect of each error is calculated separately, 
and with the assumption that the effects of small errors add independently, both the total 
reduction in efficiency relative to an ideal converter and the aspects of the design that are 
primarily responsible for the loss are determined. The starting point, or zero-error condition 
that produces maximum achievable tripling efficiency, is a plane-wave flat-in-time input field, 
an 11-mri thick type1 KDP doubler, and a 9-mm thick type-II dKDP tripler with both crystah 
having bulk losses and perfect antireflection (AR) coatings. The drive irradimee of 
3 GW/cm* used in the analysis is slightly higher thm the 2.8 W/a2 used m the W 
performance model, as insurance against reductions in the NIF beam size. At 3 GW/cm2 the 
optimum tuning for the angle-tuned type-I doubler is 220 p d  (internal) from exact phase 
matching, and the ideal conversion efficiency is 89.4% (see Figure 2-1). The parameters used in 
the ideal model are summarized in Table 2-1. 

doubler 
11.0 [l] 
0.058 [lo] 
0 
0 
0.39 [lo] 
41.2 [13] 
220 
0 

Table 2-1. Parameters of the ideal converter d e l .  

triple9 
9.0 111 
0.m [ll] 
0 
0 
0.37 [lo,'&!] 
60.1 . [14] 
0 
0 

* 70% deuteration level 

Errors important for the analysis fall into two categories depending on whether they are 
static or dynamic. Static errors remain invariant from shot to shot and as such, can potentially 
be compensated for by varying the input 10 drive irradiance. Errors of this type encompass 

6 
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reductions associated with a m n  plane-wave lo beam, including fill factor, amplitude/phase 
ripple, depolarization, and bandwidth; linear loss beyond nominal in the crystals and AR 
coatings; nonlinear loss in the crystals, including 2-photon absorption; and static angular 
errors in the crystals arising from uncertainties in the optimum tuning angle, or from spatial 
nonuniformity of the tuning angle associated with crystal quality and mounting distortion. In 
contrast, dynamic errors vary from shot to shot, cannot readily be compensated, and thus 
affect the ability to balance power on target. Identified errors of this type can all be related to 
angle: fluctuations in the crystal teaperature, variability in crystal alignment, vibration and 
drift in the,FOA, and pulsed beam pointing errors. The effects of these two categories of errors 
were evaluated separately. 

Current engineering estimates for the dynamic errors are shown in Table 2-2. Because these 
errors ate random, they are assumed to add in a root-sum-squares (RSS) manner, yielding a 
total error of 413 p a d  (external angle, la). At 3 GW/cm2, the angular sensitivity of the type-I 
doubler is such that a W p a d  exted-angle error reduces the conversion efficiency by 146, 
and a 55-prad error d u c e s  the effiaency by 3% (the angular sensitivity of the type4 tripler is 
smaller by a factor of three). The variation in conversion efficiency allowed by the N E  power 
balance budget is fl% la, thus the dynamic errors in the FOA should be within this budget. 

Table 2-2. Dynamic error estimates for frequency convereion. 

Error Source 

FOA mtributions: 
f 0.l0 c short-term thermal drift 
s&lctural motion 
Poca.&pnent 

Beam ~ t i o n s :  

Rsssum 

Equivalent Af3 comrrate 
Quad atand, l(a) 

f4 
f10 [la] 
f 2 [17] most of error is static 

f7 [17] 
f 13 

80 pad (internal) /“c for doubler [15] 

The individual and cumulative effects of the static errors are summamed in Table 2-3, 
which lists the representative values for the parameters in the physics model and their 
calculated affect on the e€ficiemy for three cases: the converter in the NIF sptem performance 
model, a converter based on current NIF engineering estimates, and a converter as t&ed on 
Beamlet. Entries in the table are grouped according to whether they are associated with the 
input field, the doubler, or the Mpler. To calculate the total losses in performance Wed at the 
bottom of the table, the absolute perrent losses in each of the three p u p s  were added 
together, divided by 100, and subtracted from one to generate three separate derate factors for 
the i d d  efficiency. Losses denoted by an asterisk represent la values for an expected 
distribution and were added as mot sum squared. The effiaenaes in the taMe wee calculated 
for flat-m-time pulse shapes, and as such correspond to aperture-averaged peak-power 
conversion efficiencies at 3 GW/cm2. A less-than-unity temporal fill factor such as that of a real 
pulse will further decrease the efficiency. 
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1 

h 

Amplitude/phase ripple 

Linear loss (%/an) 

mbri 83o(an/GMf) 71 ' 1 3  

Static angle (cuad internal) 
nominal 
&pality/mounting (1 

thermal correction error 
&$runat offset 

subtotal ; I I )  

Net efficiency 

0 
0 
100 
0 
0 

3.9 
- 

5.8 
0 

0 
0 

220 
0 
0 
0 

0.2 
0 

- 8  0 

0 

0 
4 ) q  

0 
0 
0 
30 

89.4 
- 

30 1 
0 .  I '  

90 0.53 
NIF 0.15 

I 

I 125 0.07 

0.5 0.57 

* Losses representing la values for an expected distribution, which were added as root sum squared. 
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r 
I The error analysis result of 84.1% efficiency for the N E  system performance model is 

within 0.6% of the actual value produced by a full calculation with that model, lending 
confidence that the error analysis approach is sound. The conversion efficiency based on 
current NIF engineering estimates is a few percent lower than that in the system model, 
primarily due to angular errors not included in that model. On the other hand, the NIF 
estimate is over 6Y0 higher than the conversion efficiency predicted for the rapid-growth 
Beamlet converter described in the next section. Oniy a small part of the discrepancy between 
the NIF estimate and Beamlet prediction is related to differences between the NIF and Beamlet 

gel AR coatings in the vacuum testenvironment. These losea are currently not in the NIF 

high priority for future 
require attention to ensure that the speclfrcations reflected in the budget are carried 
successfully to the NIF. First, the tight angular tolerances of the converter are such that the 
tripler must phase match at an angle of 10.58 mrad f 30 pad  (exted)  relative to the beam 
direction, a8 fixed by the NIF system design. The fabrication and metrology process to meet 
this tolerance requires some additional development and testing, including the design and 
implementation of a machine to correctly orient the crystal surfaces during fabrication, and the 
development of a means to verify the optimum tilt angle for the assembled FOC to within the 
10 pad specified in the static error budget prior to installation on the NIF. Both of these efforts 
are currently under way. Second, the tolerance for long-term kmperature drift in the FOA is 
fo.3 "C, which is large enough that some amount of compensating adjustments to the tilt angle 
of the FOC will be required. Fully compensating the tripkr, which thermally tunes at a rate of 

diagnostics sensor's field of view. 

shown in Figure 2-2, the conversion efficiency is most sensitive to crystal thickness in the low- 
irradiance foot of the ahaped ICF ignition pulse. The current specsftod tolerance of 0.2 mm 
meets the budgeted allocation for power balance. thmtqjwut the pujlse (Figure 2-2b) and 
allows the crystals to be refinished at least once. Fortunately, crystal thickness variations can 
be budgeted independently of the dynamic errors in Table 2-2, since the angular errors in 2- 2 
affect power balance only at high irradiance, where sensitivity to angle is large, but sensitivity 
to crystal thickness is small. 

r 

r- 
I 

1 
t 

beams. The majority is associated with surface losses caused by rapid degradation of the sol- !- 

r engineering estimate. coatings are an area of uncertainty in this design and have a 
I opment efforts. In addition, two other aspects of the design 

1 -200 pad/"C, is expected to use up approximately two-tbirds of the alignment and 

r 
Crystal thickness is a qxdd case of a static error that d i m l y  impacts power balance. As 

r 
i 
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Figure 

8 

g 1.020 
g 1.010 

0 1.0oO 
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0 

U 

0.990 
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0.970 

0.960 
0.950 
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0 5 l o  15 20 
time (ns) 
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I 

2. (a) Calculation a 3w power versus time in the 20-11s shaped ICF ignition pulse for 
various crystal thicknesses, normalized to the 3 0  power produced by the baseline 11.0-mm 
doubler/9.0-mm tripler combination. (b) Similar plot for four crystal thickness combinations 
representing limits of the current 2-mm tolerance, normalized to the average power produced by the 
four combinations. High-frequency structure is the result of the applied 3O-GHz SBS-suppression 
bandwidth. 

I 
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SHG efficiencies measured with a conventionally grown type-I doubler from a WIF 
production boule are plotted in Figure 2-3(a). Maximum energy efficiency was 73% (aperture- 
averaged, the-integrated) at an input lo irradiance of appmximately 4 GW/cm2 (- 
a v m e ,  peak-in-time). Similar tests of a rapidly grown type4 doubler achieved 70.% 
effitiency at similar drive irradiance. The measured perform&t~ce of these qtab  was in gaod 
agreemiht with modeling based on measured 10 pulse parameters and measur&d crystal 
refractive-index variations. The effects of the latter were emhand by meswing die 2ce near- 
field Ru;enclt distributioiu with the crystal tilt biased well away frozn exact phase rim-. As 
shorn in Figure 2-4, the resulting nonuniformities in the data were well-reproduced h the 
model. 

THG efficiencies measured with a rapidly grown dovbler and Mpler are plotted in 
Figwx~243fb). Maximum enerw efficiency was 73.5% at an input 10 irradiance of 
appmxhately 3.6 GW/m2. In comparison, the+model, with an input field based on lzearclfield 
ldrmdhce  data and m eleven timeslice approximation of the mtpasured lm puke shapes 

t g-:m energy amversion efficiency of 77% and a p e a k ~ ~ ~ w e r  cionversion e€fidmq of 
79.5%. correctzn g the moeW to account for the 3O-GHz bandwidth of the drive pulse and the 
mc3asured depolariza%bn in the Beamlet laser (see Table 2-3) lowers the cabdated emqy 
efftcmwy to 75%. Incorporating the additional lcpsses c a d  by the degradation ah the d-gd 
AR coatings over the c o w  of the experiment furthtrz reduces the &- to 7l.5%, 
suggesting that the model is accurate to within the uncertainty in the component transmissions 
(the d M a & i d  peak-pcrwer conversion effiamcy ih this case is 94%0). C a l d W d  and measured 
near-field flumce Wibutions for both the third-harmonic and residual emd-harmonic 
fields are in fairly good w m e n t  as a result of having the orthogonal-polarization 
intederomery data incorporated in the model (see Figure 2-5). The energy balance in the 
model (the ratio of total energy out of the converter to total energy into the convwter) is -3% 
higher than observed, consistent with the actual transmissions of the components in vagwm 
being lower than the initial values modeled. 
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. .  . .  .. 

. . . .  

Figure 2-4. (a) Comparison of measured and modeled 2 0  near-field distributions for conventional- 
growth doubler 345-1. Drive irradiance was 3.9 GW/cm2. Measured and modeled conversion 
efficiencies were 6.7 and 6.5% respectively at an angular detuning of 715 p a d  (internal). (b) Similar 
comparison for the rapid-growth doubler RGSB-2. Drive irradiance was 4.2 GW/cm2. Measured and 
modeled conversion efficiencies were 6.6 and 7.0% respectively at an angular detuning of 690 p a  
(internal). Sharp features in (b) are the boundaries between pyramidal and prismatic growth regi 
in the crystal. Conventional growth material is all pyramidal. 

ECMS NO CM RELEASE 20070611 14:14 0017657 OA (pdf format)



30 nearfield residual 2w nearfield 

0 
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2.5 Conclusion 

Recent experimental results from Beamlet and detailed modeling indicate the NIF baseline 
frequency converter should achieve aperture-averaged peak-power 3 0  conversion efficiencies 
of 75 to 80% at an aperture-averaged peak-power 10 irradiance of 3 GW/cm2. Energy 
conversion efficiencies will be lower than peak values due to the temporal fill-factor of the 
drive pulse, which is always less than one. Error analysis has been used to identify aspects of 
the converter design that have high leverage for improving performance. Of particular 
importance are the sol-gel AR coatings, which degrade rapidly to a few percent loss per 
surface in typical vacuum environments. Of lesser concern, but representing some uncertainty, 
are the tight angular tolerances to which the crystals must be cut and oriented in the FOC to 
ensure phase-matching within the narrow field of view of the NIF output sensor, and the 
relatively loose tolerance of k0.3”C for the long-term thermal stability of the FOA, which will 
require compensating angular adjustments to the FOCs with associated errors. Further 
attention in each of these areas will be needed to ensure 80% peak-power conversion efficiency 
on NIF. 
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3.0 Damage Model and Off-line Testing 
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The conventional way of characterizing laser-induced surface damage by experimentally 
determining the lowest damage threshold for a number of small sites is inadequate for relating 
the results of off-line damage testing (using small beams) to expected results on a large- 
aperture system like the NIF. Neither a single damage threshold nor even a damage threshold 
probability curve from off-line tests is directly applicable to the large-aperture case. This is 
because damage occurs first at the weakest site on the illuminated area, and larger beams are 
more likely to find increasingly rare weaker sites (see Figure 3-1). The relevant question is not 
"will damage occur?" It certainly will on a large aperture. The important question is to 
quantify what density of damage will occur and to assess its functional significance. 

E 
t3 

Q) 
0.6 

0.4 

0.2 

0.0 

- c m y  curves derived 
from offline 
damage tests 

0 2 4 6  8 10 12 14  E 
3 
0 Fluence (J/cm2 ) 

Minimum thm8hold value fur 1mm2 beam 
Figure 3-1. Damage probability depends on test area. Neither a single threshold or single 
probability curve adequately describes both small (test) and large areas. 

A statistical model has been developed of laser damage initiation [l-31 that relates the 
probability curves measured in off-line tests to the underlying density of damage initiating 
defects (see Figure 3-2). The reader is referred to the references for a more detailed description 
of the model. Once this expected density is known for a given optic, the extrapolation of test 
results to larger areas and different beamshapes is straightforward. It is also possible to report 
the results of different types of damage tests in the same "language." An added benefit of this 
formulation is that, combined with a model of damage growth upon repeated irradiation, it 
provides a methodology for estimating the functional implications of laser damage, e.g., the 
expected number of laser shots at a given fluence level (and for a given fluence distribution 
including hot spots) to reach a given fraction of obscured area on an optic (lifetime estimation). 
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Figure 3-2. Defect concentration is characteristic of material. 

Incidence of damage under laser irradiation can be treated in a manner similar to that used, 
e.g., to describe breakage of optical fibers or insulation breakdown on coaxial cables, both as a 
function of length[4]. This type of "extreme statistics'' description, first formulated by Weibull 
for the strength of metals under stress, yields an explicit dependence of the mean damage 
threshold and damage probability curve on the surface area illyninated and yields test 
parameters such as beamshape. For a flattop beam, the relationship between the measured 
probability P(F) of damage at fluences up to F and the underlying cumulative defect surface 
density c(F) that causes such damage is P(F)=l-exp(-c(F) A), where A is the illuminated area. 
The derived density c(F) (see Figure 3-3) has been used to characterize damage test results to 
compare with observed Beamlet HDT results and as input for lifetime estimation. 

Currently, two types of damage testing are done at LLNI, (see Figure 3-4). The Automatic 
Damage Tester (ADT) tests a number of sites with an approximately 1-mm-diameter beam. At 
each site, the fluence is increased until damage is observed. The result is a damage probability 
curve. The Large Aperture Tester (LAT) scans a larger area (typically 10-20 cm') with a small 
beam at a fixed fluence, after which the number of damage sites occurring in the scanned area 
is counted. When analyzed with the Weibull formalism, the results of both types of test are 
consistent and comparable (see Figure 3-5). Generally, the expected damage density scales as 
a power of the fluence. Indeed, a database is being built of such results for lenses, debris 
shields and diffractive optics plate substrates from potential NIF vendors (see Figures 3-6 to 
3-11). Such testing allows quantitative evaluation of effects of processing on damage 
susceptibility (see Figures 3-7 and 3-8). 
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examples include effects of different types of fused silica, different types of finishing, 

Fluence (J/cm2 ) at 3 ns 
Figure 3-6. A new damage performance database for NIF 3w optics is being accumulated. Lens, 
diffractive optics, and debris shield substrates have been tested. A similar database is needed for 
KDP. 

Agreement of predicted damage density determined from off-line testing with that observed 
on Beamlet is reasonably good. Figure 3-9 shows the two quantities used in the tripler 
campaign for the Kodak lens. There is an uncertainty of up to a factor of two in the expected 
values due to the assumption that hot spots remain fixed in the beam over the shot history. 

Deriving the intrinsic damaging defect density requires that the beamshape used be taken 
into account since the damage susceptibility typically varies as a power of the fluence. In the 
test situation, this entails accounting for the fact that a Gaussian test beam (raised to a high 
exponent) has a smaller effective illuminated area than does the fluence itself. In evaluating 
the expected operational effects, one has to account for the actual distribution of fluences over 
the Beamlet or NIF beam. Another advantage of the new test-based formalism used here is 
that it can easily be incorporated into sophisticated numerical system studies of propagation 
through the FOA (see Figure 3-10). 
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The damaging defect density can be used together with a description of damage growth 
repeated irradiation to estimate the fraction of an optic obscured by laser damage after a 
a c e  of laser shots (see Figure 3-11). Prehnhary experiments indicate that the diameter 

of the damaged area scales with pulse fluence and the number of shots. Further theoretical and 
experimental work is necessary to understand how the growth rate varies with environment 
(vacuum vs air), substrate (fused silica, KDP, coated or uncoated), and type of damage. Larger 
damage growth rates observed on Beamlet compared to off-line experiments imply a 
corresponding reduction in lifetime if not ameliorated (see Figure 3-12). Beamlet data imply a 
range of damage growth rates. 
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Figure 3-9. Expected damage density on 30 lens in34-cm Beamlet Tripler Campaign. .(z scaling of 
fluence was assumed, off-line density adjusted for Beamlet fluence distribution, and Beamlet 
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Figure 3-10. Damage model can be included in sophisticated numerical FOA propagation 
simulations. Actual fluence distribution varies in FOA due to S U ~ -  roughness, diffractive optics, 
and nonlinear diffraction. 

The strategy for off-line damage testing requires testing at NIF-relevant 30 fluences of 6-12 
J/cm2 and over areas large enough to measure the low-probability tail of the damage 
distribution that is most important for high-quality optics. The relevant area is 10 cm2 at the 
larger fluences and 25 cm2 at the lower fluences for fused silica. A test area of about 50 cm2 is 
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In addition to the presently available U T  off-line tester, it is desirable to have a large beam 
area test facility in which influences such as environment on damage initiation and growth can 
be determind. A large beam facility is also desirable for damage testing of diffractive optics so 
that many grating periods are illuminated. Of the facilities available to the program (OSL, Slab 
Lab, NOVA), Slab Cab appears the most practical since it offers both a relatively large beam 
size (1-2 un2 and 10 J at 30) and a high repetition rate (1 Hz). 
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Figure 3-12. Highest Beamlet damage growth rate implies shorter lifetime than derived from 
intrinsic rate. Differences presumably due to environmental and extrinsic factors. 
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4.1 Abstract 

4.0 High-Fluenc on of KDWP on Beamlet 

Recent high-fluence operation of a prototype final optics cell in the Beamlet FOA test mule 
caused unacceptable damage to the KD*P tripler. The damage occurred on the output surface 
of the crystal at approximately 50 sites, a few of which grew to an scale after repeated 
exposure to 30 fluences of -7.8 J/cmz in a 3-ns-square pulse. This result contrasts sharply with 
previous Beamlet experience in which AR-coated crystals tested in air, and uncoated crystals 
tested in vacuum, sustained negligible surface damage at similar and higher fluences. A 
question concerning the recent experiment involves the quality of the tripler AR coating, 
which exhibited very poor transmission even prior to use; it remains to be determined if and 
how this factor influenced the damage. Examination of high-resolution near-field photographs 
reveals that at least some of the damage originated at small, as-yet unidentified precursors that 
were visibly present on the very first (low-power) shot. 

oduction 

There have been five high-fluence 30 campaigns conducted on Beamlet, the chronology 
d essential features of which are outlined in Table 4-1. The shot history of the average 30 

uences in these campaigns is plotted in Figure 4-1. The purpose of this report is to review the 
various configurations and conditions of these tests and to summarize the results in the 
context of KD*P surface damage. In addition to the full-aperture Beamlet tests, there have been 
several subaperture tests of bare KDI? and bare KD*P at high 3a, fluace in both air and 
vacuum. These tests are summarized in Table 4-2. In all of the subaperture tests, post-test 
visual and microscopic inspection of samples gave no definitive indications of laser-induced 
surface damage, despite low levels of particulates and digs 111. 
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Figure 4-1. Shot fluence histories for the five high-fluence 3w Beamlet campaigns: (a) 32-cm 
activation, (b) 37-cm activation, (c) MDT, (d) HDTI, and (e) HDTII. Squares, triangles, circles, and 
diamonds denote pulse formats of 1-ns square, 1.7-ns square, 3-ns square, and 10-ns shaped, 
respectively. 
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Table 4-1. Summary of Beamlet high-fluence 3o campaigns (full aperture). 

Campaign 

2-cm THG activation 

17-cm THG activation 

Date I Beamsize I Pulse I #shots I 3ofluence* I Optics 1 
an2 Jlm2 

8/2/94 740 lnssq 14 3.6 air 
to 3nssq 43 8.7 

10/7/94 1onsNIP 6 8.1 
3/16/95 1030 1 ns sq 12 2.7 air 

to 1.7 ns sq 7 4.3 
4/3/95 3nssq 27 8.1 

~adnechanged to lo vacuum barrier, 1996 
IOA teat mule MDT 1/6/9% 1030 3*sq 26 5.7 vacuum 

to 
1 /21/98 

to 
5/21/98 

to 
7/31/98 

TOA test mule HDTI 5/12/98 1030 3ns sq 23 6.3 vacuum 

ZOA test mule HDTII 7/21/98 785 3ns sq 23 7.8 VWUUm 

maximum fluence in campaign, aperhm-averaged at last component 

eamle t  

Table 4-2. Summary of high-fluence subaperture tests of bare KDP/KD*P. 

Date 

1/9/96 
to 

2/2/98 

8/8/96 
to 

8/ 19 /96 
3/24/97 

to 
5/27/97 

I 
* deuterated material 

N/1 ramp 

N/1 ramp 

N/1 ramp 

Beamsize Pulse 
an2 

55 3 ns Gauss. 

85 3 ns Gauss. 

# shots 3w fluence 
Jlcm' 

LL6-15* 1 6.7 
LL6-16* 2 6.4 

LL1-18* 4 11.0 

KDP214 9 b . 4  
DKDP11* 8 12.4 
LL6-56+ 9 12.8 
KDP328 5 17.8 

optics 

vacuum 

vacuum 

air 
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4.3. Beamlet High-Fluence Tests at Air 

The first Beamlet high-fluence 3w campaigns were part of the initial system activation 
experiments at 32-cm and 37-cm aperture [2] and were conducted with the frequency 
conversion crystals and auxiliary U V  optics fielded at standard atmospheric pressure. As 
shown in Figure 4-1 and summarized in Tables 4-3 and 4-4, both the 32-cm and 37-cm THG 
activation campaigns achieved aperture-averaged 30 fluences of >8 J/mZ in a 3-11s square 
pulse, with 15 to 30 shots each at fluences > 6 J/cm2. In both cases, negligible surface damage 
was observed on the KD*P triplers. In the configuration tested, the doubler and tripler were 
held by their corners in separate gimbals with a spacing between the crystals of 46 cm. 
Auxiliary UV optics were a 35-mm thick fused-silica splitter located 78 cm downstream of the 
tripler and a fused-silica beam expansion lens located a further -700 cm downstream. Both the 
32-cm and 37-cm tripler were newly finished crystals, with high-quality sol-gel AR coatings 
applied shortly before the tests. The 32-cm tripler (80% LL6-14) was finished on 4/26/94, 
processed and sol-gel AR coated on 6/22/94, and used from 8/2/94 to 10/7/94. This crystal 
was also used with the same AR coating from 11/22/95 to 2/2/96 during the activation of the 
focal plane diagnostic at very low fluence. Visual inspection data dated 10/3/94 and 11/22/95 
claimed between 5 and 10 damage sites on the second surface of the crystal ranging from 100 
pn to less than 500 p in size [3]. Recent inspection on 9/19/98 identified -14 sites less than 
200 pn in size plus several scratches. The 37-cm tripler (80%LL1-12) was finished on 7/14/94, 
processed and AR coated on 2/22/95, and used from 3/16/95 to 4/3/95. Since that time it has 
been reworked several times, on 4/1/96 and 2/20/97. Visual inspection data dated 3/31/95 
and 9/27/95 identified no surface damage [4]. 

. .  . . .  . . . . .  . . . . . :  . . .  
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Table 43.  Summary of Beamlet 32- THG activation campaign. 

Pinhales 
cvad 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
2oot200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200R00 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
3m energy 

SHG THG1 Av 

250 
250 0 30 

30 
250 -188' 30 
250 236 30 
200 0 30 
250 0 30 
250 0 30 
200 0 30 
300 0 30 
225 0 30 
225 -45 30 
225 -50 30 
225 -50 30 
225 -50 30 
225 -50 30 
225 -50 30 
225 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 

232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 

232 0 30 

output of converter 

1 .o 586 
1.0 1367- 
1 *o 1900- 
1 .o 1480 
1 .o 1656 
1x1 1923 
1.0 1349 
1.0 2710 
1.0 2362 
1.0 3117 
1.0 2614 
1.0 3069 
1.0 3127 
3.0 3804 
3.0 4579 
3.0 4579 
3.0 5789 
3.0 5973 
3.0 6466 
3.0 7095 
3.0 7385 
3.0 5411 
3.0 6069 
3.0 5382 
3.0 5518 
3.0 5334 
3.0 4724 
3.0 5944 
3.0 5227 
3.0 5769 
3.0 5537 
3.0 5314 
3.0 6824 
3.0 6573 
3.0 5614 
3.0 6157 
3.0 6418 
3.0 6563 

1.34 
0.79 206 
1.85 849 
2.57 1372 
2.00 
2.24 979 
2.60 108 1 
1.82 847 
3.66 2030 
3.19 1809 
4.21 2129 
3.53 1589 
4.15 2369 
4.23 2461 
1.71 2412 
2.06 3201 
2.06 3210 
2.61 4440 
2.69 4599 
2.91 5037 
3.20 5719 
3.33 5901 
2.44 4020 
2.73 4588 
2.42 4010 
2.49 4061 
2.40 3920 
2.13 3293 
2.68 4303 
2.35 3800 
2.60 4229 
2.49 4020 
2.39 3890 
3.07 5173 
2.96 4903 
2.53 4059 
2.77 4661 
2.89 4961 
2.96 4817 

35.1 
62.1 
72.2 

59.1 
56.2 
62.8 
74.9 
76.6 
68.3 
60.8 
77.2 
78.7 
63.4 
69.9 
70.1 
76.7 

77 
77.9 
80.6 
79.9 
74.3 
75.6 
74.5 
73.6 
73.5 
69.7 
72.4 
72.7 
73.3 
72.6 
73.2 
75.8 
74.6 
72.3 
75.7 
77.3 
73.4 

0.28 
1.15 
1.85 

1.32 
1.46 
1.14 
2.74 
2.44 
2.88 
2.15 
3.20 
3.33 
3.26 
4.33 
4.34 
6.00 
6.22 
6.81 
7.73 
7.97 
5.43 
6.20 
5.42 
5.49 
5.34 
4.45 
5.82 
5.14 
5.71 
5.43 
5.26 
6.99 
6.63 
5.49 
6.30 
6.70 
6.51 

3.01 73471 3.31 1 58481 79.6 I 7.90 
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Table 4-3. Summary of Beamlet 32-cm THG activation campaign (cont.). 

Shot TVpe 

-2703 3w, shaped 
B4092706 3c0, shaped 
B4092711 3w, shaped 
B4092804 3w, shaped 
B4092808 30, shaped 
B4092903 3o, shaped 
B4092914 3 0  
B4093007 3W 
B4093015 3 0  
B4093024 3 0  
B4093027 3 0  
B4100303 3 0  
B4100307 3 0  
B4100404 3w 
B4100408 3 0  
B4100413 3 0  
B4100504 30.1 
B4100507 301 
B4100510 3 0  
B4100517 3 0  
B4100603 3 0  
B4100606 3 0  
B4100612 3 0  
B4100616 3 0  
B4100701 3 0  
B4100705 301 
B4100708 3 0  
B4100714 3 0  
* lo energy at input to convert 
* nominal pulse width 

Pinholes 
A 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 

SHG THG A v  
pad  (int) G& 

232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
232 -50 30 
237 -40 30 
237 -40 30 
237 -40 30 
232 -40 30 
232 -60 30 
232 -35 30 
232 -50 30 
232 -50 30 
232 -50 30 

3 0  energy at output of converter 

10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
1 .o 
1 .o 
1 .o 
1.0 
1.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3 .O 
3.0 

7521 - 
7928 - 
7589 - 
8528 - 
9206 - 
9177 - 
3582 4.84 
3 127 4.23 
3601 4.87 
4172 5.64 
3969 5.36 
3 824 1.72 
4947 2.23 
5702 2.57 
5256 2.37 
6689 3.01 
7579 3.41 
7396 3.33 
752 1 3.39 
7279 3.28 
7357 3.31 
7376 3.32 
8402 3.78 
7686 3.46 
8247 3.71 
7909 3.56 
7270 3.27 

4430 
4654 
4614 
5270 
5800 
6002 
2590 
2452 
2650 
2620 
2639 
2329 
3453 
4180 
3642 
4950 
5760 
562 1 
5799 
5707 
5702 
573 1 
6428 
5872 
6218 
6042 
5511 

58.9 
58.7 
60.8 
61.8 
63.0 
65.4 
72.3 
78.4 
73.6 
62.8 
66.5 
60.9 
69.8 
73.3 
69.3 
74.0 
76.0 
76.0 
77.1 
78.4 
77.5 
77.7 
76.5 
76.4 
75.4 
76.4 
75.8 

5.99 
6.29 
6.24 
7.12 
7.84 
8.11 
3.50 
3.31 
358 
3.54 
3.57 
3.15 
4.67 
5.65 
4.92 
6.69 
7.78 
7.60 
7.84 
7.71 
7.70 
7.74 
8.69 
7.94 
8.40 
8.17 
7.45 

3.01 81411 3.671 61141 75.1 I 8.26 I 

B 
t 
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Table 4-4. Summary of Beamlet 37-cm THG activation campaign. 

Shot 

B503 1615 
B503 16 18 
B503 1703 
B5031706 
B503 1710 
8503 1713 
B5031802 
B5032003 
B5032006 
B5032010 
85032013 
B5032102 
B5032203 
B5032206 
B50322 10 
B50322 14 
B5032302 
B5032305 
B5032308 
B5032325 
B5032408 
B5032413 
B5032416 
B50324 19 
B5032702 
B5032705 
B5032709 
B5032714 
B5032809 
B5032813 
B5032816 
B5032819 
B5032902 
B5032908 
B5032911 
B5033003 
B5033006 
B5033009 
B5033012 
B5033102 
B5033105 
B5033108 
B5040302 
B5040305 
B5040308 

Type 

3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  

B5040311 130 

Pinholes 
A 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 
200/200 

* lo, energy at input to converter, 3 0  enera 

SHG 
JE! 

249 
249 
249 
249 
249 
202 
202 
202 
227 
177 
192 
212 
202 
202 
202 
202 
202 
202 
202 
202 
192 
192 
197 
187 
202 
197 
197 
202 
207 
202 
207 
243 
187 
172 
152 
131 
17s 
17s 
17s 
17s 
17s 
17s 
17s 
17s 
175 
17s 

t outp 
- 

THG Av 
,in0 GHZ 

-78 30 
-78 30 
-78 30 
-78 30 
-78 30 
-78 30 
-59 30 
-59 '30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-109 30 
-8 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-59 30 
-185 30 
93 30 

-107 30 
-107 30 
-107 30 
-107 30 
-107 30 
-107 30 
-107 30 

of converter 

1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
3 .O 
3 .O 
1.7 
1.7 
1.7 
1.7 
1.7 
1.7 
1.7 
3 .O 
3 .O 
3 .O 
3 .O 
3 .O 
3 .O 
3 .O 
3 .O 
3 .O 
3 .O 
3 .O 
3 .O 
3 .O 
3 .O 
3 .O 
3 .O 
3.0 
3 .O 
3.0 
3.0 
3 .O 
3 .O 
3 .O 
3 .O 

9486 3.0 I 

1094 
1810 
2691 
2817 
2488 
2672 
2817 
3572 
3185 
3524 
3969 
3727 
4124 
6108 
3746 
4579 
5673 
6399 
5305 
6195 
6389 
7328 
8664 
9022 
7541 
8567 
753 1 
8857 
9128 
10067 
11519 
10745 
11713 
10551 
9448 
10938 
11 132 
10842 
10067 
10164 

7860 
5305 
6302 
755c 

10938 

118) 

GW/cm2 

1.06 
1.76 
2.61 
2.73 
2.42 
2.59 
2.73 
3.47 
3.09 
3.42 
3.85 
3 -62 
1.33 
1.98 
2.14 
2.62 
3.24 
3.65 
3.03 
3.54 
3.65 
2.37 

2.92 
2.44 
2.77 
2.44 
2.87 
2.95 
3.26 
3.73 

3.79 
3.41 
3.06 
3.54 
3.60 
3.51 
3.26 
3.29 
3.54 
2.54 
1.72 
2.04 
2.44 
3.07 

2.8a 

3 -48 

- 
E3@* 

J 

475 
974 
1520 
1679 
1570 
200 1 
2040 
2640 
213 1 
2410 
2758 
2542 
2210 
3989 
2648 
3219 
4073 
43 19 
375 1 
4107 
4453 
5108 
6169 
6532 
5143 
6057 
5068 
6253 
627 1 
6946 
7315 
5867 
8328 
749 1 
6736 
7427 
797 1 
7622 
5879 
7196 
7897 
5659 
3379 
4342 
5157 
6318 

ll3@ 

% 

43.4 
53.8 
56.5 
59.6 
63.1 
74.9 
72.4 
73.9 
66.9 
68.4 
69.5 
68.2 
53.6 
65.3 
70.7 
70.3 
71.8 
67.5 
70.7 
66.3 
69.7 
69.7 
71.2 
72.4 
68.2 
70.7 
67.3 
70.6 
68.7 
69:O 
63.5 
54.6 
71.1 
71.0 
71.3 
67.9 
71.6 
70.3 
58.4 

72.2 
72.C 
63.7 
68.S 
68.3 
66.6 

70.8 

- 

F3m 

J/cm2 

0.46 
0.95 
1.48 
1.63 
1.52 
1.94 
1.98 
2.56 
2.07 
2.34 
2.68 
2.47 
2.15 
3.87 
2.57 
3.13 
3.95 
4.19 
3.64 
3.99 
4.32 
4.96 
5.99 
6.34 
4.99 
5.88 
4.92 
6.07 
6.09 
6.74 
7.10 
5.70 
8.09 
7.27 
6.54 
7.21 
7.74 
7.40 
5.71 
6.99 
7.67 
5.49 
3.28 
4.22 
5.01 
6.13 

33 
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4.4 Beamlet High-Fluence Tests at Vacuum: MDT, HDTI 

With the change in the NIF baseline to a 10 vacuum barrier in 1996, subsequent high- 
fluence campaigns on Beamlet were conducted with the frequency converter crystals and the 
fused-silica 30 optics located in the vacuum environment of the Beamlet FOA test mule. The 
first campaign in this series tested a NIF-like FOC for 20 shots at an average fluence of 5.1 
J/cm2 [5], and generated the first laser-induced surface damage to KDT observed on Beamlet. 
The shot summary for this campaign is provided in Table 4-5. The cell contained an 11-mm 
KDP doubler (32&4), a 9.5-mm KD*P tripler (80%LL1-12), and a medium damage threshold 
lens (MDT 02T) in a close-packed arrangement with a crystal-to-crystal spacing of 30 mm and 
crystal-to-lens spacing of 20 mm. All of the components in the cell were sol-gel AR coated. On- 
line inspection of the components was performed after the p and 18* shots. A visual 
inspection map of the components after the p shot and dated 1/13/98 (Figure 4-2) identified 
at least five damage sites on the second surface of the tripler that had clearly spalled debris on 
the input surface of the lens. Micrographs of one of the sites showed it was 500 pm in 
diameter; the same site photographed after eleven subsequent shots at 5 J/cm2 had grown to 
750 pm. Visual inspection data prior to the campaign indicated the presence of small "random 
pits" on the output surface [6], but the data is of insufficient quality to identrfy these as 
precursors to the damage. 

SI 
Q 

Table 4-5. Summary of Be - 
Pinholes 

2001150 
m1150 
2001150 
2m11 50 
2001150 
2001150 
20011 50 
2oOt150 
20011 50 
2001150 
20011 50 
200/150 
20011 50 
200m0 
2001150 
200/150 
2oW150 

150 
150 

20011 50 
2001150 
2001150 
2001150 
2001150 
20011 50 
2001150 
2001150 
corrected ASE), 3@ energy at 

I 

put of last optic I 
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Figure 4-2. Visual inspection map of the components after the 
At least five damage sites on the second surface ofthe tripler were identified (enclosed in circles). 

shot in the Beamlet MDT campaign. 

The tripler used in the MDT campaign was the same crystal used in the 37-cm THG 
activation campaign, but in this case it was not a newly finished and AR-coated crystal. The 
crystal was reworked on 2/20/97, processed, and sol-gel coated on 6/29/97, used from 
7/15/97 to 8/29/97 in the first phase of the FOA test mule experiments, and then reused from 
1/6/8 to 1/23/98 in the MDT campaign. By the end of the MDT campaign, the crysta€ had had 
the same AR coating for 11 months. The 30 transmission through the crystal after coating was 
95.2%, consistent with expected transmission values for the 3w AR coating on S, and the 
lco/2w compromise AR coating on SI. By the end of the MDT campaign, the apertureaveraged 
3s transmission through the crystal had decreased to 90.2%. Part of this loss may be attributed 
to the operation of the sol-gel coating in vacuum. For example, data has been obtained on 
Beamlet that clearly shows how exposure to the vacuum environment of the test mule 
modified the AR properties of a sol-gel coating on a fused silica window 17. Another potential 
area of concern that remained undiscovered until several months after this campaign was due 
to an error in the design of the prototype cell, which provided only a small cross sectional area 
(-0.02 an2) for evacuating the volume between the tripler and the lens. 
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The first tests of high damage-threshold (HDT) silica components occurred in Beamlet 
HDTI. The goal of HDTI was to test a NIF-like FOC and debris shield at 6 J/cm2 for 20 shots, 
and then proceed to HDTII for full-fluence testing of an integrated final optics package with 
diffradive optics plates (DOPs). The FOC configuration in HDTI was the same as that used in 
the MDT campaign, except for the use of a rapid-growth doubler (RG8B-2) and an HDT lens 
(04T). The shot sequence for this campaign, summarized in Table 46, consisted of a five-shot 
ramp followed by eight shots at 6 J/cm2. The system was then vented for a visual inspection of 
the optics and to obtain photomicrographs of selected damage sites. Photographs showed that 
the tripler site documented as 750 urn in size at the end of the MDT campaign had grown to 
1.5 mm. Prior to resuming the campaign, a debris shield (DS02B) was installed 42.4 an 
downstream of the lens. The debris shield was to be tilted 22" from normal incidence to ensure 
that its reflection did not enter the FOC, however the correct tilt was not verified, and there is 
indirect evidence that suggests it was not achieved. On the seventh shot at 6 J/cm2 following 
the installation of the debris shield, massive damage occurred on the output surface of the 
tripler and input surface of the lens. An extensive investigation uncovered several aspects of 
the experiment that were potential problems, including the poor evacuation of the volume 
between the tripler and the lens, aluminum contamination on several samples of the output 
surface of the tripler, and a discoloration of the output surface of the FOC not covered by the 
cap flange, suggestive of laser exposure. In spite of the large amount of data from this analysis, 
the source of the damage remains unproven. Additional details are provided in Appendix B. 

4.5 Beamlet High-Fluence Tests at Vacuum: HDTII 

avoiding the type of unexpected damage encountered in HDTI. Several steps were taken to 
improve previous test conditions and maximize the chance of success. Uncertainty about 
whether laser e osure of the compliant element in the FOC was a contributor to the HDTI 

minimum required to hold the optics in place. This had the additional effect of increasing the 
cross-sectional area for evacuating the volume between the tripler and lens to 4.5 cm2. For 
HDTI, the FOC and IOM components were CO, spray-cleaned and ethanol wiped rior to 
assembly. For HDTII, the FOC and IOM components were washed in a commercia l p  detergent 
and high-pressure rinsed with water in a c l e h g  procedure designed to simulate NIF as 
closely as possible, and then baked overnight at 200°C in a nitro en-purged oven (the FOC 

evidenced by a black residue on swipes of the parts after the bake out. Analysis of the residue 
identified metal silicates, suggestive of detergent. Subsequent cleaning of each part up to five 
times using a lint-free cloth soaked with ethanol was required to remove this residue 
(subsequent tests on other parts indicate this ethanol procedure may have recontaminated the 
baked parts with plasticizers and a bacteriocide [SI). Inside the FOA test mule, special care was 
taken to ensure that the numerous back-reflections and ghosts from the debris shield and 
DOPs were blocked or absorbed. The beam dumps for this purpose, with the exception of 
those on the inside of the FOC and ca flan e, were fashioned from NGabsorbing glass held 
onto aluminum backing plates with cips. &e absorbing glass on the inside of the FOC and 
cap flange was held in place with Torr Seal, as was the case in HDTI. Another difference 
between experiments was the beam size, which was scaled down to 30 cm for HDTII to 
provide a large unexposed region on the optics for post campaign testing. The shot summary 
for this campaign is shown in Table 4-7. 

The purpose of HDTII was to test a NIF-like final optics configuration at high fluence while 

damage lead to x e reduction of this material in the cell from 430 cm to 18 cm, the bare 

itself was not baked). Unfortunately, this procedure failed to yie f d acceptable cleanliness as 

36 
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Shot 1 Tvpe 

B8051206 
B805 1209 
B805 1218 
B8051333 
B805 1405 
B8051412 
B8051419 
B805 1422 
B805 1506 
B805 15 1 1 
B80515 15 
B8051804 
B8051809 
B8051905 
B805 1909 
B8051916 
B8051923 
B8052004 
B8052009 
B8052014 
B8052018 
B8052101 
B8052 109 
B8052113 

30, ramp 
30, ramp 
3% ramp 
3% ramp 
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
3 0  
30, DS 
30, DS 
30, DS 
30, DS 
30, DS 
30, DS 
30, DS 
30, DS 
30, DS 
30, DS 
la, calibration 

~8052117 1 lo, calibration 
* la, energy at input to convert 

Table 4-6. Summary of Beamlet HDTI campaign. 

Pinholes 
cuad 
2001150 
2001150 
20w150 
2001150 
20011 50 
M01150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
200l150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 

SHG THG Av 
prad (int) Gtfi 

-250 0 30 
-250 0 30 
-250 0 30 
-250 0 30 
-250 0 30 
-250 0 30 
-250 0 30 
-250 -100 30 
-250 -200 30 
-250 -100 30 
-220 -70 30 
-280 -70 30 
-250 -70 30 
-250 -70 30 
-250 -70 30 
-250 -70 30 
-250 -70 30 
-250 -70 30 
-250 -70 30 
-250 -70 30 
-250 -70 30 
-250 -70 30 
-250 -70 30 

-1075 -1040 30 

T 
3.02 
3.13 
3.15 

3.13 
3.18 
3.17 
3.17 
3.20 
3.18 
3.17 
3.17 
3.20 
3.17 

3.17 
3.15 
3.15 
3.17 
3.20 
3.18 
3.17 
3.13 
3.11 

3264 
3883 
6028 
7882 
8995 
8878 
83 17 
8913 
8704 
8517 
8793 
8952 
8389 
8917 
8982 

7404 
8717 
8494 
8694 
8557 
9184 
8575 
2956 

8110 

3.181 2889 
tput of last optic 

- 
11, 

GWlcmZ 

1 .os 
1.20 
1.86 

2.79 
2.71 
2.55 
2.73 
2.64 

2.69 
2.74 
2.55 
2.73 

2.48 
2.28 
2.69 
2.60 
2.64 
2.61 
2.81 
2.66 
0.92 
0.88 

2.60 

- 
E%* 

J 

1476 
1975 
3875 
5382 
6348 
6210 
5775 
6423 
502 1 
6147 
6200 
6189 
5934 
6327 
5977 
5690 
5117 
6189 
5966 
5966 
5510 
5955 
5085 

0 
124 - 

% 

45.2 
50.9 
64.3 
68.3 
70.6 
69.9 
69.4 
72.1 
57.7 
72.2 
70.5 
69.1 
70.7 

66.5 
70.2 
69.1 
71.0 
70.2 
68.6 
64.4 
64.8 
59.3 
0.0 
4,3 

71.0 

F% 
Jlcm' 

1.43 
1.92 
3.76 
5.23 
6.16 
6.03 
5.61 
6.24 
4.88 
5.97 
6.02 
6.01 
5.76 
6.14 
5.80 
5.52 
4.97 
6.01 
5.79 
5.79 
5.35 
5.78 
4.94 
0.00 
0.12 

As shown in Figure 4-1, the first part of HDTII consisted of an eight-shot ramp to 7 J/cm2 
followed b two shots at -7.8 J/cm2, which is the calculated 3-ns equivalent to the Beamlet 

of the pulse length. The FOC was fielded alone in this part of the campaign, with the same 
doubler used in HDTI (RG8B-2), a conventional-growth tripler (80% LL6-11), and a high- 
damage threshold fused-silica lens (OlK). After the first ten shots, the FOC optics were 
inspected, and two DOPS (DS02K and 04K) and a debris shield (DSO2B) were installed. The 
two DOPs were mounted in a dual-slot aluminum bezel using nylon-tipped set screws, with a 
spacing between the plates of -1.5 un. The debris shield was mounted in the second slot of a 
similar package that was clamped to the back of the first, positioning the debris shield -3 cm 
downstream of the second DOP. The DOP and debris shield holders were cleaned with the 
same procedure used on the FOC and IOM parts, but not baked. The spacing between the lens 
and the first DOP was 42.4 cm. All of the p€ates were tipped 22" from normal incidence. After 
six shots, the DOPs and debris shields were removed, and the FOC optics were inspected a 
second time. While a second debris shield was being prepared for testing, three additional 
shots were fired through the FOC at an average fluence of 6.3 J/cm2. The second debris shield 
@SO3K) was then installed, and four shots were fired at -7.6 J/cm2 to obtain a comparative 
baseline for the DOP tests. The shot summary for this series is provided in Table 4-7. 
Throughout tkte campaign, the uncertainty in the 30 fluence at the output of the tripler 
increased with the uncertainty in the transmission through the downstream optics. 

milestone K uence of 8.4 J/cm2 in 3.5 ns, assuming damage threshold scales as the square-root 
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Shot Type 

B8072102 3w ramp 
B8072105 3a ramp 
B8072201 3 0  ramp 
B8072205 3 0  ramp 
B8072208 3 0  ramp 
B8072214 3o ramp 
B8072303 3o ramp 
B8072306 3 ~ 0  ramp 
B8072309 3w 
B8072313 3 0  
B8072502 301 ramp, DOP 
B8072507 3 0  ramp, DOP 
B8072510 3 ~ ,  DOP 
B8072704 30, DOP 
B8072707 30, DOP 
B8072711 30, DOP 
B8072903 3 0  
B8072906 3 0  
B8072909 3 0  
B8073002 30, DS 
B8073102 3a, DS 
B8073105 30, DS 
B8073108 30, DS 
* lo energy at input to convert4 

Table 4-7. Shot summary of Beamlet HDTII campaign. 

Pinholes 
A 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001 150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
2001150 
200/150 
2001 150 
[corrected 1 

SHG THG Av 
pad (int) GHZ 

-250 0 30 
-250 0 30 
-250 0 30 
-250 0 30 
-250 0 30 
-290 0 30 
-295 150 30 
-295 -150 30 
-295 -150 30 
-295 -150 30 
-310 -200 30 
-310 -200 30 
-295 -150 30 
-280 -100 30 
-310 -100 30 
-310 -100 30 
-310 -200 30 
-310 -200 30 
-310 -200 30 
-310 -200 30 
-340 -200 30 
-340 -200 30 
-310 -200 30 

? ASE), 3w energy at 

- 
fwhm 
ns 

3.17 
3.13 
3 -08 
3.17 
3.15 
3.08 
3.06 
3.13 
3.15 
3.11 
3.13 
3.11 

3.03 
3.1 1 
3.10 
3.13 
3.11 
3.15 
3.04 
3.13 
3.13 
3.17 

put 0: 

- 

- 

3009 1.22 1567 52.1 2.01 
3559 1.46 1985 55.8 2.55 
4434 1.85 2780 62.7 3.56 
5072 2.05 3292 64.9 4.22 
5866 2.39 3835 65.4 4.92 
7108 2.96 4765 67.0 6.1 1 
8108 3.40 4034 49.7 5.17 
7657 3.14 5361 70.0 6.87 
8907 3.63 6092 68.4 7.81 
8946 3.69 5956 66.6 7.64 
5164 2.12 2947 57.1 3.78 
7022 2.89 4253 60.6 5.45 
9078 5204 57.3 6.67 
9676 4.09 4817 49.8 6.18 
9110 3.76 5194 57.0 6.66 
9123 3.77 4567 50.1 5.85 
7247 2.97 4932 68.1 6.32 
7 146 2.95 4911 68.7 6.30 
7179 2.92 4891 68.1 6.27 
8782 3.70 5716 65.1 7.33 
8865 3.63 5685 64.1 729 
8991 3.68 5653 62.9 7.25 
9578 3.87 5789 60.4 7.42 

ast optic 

At the conclusion of the HDTII campaign, the tripler by visual inspection had 47 damage 
sites, the largest being 2.5 cm in diameter (see Figure 4-3). Of these, 43 were on the output 
surface of the crystal; the four on the input surface were all less than 150 p in size. Figure 4-4 
shows how the size of four of the largest sites on S, evolved over the course of the campaign. 
The measurements were obtained from photographs of the 3 0  beam taken with the focal plane 
diagnostic high-resolution near-field camera imaging the plane of the lens [9]. To interpret the 
data it was assumed that the mechanics of the damage growth occur on time-scales that are 
long compared to the 3-11s exposure of the photographs, and thus that the damage measured 
in a given photograph is representative of the size of the site after the previous shot. Tracing 
the four largest sites back in time, it was possible to determine that they each originated from 
small -100- juri features that were visible in the very first photograph. These small features 
remained essentially unchanged for the first few shots of the ramp and did not begin to grow 
until the fluence reached -4 J/cmZ. For the first ten shots, the growth behavior of the four sites 
was essentially the same. No data was analyzed for the period of time in which the D O E  were 
installed, but after the DOPS were removed, two of the sites showed a greatly increased 
growth rate. The rapid growth rate appeared to be related to cracks emanating from these 
sites, while the lower growth rate sites exhibited more stable, well-defined pit morphologies. 
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Like the MDT and HDTI campaigns, the KD*P tripler used in HDTII was not a newly 1 
finished and coated crystal. It was first finished on 12/15/96, refinished, coated but never 
deployed in 2/97, refinished again on 5/15/98, processed and sol-gel AR-coated on 5/21/98, 
and used from 6/18/98 to 6/25/98 in the FOA test mule for the Beamlet CEA experiments 
[12]. As shown in Figure 4-5, the aperture-averaged 3 0  transmission through the crystal prior 
to use was only 89%, which is approximately 6% lower than expected. Following the CEA 
experiments, the crystal was washed with toluene, and the transmission measured at 85.5% on 
7/15/98. A small area of the crystal was damage tested to > 10 J/cm2 on 7/16/98, at which 
time microscopy revealed that there were line defects on the surface of the crystal similar to 
those observed on LL1-12 after HDTI (see appendix), but limited to isolated regions 
comprising about 10% of the total area. After the experiment, these line defects covered most I of d e  input and output surfaces of the crystal. 

80% 

Figure 4-5. Scanning photometer measurements of 3w transmission through the HDTII tripler (a) 
after sol-gel coating and prior to use, (b) after CEA experiments and toluene cleaning, and (c) after 
HDTII. Aperture-averaged transmissions are 88.8%, 85.4%, and 84.9%, respectively. 

c 
I 

1 
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4.6. Conclusion 

Beamlet tests of prototype FOCs in vacuum 
Laser-induced surface damage qf K P P  was first otxervea at r\JIF fluences during the 

past year. The damage in the 
grew rapidly to very large 
originated at small 

unidentified defects that were on the very first shot. In all of the tests, the sol-gel AR 
on the crystals were of very poor quality, with 30 transmissions that were 5 to 10% 

for new coatin~. Largearea surface damage was limited to HDTI. 
and growth of surface daxpage was observed in all three high-fluence test mde 

campaigns. 
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5,O Optics Damage 

Fused Silica Damage 

The original purpose of the hightfluence 301 campaigns that occurred in January through 
July 1998 was fourfold: 

1. To demonstrate the full-apertur damage performance of prototype NIF fused silica optics 
manufactured with current ven or finishing capabilities. In most cases, the optics made 
for these tests were not made us h g the final manufacturing equipment expected to be used 
for NIF production, although thq processes were close enough that they had been qualified 
for NIP optic production. 

2. To measured in off-line tests with that produced during 
Beamlet tests. The includes dam 
growth rate. would be 

3. To evaluate the 
conditions 

optical damage evolution under NIF-like 

4. To evaluate the performance 
between the tripler, lens, 
interactions expected 
from damage to 

integrated final optics package including interactions 
optic plates, and the debris shield. Primary 
modulation from upstream optics and contamination 

The damage performance of 3a ted in four different 
campaigns d b g  2998. The 
Table 5-1. The 6n.d carnpai 2 (HDT2) included a test of the 
full integrated optics package. 
campaigns will be described 
programs are described in Table 5.11 and the optics configurations are shown in Figure 5-1. 

t programs are provided in 

t'he foczls of the preent report, but the other 
ant. The campaign had four phases, a-d. The fluence 
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Table 5-1. Fused silica optics used in 1998 Beamlet 3w Mule campaigns. 

Campaign Fluence program optic 

#pulses tau fluence J/cm2 

ramp main ns average highest Rn DOPl DOP2 DS 

MDT 6 20 3 5.1 5.7 02T 
Trip@ 38 1.5 2.5 4 01K 

6.3 04T HDTl a 3 10 3 5.1 
02B 6.2 04T b 10 3 5.6 

mT2 a 8 2 3  5.1 7.8 01K 
b 2 4 3  7.1 8.6 01K 02K 04K 02B 

6.3 01K C 4 3  6.3 
03K d 4 3  7.6 7.7 01K 

HDT2 KDP Focus 
n Debris shield: Id1 only 

(a) FOC 
(c) FOC Topview [I I (d) FOC w/DS 

(all plates 2 2 O )  
u - -  

1 o vacuum 
window 

DOPZ: KPPlbare 

111 

Ill 'I 1 _i' I w  vacuum 
window 

-- 
Figure 5-1. Four optical configurations used to test the FOC and the integrated optics package. 

5.1.2 Summary of Optics Used 
A high-quality 3 0  polished focus lens, two debris shields, and two diffractive optics plates 

were evaluated as part of the July HDT2 campaign. The HDT2 shot program is summarized in 
Figure 5-2. The lens (RFLOlK) had been tested off-line and had been used, and lightly 
damaged, in the earlier Beamlet frequency tripling campaign (April 16-30,1998) with low 
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ranging in fluence from 2 to 8.5 jodps/cm2 at the lens surface, 3-11s square pulse. For the six- 
pulse integrated test during HDT2, a debris shield (DS02B) was used that had been previously 
damaged during the final 10 pulses of the HDTl campaign (see Table 5.1). The two diffractive 
optics plates @SOX and D S W )  w d  in the integrated test had not been previously 
illuminated. During the final four pulses of the HDT2 campaign, another previously 
unexposed debris shield (DSO3K)  as exposed. For the HDT2 lens and debris shield that had 
been used on Beamlet prior to the campaign, the optics were stripned and recoated prior to 
installation. 

f'" 
\ 

0 . . . .  . . . .  

r 
U 9 10 

in-eitu 
33 sites 

inspections 
30 sit- 

8.0 Jlm2 

Llll r 
11 12 ." I-. .Y 

Pulse # 

Figure 5-2. Fluences used in the four phases of HDT2. 

5.1.3 Experimental Techniques r 5.1.3.1 In-chamber microscopy 

Y 

~ * 
6.3 JIcm2 7.6 Jlcm2 

17 18 191 20 21 22 23 

In-situ damage characterizationlof the focus lens during the MDT and HDT Beamlet 
campaigns employed the use of a aCD camera and microscope to record images of laser- 
induced damage. Initially, two c 
view (FOV) without repositioning T e microscope during the mapping process. By the end of 
the campaigns, a -6-mm FOV system was converged upon that made finding of individual 

sites simple while still mwtaining the necessary resolution. An Infinity K2 bng- 
-distance single-camera rnicrnscope w a s  wed in this effort. A working distance of 

ras were used to record images at -3- and -9-mm field of 
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cm provided for a safe margin between the camera and the sample. The microscope assembly 
was bagged for cleanliness and mounted on a X-Y rail system for coordinate measurements. 
All images were taken from the output side of the lens. The lens was also lit from the output 
side using an intense fiber light was held close to the damage, diffusely scattering light into the 
camera. The light source was positioned to minimize CCD saturation and background noise. 
Damage position (X-Y coordinate plus front, rear, or bulk), diameter, and morphology were 
recorded for each site measured. The origin of the X-Y coordinate system was at the largest 
recognizable site. 

During the HDT2 campaign, the system was vented twice for in-situ inspections. The first 
inspection was after the initial 10 pulses on the lens. Thrty-three sites were photographed at 
that time. The second inspection was after the 6-pulse integrated test campaign. That 
inspection photographed 30 sites. 

5.1.3.2 Surface mapping 
Silica optics were characterized before and after each Beamlet campaign and each off-line 

test, using a Defect Mapping System (DMS). This system uses fiber optic light bars to 
internally illuminate the optic through the four edges. A full aperture image of the optic was 
taken using a megapixel CCD camera. The system allowed detection of defects as small as 
10 pm over the full 39- x 39-cm optic. Due to blooming of the defects in the image, it is not 
possible to resolve the size or features or the individual defect/damage sites directly from the 
megapixel map. After identification of defects in the image, a long focal length microscope is 
used to photograph individual sites. The resolution of the micrographs is -5 p. 

Many of the Beamlet FOA fused silica optics were tested off line either before or after use in 
the Beamlety FOA. All tests were performed in the 3w test facility in B165. The test facility is 
similar to B391 Plat0 facility used for large-area laser conditioning studies, except that the 3 0  
facility is in a cleanroom and is dedicated to 3 0  testing. Damage tests are made by raster- 
scanning several regions of the optic at different fluences. A typical test would involve 
scannin seven areas of 20 an2 each at 3-115 equivalent fluences of 2,4,6,8,10,12, and 

diameter at the sample plane of 1-1.6 pm. The rep-rate is 10 Hz, and the pulselength is 6-8 ns. 
Step increments in the raster-scan are specified as the beam at a given fraction of the peak 
fluence. For example, a scan increment corresponding to the 90% peak beam diameter would 
be -0.2 pm. 

14 J/cm 8 , The laser used is a commercial Nd:YAG system. The beam is Gaussian with a l/e2 

After scanning areas at the specified fluences, the DMS system was used to map and count 
the number of damage sites created during the test. Additional inspections with a microscope 
were used to determine the location of individual damage sites (front, rear, bullc). Damage 
concentrations for each test region were calculated after correcting the scan size for the 
effective beam area. The effective beam area was calculated based on a Weibull statistical 
analysis attapted by M. Feit. 
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5.13.4 Fluence distributions 
Fluence distributions were measured during the Beamlet campaigns using scientific-grade 

CCD cameras with a spatial resolution of -1 p. The depth of field of the camera is -2 m. For 
experiments involving only the FOC (doubler, tripler and focus lens), the fluence distribution 
measured by the standard near-field diagnostic may provide a good approximation of the 
fluence distribution at the surfaces of the optics of interest (tripler and lens). For subcampaigns 
where additional optics were present (DOPs or debris shield), the beam profile can be 
expected to change sigruficantly as the beam propagates through the mule, particularly if 
damage is occurring in the optics. In these cases, the standard near field does not provide 
suitable information to describe the fluence seen by individual optics. It is clear from 
inspection of damage patterns seen on the optics, particularly the DOPs and debris shield, that 
the fluence distribution was changing sigruficantly over distances of only a few cm. Features 
seen on one surface are found to be shifted spatially (vertical lines on DOPs and debris shield) 
or to have changed sharpness (feature on top north corner of KPP and debris shield) from one 
optic to the next. Differences in the optical performance the optics is also apparent from the 
post-campaign photometry maps. 

For most pulses, a film camera was used to obtain higher-resolution near field (HRNF) 
fluence distributions in the mule. For this camera, the depth of field was -0.2 m, and the 
resolution was -85 microns. For all pulses except the &pulse "integrated FOA campaign, the 
HRNF camera imaged the lens plane. During the integrated FOA campaign, which included 
the two DOPs and the debris shield, the focal plane of HRNF camera was moved to the debris 
shield. A comparison of profiles from the standard and high-resolution near-field diagnostics 
should be made to evaluate the quality of the fluence distribution data. 

One of the objectives of the Beamlet high-fluence 30 campaigns was to compare the 
measured damage performance with the performance predicted from off-line damage tests of 
the individual components. An accurate comparison requires knowledge of the fluence 
distribution at each optic. The concentration of laser damage sites on an optic follows a strong 
power dependence on the fluence (C = F", where m varies from 2 to 22). In general, the 
density of damage of an optic can be expected to change by about one order of magnitude for 
a fluence change of about 2 J/cm2. The fluence peaks therefore have a very strong influence on 
the average damage density, and therefor the lifetime, of the optic. The damage density 
predicted from off-line tests can always be expected to underestimate the measured damage 
performance on Beamlet if the Beamlet fluence distribution used in the prediction is not 
accurate at the plane of the optic, that is, the peak fluences are averaged over several optics. 

5.1.4 Results (not interpretation) 

5.1.4.1 Focus lens RFLOlK 

from those tests 
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raster scanning facility in Building 165 (1-mm-diam beam). The lens was sc 
ranging from 2 J/cm2 to 14 J/cm2, 3 ns, on a cumulative surface area of 140 cm'. A DMS map of 
finishing defects and laser damage was made before and after the damage test. The after 
damage test DMS map indicated 164 artifact sites including laser damage and finishing 
defects. A complete report of the test is available. [l] 

1 ee. 
I 

or f indicates that no damage was detected 
si e. 
B v 

c 
0 - c 
c e 
g 1.e 
c 

c 
0 
0 

0 
c 

0 
p" 

8.18 

i 

28.8 1 .E Fluence ( J/cm21 1 n.n 

Figure 5-3. Results from off-line 30 damage testing of lens 01K prior to installation on Beamlet. The 
defect concentration plot shows the contributions from the front and rear surfaces, The open 
symbols indicate the detection limit for the scan (i.e., concentration if one damage site was detected). 

The lens was sol-gel coated with a 3 0  AR and used for frequency tripling experiments in 
April 1998. Mapping of the lens following that campaign identified 545 artifact sites within the 
beam aperture. Microscopy of a 20% sampling of the artifacts indicated the following 
distribution of site locations: 190 on front surface, 20 in bulk, and 335 on rear surface. Note 
that 164 of the artifact sites were present prior to the Beamlet tripling campaign. The largest 
damage site on the lens had a diameter of 2.35 mm. This site was initiated during the off-line 
test and had a diameter of 0.95 pm prior to installation for the tripling campaign. 

damage at that time. However, most had created rear-surface damage sites due to 
modulatio 

Most of the 20 bulk sites identified after the Tripling campaign showed no evidence of bulk 

After DMS mapping of the Tripling campaign damage, but prior to use in the HDT2 
campaign, the sol-gel coating on the lens was removed in B392, and the lens was recoated. 
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HDT2 illumination 
During the initial 10 pulses of the campaign, some discrete damage to the lens was 

observed by visual hspection from the B W  diagnostic position and was indicated in the 
near-field images. It was apparent t@ the lens input surface was also being contaminated 
with debris from damage to the KDP tripler output surface. 

Following the first ten pulses of h e  campaign two members of the damage team entered 
the mule and inspected the lens. m e  inspection microscope and procedure were described 
above. The primary purpose of the inspection was to document the evolving size of new and 
existing damage sites 80 that dama e grow& rates could be evaluated. During the first 
inspection, 33 sites were photograp Bh ed. The lens wae again inspected following the &shot 
integrated test. In that inspection 3d sites were photographed. 

The lens was next inspected in *e FOA after it was moved from the Beamlet Mule to B174. 
It appeared that many of the KDP *age sites had deposited debris in the input surface of 
the lens forming hazed regions -1 c$n in diameter. Rings of diffuse damage (like sand blasting) 
were apparent on the output surface of the lens opposite the KDP-influenced input surface 
areas. 

There was also indication that d v a g e  at scratches on the input surface of the lens had also 
deposited debris on the output surfhce of the tripler. This tripler damage then caused 
modulation that damaged the outpyt surface of the lens in an identical pattern. 

The lens was removed from the FOC and transported to B392 for photometry 
measurements. The lens was then qoved to the 3 0  Test lab in B1& for documentation of the 
laser damage. A full-aperture imagk of the lens was taken using the DMS inspection system. 
The 33 sites inspected during the irttsitu inspections were photographed again. Additional 
micrographs were taken to documat the typical state of the input and output surfaces both 
inside and outside the beam apertuie. 

No contamination sampllng has ibeen performed on this lens. 

Damage observations on lens WLOlK 
The DMS image of the lens was alyzed for an initial evaluation of the various 

contributions to the lens damage. ?$zs DMS map is shown in Figure 5.4, which identifies 
several types of damage sites on the lens (Note the optic is incorrectly positioned in this map. 
The upper North corner of the Opti4 is in the lower right corner). Using a NIH image analysis 
package the total obscuration on thd lens resulting from damage was calculated to be -11%. 
Note that this value is an overestimpe because some blooming is allowed in order to 
document the positions of the small1 damage sites (2 5 micron diameter). 
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rear surface damage 

from small solid 

Bulk damage wl rear 
surface damage from 

II solid inclusion 

Damage to rear from 
upstream mod u latio 

S&M-4. Automated image analysis indicates over 9000 catter sites >lOlm (note: upper nc - 

mrner on Beamlet is lower right corner in this image). 
. * .  

Several contributors to damage to the lens are immediately apparent: 

a. bamage induced by KDP tripler output surface damage (35% of the obscuration). 

b. Damage associated with small ( 4 0  pm) solid inclusions in the fused silica (20% of the 
obscuration). 

c. Damage assumed to be associated with the lens finishing process (40% of the 
obscuration). It is likely that some of the damage resulted from system-induced surface 
contamination, but in our initial inspection, we had no way to differentiate such sites. 

sites and (c) all other 

In Figure 5-5(a), the DMS map of RFLOlK from Figure 
north comer is on the upper left side of the image. Obscuration 
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An initial count of the number of damage sites by the N E €  software resulted in a count of 
-10,000 sites. Approximately 8000 of these sites are initially attributed to the lens surface 
finishing. At this time, the relative contributions of front and rear damage have not been 
resolved. 

The lens was damaged more than anticipated both in terms of density of damage sites 
(-10-5Ox expected density) and rate of growth of damage sites (30-5Ox expected rate). The 
expected density was based on the off-line test (Figure 5-3 above), and the expected growth 
rate was based on limited 30 growth studies performed in optics sciences lasers (OSL) @&lam 
and Genin). 

Damage induced by the large KDP tripler damage sites was markedly different on the front 
vs. the rear of the lens. The front surface of the lens had large (el an) diffuse scattering 
damage sites similar in size and shape to the KDP tripler damage sites. These were caused by 
spitting of the KDP onto the lens (indicated by topography, but not confirmed by chemical 
analysis) and possibly by modulations induced by the tripler damage sites. The lens showed a 
doughnut-shaped ring of damage on the rear (output) surface slightly larger than the front 
surface damage site. This ring of damage was presumably caused by speckle pattern 
modulation from scattering off the edge of the front-surface damage site. About 35% of the 
obscuration on the lens was associated with the KDP tripler damage sites. This damage is best 
observed by comparing Figures 5-5(a) and 5-5(b). 

The second category of lens damage was caused by -60 solid inclusions within the bulk of 
the fused silica lens. Twenty of these sites were mapped after the low-fluence tripler 
campaign, since they had already caused either rear surface or bulk damage downstream of 
the inclusions. It has been demonstrated by modeling (Feit) and by experiments (Genin, 
Runkel) that this type of defect damages at low fluence and may induce rear-surface damage. 
Figure 5-7 shows a solid inclusion in the bulk of lens RFLOlT along with bulk damage caused 
by a similar defect and rear-surface damage associated with the bulk damage. In the HDT2 
campaign, the bulk damage sites grew slowly at a rate similar to front surface damage. 
However, the rear-surface damage associated with the bulk sites grew at the same 
unexpectedly high rate as all other rear-surface sites. The final size of the inclusion-related 
rear-surface damage sites was typically about 500-800 pxn in size. This group of defects is 
most readily observed by comparing the DMS map in Figure 5-6(a) and Figure 5-6(b). As a 
consequence, the -60 solid inclusions induced about 20% of the obscuration on the lens. These 
inclusions produced large rear-surface damage sites because they initiated and started to grow 
during the low-fluence tripling campaign. The higher density damage sites associated with 
finishing did not initiate until higher fluences were reached in the HDT2 campaign. 

The remainder of the obscuration was caused by -8000 scattering sites. At this time, scatter 
sites caused by surface particulates have not been removed, so it is not certain how many of 
the obscurations actually are damage sites. However, visual comparison inside and outside 
the Beamlet test aperture suggest most of these are probably caused by damage sites rather 
than particulate scattering. These damage sites are assumed to be attributed to unknown 
surface flaws associated with the 30 finishing process. The finishing related defects represent 
the largest single component of the overall obscuration: -40%. 
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b 
- d  

Bulk inclusion Bulk damaae Rear surface 
Figure 5-7. Solid bulk inclusion and associated damage in fused silica lens RFLOlT. 

Some of the uncorrelated damage may have been caused by particulate contamination on 
the lens, but there was no direct evidence of contamination-related damage except for the -20 
large KDP tripler damage sites. Surface damage growth rates may have been higher than 
expected due to surface contamination, but again, there was no direct evidence that 
contamination affected damage growth rates. 

A fine scale (-20 pm spacing) semi-periodic line structure from the KDP tripler was 
imprinted into all downstream optics within the laser aperture. The defect was observed on 
both front and rear surfaces as either a slight disruption of the AR coating or small damage 
under the coating. This damage is shown in Figure 5-8. 

INSIDE THE CLEAR A 
m 

PFI 3TURE OUTSIDE THE CLEAR APERTURE 

r;uylens 
surface 

rigure 5-8. The fine-line structure on the KDP-crystal-coated surfaces replicated as damage in all the 
r downstream-fused silica optics. 
I 
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About 5% of the obscuration of the beam was caused by growth of damage sites c 

during off-line testing prior to the campaign. 

Damage growth rates were calculated from the damage micrographs obtained during the 
in-situ and DMS inspections. Figure 5-9 provides a summary of the growth rates measu 
the sub-campaigns of the HDT2 test (points connected by thick, solid lines). HM2 data is 
provided for front, rear, and bulk damage and is compared with similar measurements made 
in the MDT, tripling, and HDTl campaigns. The rear-surface growth rates measured in three 
campaigns on three lenses made by two different vendors all show similar growth rates near 
5 J/cm2. Rear-surface growth rates are consistently -lox higher than those of the bulk or front 
surface. Because the obscured area varies as the square of the growth rate, the rear-surface 
damage clearly dominates functional damage effects. 

Beamlet lens damage growth date 

12Q. 

100. 

80.- 
Campaign averaged 
Radial growth rate 60*' 

pdpulse 
40.. 

20%. 

O r  

1.5 ns 

..*" I m 
*' 

0 2 4 6 8 

/ 
/ 

location 

-IC front 

cammian/ Lens 
MDT / 027' 

in- 

Figure 5-9. Summary of Beamlet lens damage growth rates calculated from damage micrographs 
obtained during in-situ and DMS inspections. 

In small-beam growth experiments at 10, the growth rate varies linearly with fluence. For 
the Beamlet data, it is not clear that the growth rates are as well behaved. Note, however, that 
the data at the highest fluences were obtained late in the HDT2 campaign after significant KDP 
and DOP damage had occurred. 

Comparison of Figures 5.6(a) and (b) identifies damage sites initiated by bulk inclusions. 
These sites include the bulk damage as well as rear-surface damage caused by beam 
modulation from the bulk damage. Because rear-surface damage grows at -1Ox the bulk - 
growth rate, the obscured area due to inclusions is dominated by the resulting rear-suface 
damage. In Figure 5.6, the damage sites attributed to bulk inclusions appear larger than most 
damage associated with surface initiators. No difference in rear-surface growth rates was 
observed, however, between surface and bulk-initiated rear-surface sites. The large size of 
inclusion-related sites results from the low-damage thresholds of the inclusions. The inclusions 
damage at very low fluences (1-2 J/cmz) and therefore grow over more pulses than damage 

I 
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initiated at higher fluences later in the campaign. In fact, most of the inclusion-related damage 
in lens 01K was initiated during tha earlier low-fluence tripling campaign. 

The most relevant 351-nm damTge growth data obtained in off-line test was from a test 
using the OSL laser (Milam and G q ) .  A representative rear-surface growth rate measured 
at 9 J/ an2, 3 IIS, is included in Figure 5-9. The OSL growth rate is 20x to 50x lower than what 
would be predicted from extrapolation of the Beamlet data. Several differences m u t  be noted 
between the OSL and Beamlet data? The Beamlet studies were done in a vacuum environment 
using a krge-aperhtre sol-gel coatec lens produced by NIF-qualified vendors. The OSL study 
was per€ormed in air on a 2-in., unqoated substrate from a back-up vendor. The influences of 
environment, (contaminated) AR-c@ating, and substrate source on growth rate have not yet 
been determined. 

The 30 reflectance was measured OD the plan0 input surface of RFLOlK after the wDT2 
campaign. Figure 5-10(a) shows the reflectance spectrum (s polarized). For comparison, the 
DMS map showing obscurations is @so included as Figure 5-1O(b) (identical to Figure 5-5[a]). 
Both the photometry image and thq DMS map are oriented with the upper north corner of the 
optic on the upper left. 

I 

0.0 0.1 0.2 0.3 0.4 0.5 

(a) 
- 9808 18-20 13-RFL-0 1 K-3WRS 

Figure 5-10 (a). 3 0  reflectance of RFLOlK after HDT2 campaign and (b) DMS map of RFLOlK after 
HDT2 campaign. 
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I 
Several observations are apparent when these two images are compared: 

Reflectance of the lens is very low (<0.1%) in areas without large damage sites. It may 
be that the tight spacing between the tripler and the lens protects the lens input surface 
from hydrocarbon contaminants in the FOC. 

0 Measured reflectance is higher at many of the major damage sites on the lens that are 
known to be diffuse scattering. This suggests the reflectance measurement is picking 
up diffuse scatter and cannot be completely trusted on highly damaged optics such as 
RFLOlK. 

Background 

Higher reflectance is observed in all four corners of the optic, both within and outside the 
HDTZ beam footprint. This may be due to plumes of contamination coming into the 
tripler/lens gap from the relatively open corners. 

5.1.5 Debris Shield (no diffractive optics) 

Two debris shields were tested. The debris shield tested along with the diffradve optics 
plates (DS02B) will be described later. The last four shots of the HDT2 campaign included 
both the lens and a new, untested debris shield (DS03K), but no diffractive optics. 

DS03K was mandactured by Kodak using the same process as that used for the 
DOP2(KPP) substrate. Neither of these two parts was damage tested prior to use on Beamlet. 

Prior to installation on Beamlet, DS03K was sol-gel coated and then photometry-mapped. 
After the part was illuminated with four pulses in the mule it was removed from Beamlet, 
mapped in the photometer and then damage-mapped in the 30 Lab. 

Beamlet illumination results 
Photometry taken after HDT2 showed a loss of about 4 mittance with dear evidence 

of laser cleaning within the laser aperture (shown in Figur I). Most of the light loss was 
outside the aperture on the left (north) side of the beam. The pattern of the light loss in the 
upper north corner of the debris shield matched the location and pattern of a massive damage 
site observed on the kinoform phase plate (KPP) during the earlier integrated portion of the 
campaign. The pattern, extending inside and outside the HDTZ beam footprint, appears to the 
eye as a region of diffuse scattering not associated with discrete damage sites. The existence of 
a similar contamination pattern at the same location with and without dfiactive optics in the 
system suggests the contamination was associated with the Beamlet beam and optics 
conguration rather than with the diffractive optics. 

to the photometry h a g d i r t i e s t  on the left side. The rear surface showed no similar 
particulate contamination (Figure 5-12). This contamination occurred both inside and outside 

The front surface of the debris shield was coated with dust and debris in a pattern similar 
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r the beam qerture. The input surfa e was presumably contaminated by debris from tne output 
of the lens, -42 an upstream. t: i 

70 80 90 

(a) (b) 
Figure 5-11 (a). DS03K transmittance photometry at 30 and (b) DS03K DMS map with sensitivity 
turned up to emphasize pinpoint damage sites. 

Inspection of DS03K indicated small damage sites on both surfaces of the debris shield. 
Figure 5-llb shows the DMS map for DS03K. In this map, the camera sensitivity and lighting 
were turned up so the large numbeir of very small (mostly c50 pn) defects would be visible in 
the map. It is clear in the DMS map the large damage sites in up-stream optics (lens and 
tripler) did not cause modulation-induced damage on the debris shield. The upstream sites 
instead acted as beam obscurations resulting in undamaged areas on the debris shield. The 
front surface of DS03K contained a few dozen relatively large (-100 pm) damage sites both 
inside and outside the HDT2 beam footprint. These sites appeared to be caused by spitting 
from the lens. 
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I 
Figure 5-12. DS03K 
both inside and ou 
uncontaminated. 

!r HDT2 (d). The debris shield inp 

ractive Optics Damage 

In HDT2 phase (b), six shots were taken with the fully integrated NIF optics package set 
in an approximation of the NIF configuration. In addition to the final optics cell, the 
configuration included two DOPs and one debris shield. DOPl contained a full-aperture color 
separation grating (CSG) on the input surface and a beam sampling grating (BSG) on the 
output surface. DOP2 contained a 16-level discrete kinoform phase plate (KPP) on the input 
surface and no diffractive structure on the output surface. Figure 5-13 depicts the optics 
configuration used in this portion of HDT2. 

Two of the six shots were ramping shots, and four were at near-NIF fluence: 7-8.5 
joules/cm2. The two diffractive optic plates and the debris shield were removed for damage 
analysis because of the large amount of damage apparent from these six shots. Figure 5-14 
shows DMS maps from the lens, DOH, DOP2, and the debris shield DS02B along with the 
near field image of the last diffractive optics shot. Both DOPs and the debris shield were 
damaged sufficiently in six shots to warrant removal for analysis. Damage was primarily on 
the rear surfaces of each Dol? and the downstream debris shield. 
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0.7pm (h) and 1.- (4x) 20-M With 16 discrete levels 
steps with 115pm spacing 

for 346pm full perlod 
2crm to 4w 

vari8ble sprcing 
with deepest steps 0 . 7 ~  (2x) 

end spatial periods several mm’a 

Figure 5-13. Three diffractive optics fielded on Beamlet in nearly the current NIF baseline 
configuration. r 
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DOPl:CSG/T)SG , 
ut surface was a stair-step grating with a period of 

Bc (0.7p) in height, and 
m, but it was of a period 

split design. The grating was coated 
(AR) c o a m .  The BSG on the output 

20-m deep with a variable 
period of about 2 pm. 

large number of damage si s as shown in Figure 5-15. The damage patterns 
mimicked the modulation attem already apparent in the Beamlet beam in the 
near-field shot prior to the traduction of the DOPs (Figure 5-16). Essentially, 

hm were written into the rear surface of 
of a pattern of damage si&s spaced 

all modulation 
DoPl. Thed 
typically 350 p apart- 

After the six B e d e t  sh ts, the rear surface of DoPl was covered with a very 

spacing in the CSG (Figure 5-17). 

1 
I 
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Figure 5-16. Near-field image from the first D.O. shot, flipped to match optics 
positioning. Upstream modulations already present in the beam were 'printed' into 
the DOPs as damage sites. 

Figure 5-17. DOPl [CSGIBSGI after HDT2. The largest sol-gel defect occurred every 
345 pm at the 4n jump. Rear-surface damage was usually, but not always at the 345-pm 
period. 
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Modulation-induced damage sites included: 

mirror (Figure 5-18). 
1. A large elliptical diffractlon ring associated with a phase error in a turning 

2. Two lines associated with a rapid-growth doubler sector boundary (Figure 

3. Small Fresnel diffraction rings from upstream modulation sites (Figure 5-18). 

5-19). 

4. Wavy lines of damage apparent in the near-field pattern that are suggestive 

5. A large diameter pattern possibly associated with diamond turning marks on 

of the spatial filter pinhole cutoff period (Figure 5-15). 

a KDP crystal (Figure 5-15). 

6.  Localized damage sites from upstream modulation around point defects 
(Figure 5-18). 

Figure 5-18, Beamlet modulations are painted on the rear surface of the CSG in 
dashes of damage sites at 115 and 345-pn spacing. 

Unlike the lens, there was little or no direct correlation between damage on 
DOPl and the large KDP tripler damage sites or KDFassociated sites on the lens. 
Instead, there were numerous protected areas of zero damage (Figure 5-20) 
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where it was apparent the DOP saw little or no laser fluence. This suggests 
many of the large KDP-associated damage sites on the tripler and the lens caused 
high-angle modulation that died off before reaching DON. These spots of non- 
damaged area are similar to those seen on the debris shield DS03K during HDT2 
phase (d) after the diffractive optics were removed (Figure 5-llb). 

Photometry showed a large variation in transmission loss across the laser 
aperture ranging from O-%% and averaging about 4% (Figure 5-21a). The loss 
was strongest on the left side (north). DOPl showed significant (-5 to 10%) 
transmission loss outside the laser aperture. This loss appeared to be due to 
diffuse scatter from particulate, based on optical micrographs and appearance to 
the unaided eye. The strongest loss outside the aperture was on the left (north) 
side in a pattern similar to that observed on the debris shield used in the 
nondiffractive optics portion of the campaign (DS03K). There was evidence of 
diffuse scattering on the rear of DOPl in this high-loss area. 

Figure 5-19. DOPl (CSGIBSG). Beamlet modulations were painted on the rear surface 
of the DOPl in dashes of damage sites at 345-pm spacing. 

. .  . .  
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support this supposition. 

There was no evidence of damage associated with the BSG pattern, bu 
technique was used having sufficient resolution to observe the 2-pn periodicity 

after the HDT2 campaign (I. Barton) suggest 
as high as 30%. 

he HDT2 campaign that colloidal sol AR coatings do 
structures of the scale of the CSG and KPP. 

Figures 5-22 and 5-23 show the type of defect observed when traditional colloidal 
sol AR coatings are deposited on a CSG. Figure 5-24a shows the 30 Oh order 
transmittance of a CSG with no AR coating, with AR coatings on both surfaces, 
and with an AR coating only on the rear surface. The nonconformality of the 
coating results in the forward scattering of -9% of the total 30 beam into higher 

Nu 
AR caating I 

Edw effects dkrupt AR performance 

Figure 5-22. The 10s in AR performance is caused by coating errors at the 2n and 47c 
steps of the CSG. 

I 
I 
1 
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Schematic of 
CSG steps 

Bare CSG steps 
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Sdqel AR 
over CSG step 

Figure 5-23. SEM 
thick sol-gel layt 
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-9709 17-1 242-MISC-MDTCW 

5.24(a) 

Sol gel coated 
Figure 5.24(b). Photographs of the 
transmitted beam of a CSG with and 
without AR coating on the grating 
s u b .  Coated gratirig diffracts -9% 
into higher orders. 

*%higher orders 

**% .p.culrrly 
g0.3 tnnrmitted 

into P order 

Figure 5.24(c). Cartoon depicting 
forward scattering/diffraction of 3 0  light 
from an AR-coated CSG. 

Figure 5-24(a). Transmittance of 30 zeroth order transmittance (1 mR acceptance 
angle) of CSG with colloidal-sol AR-dipcoated on both surfaces, nongrating surface 
only, and neither surface. 
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After the Beamlet campaign, modulation measurements were made (J. 
Britten, S. Herman) on subscale CSG gratings to verify the hypothesis that the 
damage observed in HDT2 was caused by excessive modulation from defects in 
the dipcoated AR coating on the larger 4.r~ steps. The modulation measurements 
(Figure 5-25,5-26) showed about 1 . 5 ~  modulation at the 41r steps for a dipcoated 
grating and substantially less modulation for an uncoated grating. Modulation 
was apparent at 2n: steps also, but at a much lower level. Modeling was carried 
out to estimate the expected modulation for bare and coated gratings. (I. Barton, 
Figure 5-27). The model predicted about 1 . 5 ~  modulation with no coating and 
2 . 7 ~  modulation for a grating with edge-width errors similar to those observed 
on dipcoated parts. The calculated modulation is significantly higher than the 
measured values. The modulation measurements may understate the actual 
modulation peak intensity because of resolution limitations of the CCD camera 
and optics used. 

2-0 Inthoa, 14 degrees c1y no-aagol coated 

$ 400 

600 

No mJ-gel 
coating 

a aip- 
.d AR 

1 1 1 , 1 1 1  

0 200 400 600 
rnicmnt 

0.0 0.5 1.0 ,.a 

2-0 Inches, 14 degrees cw solgel coated 

f 100 

600 

I 1 1  
0 200 400 600 

mlcroni 

0 

0 

125 " 
6 p 250 

0 125 250 375 
rnlcmnr 

fModulatlon 
at mar surface of 

2-0 lncheh 14 Ueprees cw so&d coated 

125 

I !: 
f 250 

0 I 125 250 375 

microns 

Figure 5-25. The disrupted AR coating enhances modulations already present in the 
CSG due to imperfect 27c and 47c steps. 
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SETUP 1 magtng 
aper ture 
not always 

csg, uncoated used 

Laser: Ar, 35lnm I, / 
I J' )y 

colilma ttng optics 
csg coated 

mi cr oscope 
objective 

laser bea 4 
cw rotation of csg ccw rotation of csg 

Figure 5-26. ' Modulation due to the CSG steps measured using the 351-nm Ar laser on 
the beam sampling grating exposure station. Measurements may underestimate 
modulation due to resolution limitations. 

Figure 5-27. Modulation calculations of 343 pm stair-step CSG. The model predicts 
modulation peaks are >3x higlyer (+170% vs. +50%) when a nonconfonnal dipcoated 
AR coating is on the grating surface. 
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After the Beamlet campaign, off-line damage measurements were made 
outside the laser aperture on the full-scale DOPl:CSG/BSG. The Large Area Test 
(LAT) system was used to test 10-cm2 areas with a rastered 1-mm beam in air at 
the 3-113 equivalent of 8.3,10.1,12.3 joules/cm2 (scaled by z'' ). Actual testing was 
done with 7.5-11s pulses. The off-line damage tests, shown in Figures 5-28 and 5- 
29, verified the hypothesis that the severe damage on Beamlet was exacerbated 
by the dipcoated AR coating. Damage on the back surface was an order of 
magnitude more severe when the AR coating was not removed from the input 
surface relative to areas where the coating was wiped off the input (grating) 
surface. Damage had a similar morphology to that observed on Beamlet with the 
rear-surface damage associated primarilv with the 47c stem at a period of 350 pm 

v 

(Figure 5-30). 
I , I -  

CSC'BS' gel coating 

laser -a 
I 
I 

, * :  .-.:. 

DIP coating remdved 

DIP coating on part 

Figure 5-28. Off-line small beam raster testing of DOPl CBSGKSG) after HDT2. The 
disrupted sol-gel coating on the CSG (input surface) caused severe damage on the rear 
surface at 115 pm and 345 pm intervals. Damage was dramatically reduced when the 
sol gel was removed from the front surface; remaining damage was still highly 
correlated with the grating period and primarily on the rear surface. 

It is possible the off-line raster tests are overly pessimistic since the uncoated 
areas were created by wiping the coating off by hand. Off-line testing of DOPl 
after it was used for HDT2 may also have biased the tests unfavorably due to 
damage on the front surface of the optic that could not be removed by cleaning 
(observed during subsequent tests of DS03K). These tests should be repeated 
with gratings that have never been coated to ensure no negative bias from 
coating and wiping. Alternatively, the off-line test may underestimate the 
damage density for large-aperture systems. Modeling calculations are under 
way to estimate how much of the modulation error can be accurately sampled 
with the -1-mm Gaussian beam vs. the 345-pm period of the current grating. 
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Figure 5-30. Damage morpholqgy from off-line testing of DOPl(CSG/BSG) with and 
without dip coating on the froqtt (grating) surface. 
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DOP2KPP 
DOP2 supported a 16-level discrete KPP on the input surface. The deepest 

step on the phase plate pattern was approximately 27c, but there was a much 
lower density of such steps than on the CSG (factor of -100). On the KPP, the 
”contour map” pattern shown in Figure 5-31 was on a scale of several 
millimeters. After the Beamlet campaign, DOP2 had damage analogous to all of 
the damage described previously on DOP1, but it also had damage on the rear 
surface induced by modulation from the 27c “contour map” of the KPP (Figure 
5-32/5-33). The damage on the rear of DOP2 still exhibited a 350-pm pattern 
induced by the CSG, but the pattern was less dominant than on the CSG (Figure 
5-34). 

Figure 5-31.16-level discrete kinoform phase plate design used for DOPZ(KPP). Major 
contours represent the 2z steps. 

DOP2 had a large (-5- x 5cm) square area of severe damage in the upper left 
(north) corner on the rear surface (Figure 5-32). This pattern may have been 
caused by a small, focused ghost or by contamination on the surface. Its 
appearance suggested a very hot spot in the beam, but no hot spots were in that 
vicinity of the Beamlet aperture. This damage pattern was “spit” onto the debris 
shield DSO2B -4 cm away and replicated in diffused detail as surface 
contamination on the front of the debris shield. 
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Figure 5-34. KPP damage was driven by a combination of the 2z kinofonn steps and 
the periodic modulation of the CSG. Nondamaged areas coincided with large damage 
sites on the lens. 

Figure 5-35. A large square of damage in the upper left corner of the DOPUKPP 
output surface had sharp edges. The image of the damage was mirrored on the input 
of the debris shield, with some fuming out of the image. 
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DOP2 had diffuse scattering due to surface contamination on the front left 
surface located in a pattern siimilar to that observed on the rear of DOP1. 
Micrographs of the surface ifi these areas showed the appearance of vapor- 
precipitated solid contamination (Figure 5-36). 

m 
I urea on irunr sunace VI rU'P 

No AR coating damage outside cledr aperture 

Figure 5-36. Photographs of the front surface of DOPIL(KPP) showed severe 
contaminatioddamage on portions of the surface. 

Photometry showed aboyt 8% transmittance loss overall, although the 
severely damaged 5- x 5-cm pattern on the upper left side had areas with as 
much as 50% loss due to scattering from damage sites (Figure 5-37). As on 
DOP1, the transmittance loss was highest on the left side, with evidence of 
contamination outside the laser aperture. 
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Figure 5-37. Transmittance of DOIM(KPP) after HDT2 campaign. DOP2 lost more 
than 8% transmittance, especially on the left side of the optic. 

Large-aperture rastering off-line damage testing was carried out on DOP2 
after the Beamlet campaign. Similar to the results with DOP1, damage density 
was nearly an order of magnitude lower for areas where the dipcoated AR 
coating was wiped off the diffractive structure on the input surface of the optic 
(Figure 5-38 and 5-29). In areas where the AR coating was not wiped off the KPP, 
damage morphology was similar to that observed on Beamlet-rearsurface 
damage with a strong correlation to the 2n steps of the KPP pattern shown in 
Figure 5-31. 

I 
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%I, [I coating 

DIP coating on part 

Figure 5-38. Off-line small beam raster testing of DOPZ(KPP) after HDTZ. Damage 
was significantly less on the KPP than on the CSG/BSG. Damage was significantly 
reduced when the sol gel was removed from the front (KPP) surface; remaining 
damage was still highly correlated with the 211: steps of the KPP. 

Debris shield used with diffractive optics (DS02B) 
The debris shield used with the diffractive optics showed damage patterns 

analogous to DOP2, but damage was more severe. The upstream beam 
modulations written into DOPl and DOP2 were also written into the debris 
shield, including the KPP 2n steps (Figure 5-39b). Photometry showed a 30 
transmittance loss of about 10% overall (Figure 5-39a)-worse than the 4% and 
8% losses observed on DOPl and DOP2, respectively. As observed on the DOPs, 
the loss was most severe on the left (north) side. The upper left corner where 
DOP2 spit on the part showed losses of as much as 50%. Most of the particulate 
contamination was front surface, but most damage was rear surface. 
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DS02B after HDT2(c) campaign with 
DOPl and DOP2 in place and (b) DMS map of debris shield DS02B after HDT2(c 

The contamination pattern on the debris shield input surface appeared to 
determined by the divergence of the debris from the adjaqent optic. On D 
where the upstream optic was only -1cm away, the contamination was mostly 
inside the HDT2 beam footprint. This was quite different from the front surface 
particulate contamination observed on DS03K where the lens was the nearest 
upstream optics and was -40 c 
both inside and outside the bea 

Potential Alternatives to the NIF Baseline 

This Beamlet campaign suggests the NIF baseline configuration, which 
incorporates a dipcoated AR coating, is unfeasible. Even without a dipcoated 
coating, the downstream rear-surface damage density induced by modulations 
from the current 345-pm period CSG is one to two ord 
than NIF optic lifetime goals require (see Figure 5-29). 

the CSG and to minimize the footprint of unconverted light in the target ch 
(see Figure 5-40). The currently recommended period of 1100 p m  may be a 
preferred alternative to the current full-aperture design. A subaperture CSG 
covering about 15% of the full aperture would have a smaller damage footprint 
than the current ful 

A subaperture CSG has been under evaluation to 

proach and would 

ECMS NO CM RELEASE 20070611 14:14 0017657 OA (pdf format)



of 47c steps. In addition, modulation calculations have suggested this large- 
period stair-step grating wauld have about half as much modulation as the 345- 
pm period used on Beamlet, The combination of lower density of steps and 
lower modulation at each step would effectively reduce the damage density of 
such a grating by almost two orders of magnitude. If left uncoated, this may 
produce a CSG that would dllow an acceptable lifetime of downstream optics. 

Diffmctive Optics Plater, (2) 
m*P Frequency Final FOCUS 

Conversion Cry.t.k ’- Debris shield 

O ! .  
Hohlraum 

Target chamber 
vacuum window Most of the 10 and 2w light mimes the hohtraum 

because of dbpemion in the ten8 
- Nov8 usus a 5% hole in the beam and a beam block to 

keep 10 away from the target 
* The 8ub-apwtum CSG wU1 Mock the ccwrtrai portion 

of the beam whlk providing higher parformme at 
30 than the Nova upproaeh 
A 1tOOp.m period can be wed, reducing d e d t y  of 
grating line8 x3 and reducing modulation by -1M Sub-.pertuna CSG 

Figure 5-40. A subaperture colpr separation grating can improve transmittance while 
reducing damage probability. 

Dipcoating of the current KPP design results in damage density on 
downstream optics one to two orders of magnitude hisher than our target for 
damage density on the NE. The current KPI? may allow acceptable lifetimes for 
downstream optics if uncoated. Spincoating of colloidal-sol AR coatings has 
recently been shown to induce less damage than dipcoating, suggesting it maw 
be feasible to AR coat the cutrent KPP with a spincoating. However, it may 
prove impossible to achieve oimilar quality spincoatings on full-scale gratings 

spincoated BSG would provide 30 performance similar to or greater than the 
current NIF baseline specifications for these three diffractive structures. These 
diffractive structures could be on separate DOPs or combined onto a single 
surface. The latter approach would be most attractive if it turns out to be 
unfeasible to AR coat the KPP or BSG. 

The combination of an uncoated subaperture CSG with a spincoated KPP and 

If modeling and modulation measurements indicate current edge-width 
errors will likely induce unacceptable damage, we can use ion etching to 
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fabricate gratings with less edge-wiatn error than we observe on our current HF 
wet etching process. This would require development and facilities not currently 
in place in the NIF diffractive optics fabrication lab. However, it offers the 
possibility of reduced modulation-induced damage from the uncoated CSG and 
the KPP. Technical verification of ion-etched edge-width errors can be done on 
the existing reactive ion-etching chamber at LLNL‘s Vacuum Processing Lab. 

If the discrete KPP is shown to be unfeasible, we can use ion etching to 
fabricate continuous contour phase plates similar to the distributed phase plates 
(DPP) used by LLE. The ion-etched DPPs should not introduce the modulation 
defects observed with the discrete KP 

References 

1. M. Kozlowski, S. Schwartz, R. Mouser, and M. Feit, ” 3 0  damage 
test (YOOOS) results from Kodak reverse focus lens OlK,” November 25,1998. 
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6.0 Improved AR Coatings for Conversion Crystals 
Crystal coating development hw traditionally focused on reducing the Fresnel losses for 

freshly coated crystals. Furthenno e, all of the performance testing-ptical and darnage-has 
been conducted on clean coatings 4 air and at atmospheric pressure. The recent Beamlet 
experience [l,2] has underscored the importance of attacking the broader problem of improved 
transmission with long lifetime-i$cluding reflection, scatter, and absorption losses that 
develop with use in a vacuum env+onment. The problem can be broken down into four 
separable parts: (1) process and mqterial development to enable improved coating designs, (2) 
characterization of optical and da@age performance of these coatings in a clean vacuum 
environment, (3) process and matepal development to improve optical and damage 
performance in a contaminated vaquum environment, (4) process and material development to 
reduce scatter loss from damaged si01 coatings or roughened KDP surfaces. As depicted in 
Figure 6-1, these four areas lead to $pecification of coated crystal performance, metrology 
requirements, and system design. 

6.1 Process and Material Development for As-Made Coatings 

An aggressive development plan has been implemented to improve the transmission of 
freshly coated KDP/KD*P crystals in air [3]. This plan is dependent upon success in four key 
areas: 

1. Development of an improved spin oating process. 
2. Development of an inkmediate-in ex coating for thermally annealed KDP. 
3. Development of an hte-m-in ex coating for deuterated KDP. 

and to verrfy MZF production coa 4 gs. 
4. Implemc of improved meas ment capability to guide the coatings development program 

.-- , . . . 

mechanisms for 
transmission 

#)8 In vacuum with laser llgh I - -- 
I 

lis I 
I .  

1 1 1  I I 
a 

as-made, in air 

impact on system 

transmission (environmental transmission 

arm UI acrueving imnprovea crysw coanng mumnuwon wltn long lifetime can 
senarable areas. 
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An improved spin-coating process is needed to obtain the required thickness repeatability 
and uniformity to meet tight performance specifications. This will enable us to put a different, 
optimized coating d e s i p  on each surface of the crystal. The Nova/Beamlet spin-coat process 
had severe thickness nonuniformity and poor repeatability. A “covered chuck” spin coater 
has been procured for the NIF and process development on glass parts has begun. As shown 
in Figure 6-2, single-layer sol AR coatings with comparable optical performance to the dip- 
coated Beamlet KDP doubling crystals have been demonstrated. In addition, 37-cm optics that 
met the 0.7% l o  and 20 NIF reflection goal using a 2-layer broadband coating containing 
commercial, thermally cured GR650 silicone for the intermediate index layer have been 
produced. The limitations of the Nova measurement capability are rapidly being approached, 
which will defer further process optimization until the NIF photometer has been deployed in - 

February, 1999. 

Spin + Dip coated 
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Single dip coated 
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lw, p input surface reflectance Iw, p input surface reflectance 

Figure 6-2. The NIF spin coater produces coating unifonnity’comparable to dipcoated Beamlet 
crystals: (a) Beamlet THG crystal coated by a combination of spin and dipcoat, (b) Beamlet SHG 
crystal coated with a single-pull dip coat, and (c) 41-cm float glass coated on the NIF spin coater. 

lw,  s single surface reflectance 

A two-layer broadband coating [4] has two advantages over the single-layer “Compromise” 
coating used on the output of the Beamlet second-harmonic generator (SHG) crystal and the 
input of the Beamlet third-harmonic generator (THG) crystal. As Figure 6-3 illustrates, the 
theoretical Fresnel losses at lo and 20 for the broadband coating are roughly one-half the 
theoretical loss that can be achieved with a single-layer sol coating. Also, the broadband 
2-layer coating is much less sensitive to coating thickness variability and hence will be much 
easier to manufacture to meet tight tolerances. The main obstacle to implementing the 2-layer 
coating on the output surface of NIF SHG crystals was concern that the reflected wavefront 
would be degraded. It has recently been verified that the reflected wavefront is not 
measurably altered for a 37-cm crystal. The deuterated THG crystal is not compatible with the 
thermal cure cycle currently used for the commercial GR650 silicone. Implementation of a 
broadband coating for the THG input surface will depend upon either developing a lower- 
temperature cure process for GR650 or successfully developing an intermediate-index material 
that cures at room or slightly elevated temperature. 
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Figure 6-3. The current sin@+-layer cqating design ii 
higher reflection than the proposed 24ayer broadband design. 

Process development of a room-temperature-cured silicone coating [5] made from 
hydrolysis of high-purity methyltriethoxysilane (MTS) and tetraethylorthosilicate (TEOS) has 
begun. It has been verified that the refractive index of a fully cured MTS/TEOS silicone is the 
same as that of the commercial GR650 silicone (1.43 at 633 nm). Figure 6-4 shows that the 3 0  
damage threshold falls within the &mge historically observed for GR650. Hence, if the 10 and 
2w damage threshold of the MTS/”EOS silicone meet the NE specifications, there will be no 
performance advantage to the the 
developing an MTs/TEOS materi T that can be used on both THG and SHG crystals. 

ally cured GR650, and resources will be focused on 

Improved measurement capabilkties to support the development and production of coated 
conversion crystals is the final devt$opment effort that is required to support improved 
transmission of as-coated crystals. Methods to support coatings development on small optics 
are currently being defined. DevelQpment of methods for large optics production is a longer- 
term objective. Assuming successw development of the materials and processes identified in 
this plan, full-scale demonstration of AR coatings on NIF-like crystals is expected to be 
complete in the fall of calendar yeaa 1999. 
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6.2 Characterization of Sol Performance in Clean Vacuum 

The first step in confirming the performance of improved coatings is to vedy  their damage 
and optical performance in clean vacuum. It has been proposed to assemble a clean vacuum 
system that allows in-situ measurement of surface reflectivity, transmission, thickness, index, 
and scatter (if possible) as the performance of these coatings is interrogated over time in 
vacuum vs wet and dry air and through numerous vacuum-to-air-to-vacuum cycles. Then, 
either the large-optics coating targets or the photometry environment will be modified to take 
into account the vacuum-induced shifts. 

6268 RT Silicone Coating DT (361 nm, 34s) 1 

325FG (FIR) 3 2  (F-R) 
Smp* I 

NIF Spec’n: 1 omega: Doubler, Tripler 18.0 J / c d  
3 omega: Tripler 14.3 J /cd  

Figure 6-4. Damage threshold of the G268 experimental mom temperature cured silicone coating 
falls within the range of historically observed thresholds for commercial GR650 thermal cured 
silicone. 

6.3 Development of AR Coatings with Reduced Affinity for Organics 

documented [6] .  A plan to develop and test methodologies to modify the microporosity and 
surface chemistry of classical colloidal silica-sol AR coatings to minimize the adsorption of 
organic contaminants has been proposed. Treatment of the colloidal sol with a bulky silane 
coupling agent, HMDS, has been tested on fused silica, and it has demonstrated qualitative 
improvement. Preparation of HMDStreated deammoniated sol and rigorous testing on 
KDP/DKDP should be completed in the spring, 1999. The hypothesis that a single-layer AR 
coating made from low-porosity Dupont AF2400 fluoropolymer film should have less capacity 
to adsorb organics will also be tested. However, the higher index of this material and the 
elimination of the 2-layer broadband design will reduce the theoretical optical performance for 
clean coatings. This longer-term, higher-risk solution will not be rigorously tested unless 
colloidal sol can not meet NIF requirements. 

The effect of environmental contamination of porous sol coatings has been well 

I 
I 
I 
1 
1 
1 
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6.4 Development of AR Coatings with Reduced Scatter Loss 

There are two potential sources of scatter loss from conversion crystals: (1) roughening of 
the crystal surface itself [7] and (2) damage to the sol AR coating due to interactions of organic 

Intamination and laser light. It is expected that scatter loss due to damage will be addressed 
concurrently with development of coatings with reduced affinity for organics. 

Appendix C summarizes the photometry and microscopic inspection of a number of 5-, 27-, 
32-, and 37-cm KDP and DKDP crystals. Some of these crystals were used in various Beamlet 
campaigns. Others were coated and stored in the Building 174 nitrogen-purged glove box, but 
never saw laser fluence. In addition, some of the 5-cm crystals were used on the OSL. These 
crystals exhibit a variety of defect morphologies that are correlated with significant 
transmittance losses. Defect morphologies change across crystal growth sectors and in 
response to the diamond turning process, crystallographic orientation (type I, II, or z-cut), 
coating chemistry, thermal history, and use environment (exposure to vacuum and/or laser 

i m , c - 0  

coated crystals in the absence of vacuum or laser illumination. This transmittance loss is 
accompanied by the development of ”squares,” “diamonds,” ”triangles,” ”dashes,” or ”dots” 
on the crystal surface, as shown in Figures 6-5 through 6-8. It has been verified that when 
these features are found on 5-cm crystals, they do not penetrate the sol coating surface; the 
AFM is unable to detect them even though they are readily observed with >lOOx magrhcation 
on an optical microscope. The Wykko white light interferometer reports these features as 100 
to 300 nm deep (below the surface), but it is not certain whether the interferometer perceives 
the active optical surface to be the sol coating or the KDP itself or some combination. Squares, 
diamonds, and triangles have only been found on 5-cm crystals. It is suspected that some of 
the dots observed on the large crystals are small triangles or diamonds that cannot be resolved 
with the Plato microscope. But no triangles were found on 80% LL1-12 when it was broken 
into small enough pieces to examine utilizing the same microscope as the 5-cm crystals. 

“Line defects” (illustrated in Figures 5-8, B-2, and B-3) were only found after exposure to 
laser fluence in vacuum and only on the triplers (80% LL1-12,80% LL6-11, and RG8A-1). 
None of the 37-cm Beamlet doublers, nor the 32-cm tripler that was operated in air (80% LL6- 
14), nor the 37-cm Beamlet mule tripler 70% LL1-37-1 developed line defects. (These crystals 
did develop ‘dots’.) Line defects are pervasive on the output surfaces of both crystals, are 
clearly evolving on the input of LL6-11, and may be found with very high m a e c a t i o n  
sparsely populating the input of LL1-12. The depth of the line defects on the output of LL1-12 
has been measured by both AFM and white light interferometry; the measured depth of 80 to 
300 microns implies these slits penetrated both the 70-nm-thick sol AR coating and the KDP 
surface. (LL6-11 measurements are pending release of the crystal.) 

. 

Line defects differ from dashes only in their reflectance characteristics. Line defects are 
lighter than the sol-coa ded backgroAd, mi I& as bare KDP appeal IS in scra tches and damaEe 

U 

sit& Dashes are darker than theiol-coated background. Fig&e B-2 and B-3 suggests that 
dots and dashes may evolve into line defects by some as yet &own mechanism. After the 
tripling campaign, dots and dashes (or line defects?) were observed on rapid-growth tripler 
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RG8A-1. As seen in Figure 6-8, the dots and dashes are segregated by the prism-pyramid 
sector boundary. The crystal was subsequently refinished, recoated, and stored in the 
Building 174 glove box for five months. During that time, RG8A-1 developed dots and dashes 
without exposure to vacuum or laser fluence. 
bo time 

was no obvious sepegation by sectnr 

I Ir (I, 

527 non-arrow side 
Figure 6-5.527-1, a type I1 5-cm crystal (THG) diamond-turned at LLNL and coated with 80-nm of 
silica sol deposited from ethanol solution, developed "triangles" whose long axis is perpendicular 
to the projection of the z-axis. This is the same orientation as the line defects developed on the 37- 
cm triplers. 

20 pm 
L 

RG9B-54 
gure 6-6. RG9B-54, a type ! Scm crystal (SHG'), diamond-turned at 

of silica sol deposited from ethanol solvent, developed "diamonds" w 
the projection of the z-axis. 
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Figure 67. LL3-321, a 5-cm z-cut cryst 
applied from sec-butanol solvent, "squares." 

diamond-turned at CCI, coated with 215-nm of silica sol 

I 

lOox, ad June rapid growth conversion campaign 

Figure 6-8. RGSA-1 with dashes inside 
everywhere else after the conversion cgpaign. 

e pyramid sector on the output surface and dots 

Recent on both input and output surfaces of 
high-intensity/short-pulse triplers 

LL6-14. (328-6 has not been inspected.) Dots were 
37-an tripler (80% LL1-12) and on both 

stored for five months (no fluence or 

(RG8A-1,70%LL1-37), and the 
also reported on the input 
surfaces of RG8A-1 after it 
vacuum). Squares, triangles, and d+monds have been found on all aged, sol-only coated 
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5cm crystals, whether they were finished at LLNL or C of whether the sol 
s applied from ethanol or second 
re observed on a doubler and 

erature-cured silic 
saw laser fluence and vacuum and are 
The only crystals that do not have any periodic 
are (1) uncoated crystals, (2) crystals coated only wi 
cured), and (3) thermally annealed crystah with either s 
sol-coated crystals that were finished with the exp 
7/Lardcut/Lubrisol936 diamond turning oil. I 

The routine development of thes 

transmittance loss that could not be recovered by solvent washing, and most likely, only the 
-1% transmittance loss that was recoverable by solvent w 
contamination of the sol coating. This would be consistent 

ance losses observed during the HDT cam 
specular reflection changes could no 

in transmittance. 

still glaring gaps and inconsistenae 
irecting future experiments 
turning process is d 

evaluation of diamond turning oil formulations th ze the precursors to the various 
planned. This includes cle 
tion of the effectiveness of thermal 

for doublers is also p 
"polymer [9] coatings as a pro 

6.5 Facilities Required to Develop and Validate Improved Coatings 

The proposed plan to improve the transmission of conversion crystals is predicated upon 
building a clean vacuum system with sufficient diagnostics to enable in-situ measurement of 
both the coating performance as well as relevant environmental and coating parameters. The 
system would include an RGA for gas analysis; an on-line scanning wavelength ellipsometer 
and spectrophotometer to measure coating thickness, index, absorption, reflection, and 
possibly scatter; a photometer for monitoring reflectance or transmittance at use wavelength; a 
cm-class 1,2, and 3 0  laser; and a 100 x Normaski microscope for observing damage 
morphology. This will enable us to determine which external factors are responsible for what 
observed change@) in performance under controlled conditions. Such a facility would be used 
to evaluate optical performance and damage threshold in air and vacuum and in clean as well 
as organic-contaminated environments. Other off-line facilities such as precision photometry, 
scatterometrv. and direct measurement of absorption would also need to be developed. 
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6.6 Summary 

Table 6-1 have been established for( sol-based conversion crystal coatings. 
Based upon successful comple+n of the proposed development plan, the goals snown in 

Table 6-1. Go* for sol-basad conversion crystal coatings. 

I couo~dal sou I AF2m 
silicontc coatings 

Surfac2eLoss % Initial Degraded Initial 
Crystal 1 SHG ’ (aft= 1 Ye=) 
Rl(l0) 0.2% LO% 
R2(lo, 2m) 0.7% 1.5% 
Crysta l2  THG 
Rl(lw, 20) 0.7% 1.5% 
R2(30) 0.2% 1.5% 

(JQ24@3 
0.5% 
1.5% 

1.5% 
OS% 

Degraded 
(after 1 year) 
0.7% 
2% 

2% 
1.0% 

Beaullet ’ 
degradation 

wca sol in 
3-6 months 
-05% 
-OS%, 1-2% 

2%, 14% 
3-5% 

Goals for AF2400 coatings are given to illustrate the potential trade-off 

for singlelayer sol coatings used on Beamlet. 
has progressed further. 

that would be 
with the 

technology. Finally, the goals are contrasted 
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Appendix A 
Orthogonal-polarization interferometry 

Each converter crystal orthogonal crystal. axes of interest in the plane 
normal to the direction of 
The three fields in the 
the other of these 

denoted as ordinary and extraordinary. 
are pQlarized along one or 

interferometry, two 

is parallel to the 
transmission with linearly-polarized light 

extraordinary axis. The of the two interferograms gives a distribution 
that is proportional to of the part times the difference of refractive 

directions (An=n,-nJ. Using an 
is constant, an approximate spatial 

and thus predict local reductions 

ordinary axis; in the second interferogram, the light polarization is parallel to the 

indices in the 

can be used to model local 

in conversion efficiency. 

obtained from 
of representative An distributions 
interferograms of both conventional and 

in terms of equivalent detuning 

of the crystal optic axis, so that 

rapid-growth 
g angles were calculated by assigning the 

variations in 

-1 
A0 = An[ $1 

hP 

The relative impacts or tnese pgular distributions on 30 conversion efficiency 
have been calculated separatyly using the plane wave model, and are plotted 
versus drive irradiance in Figpre A-101). The results predict the Conversion 
efficiency at 3.5 GW/cm*€or d converter using rapid-growth crystals to be 2% 
lower than one using convenqonal-growth crystals, in nominal agreement with 
the 1.5% measured on Bead@ and the 2.5% predicted by a full-diffraction 
calculation. 
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Figure A-1. (a) Histograms of representative An distributions obtained from 
orthogonal-polarization interferograms of both conventional and rapid-growth 
doublers and triplers. (b) The relative impacts of these angular distributions on 30 
conversion efficiency have been calculated separately using the plane wave model 
and are plotted versus drive irradiance. Nominal detuning angles for the doublers 
nd triplers were 220 and 0 p a d  respectively 

A-2 
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Appendix B 
HDTI Damage Investigation 

At the conclusion of €€DTI, the KD*P tripler was in the condition shown in Figure B-1. A 
comprehensive forensics effort was undertaken to identify the source of this damage. Optics, 
FOC components, and witness samples were analyzed using a variety of methods: 
photography, photometry, damage mapping and testing, optical microscopy, scanning 
electron microscopy (SEM) and energy dispersive spectroscopy (EDS) identification of 
particulate samples, gas chromatoqraphy and mass spectrometry (GCMS) of solvent wash 
residue, electron spectroscopy for ahemical analysis (ESCA), auger spectroscopy, and 
secondary ion mass spectrometry ($IMS) of optics samples. Optical microscopy of the tripler 
surface revealed the unusual damage morphology shown in Figure B-2, including as yet 
unexplained line defects oriented perpendicular to the crystal e-axis and covering the entire 
surface with a spacing of -20 p. $vent wash of the undamaged crystal surfaces, fused silica 
optics, and witness samples found -0.5 pg/cm2 of organic contamination in the sol gel. Di- 
odyl phthalate was found on all surfaces. Oil with a GCMS signature similar to KDP 
diamond-turning fluid found on the input surfaces of the tripler and lens, but not on the 
output surfaces. It was also found on the surfaces of the doubler, but was not extracted from a 
second doubler (345-1) when tested prior to laser exposure. Only a small amount of silicone 
was found on the surfaces, but it is expected that the solvent wash was not effective for this 

€5-1. rhotograph of the tripler at the conclusion of HDTI. 

B-l 
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ure B-2. Optical microscopy of the tripler surface revealek unusual damage morphology. 

orner of the tripler was broken off and tested directly for surface contaminants. SIMS 

Particulate contamination found on the FOC and on the optic surfaces was identified with 
the SEM. Many particles of silica or substoichiometric silica were found on the output surface 
of the tripler, both surfaces of the lens, the sides of the FOC and cap flange, and the compliant 
element. Many of these particles appeared to be in molten form (see Figure B-3). The oxygen 
content of these particles was determined to be less than the virgin sol gel (SiO,) but more than 
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Appenaix L 

37-cm Tripler (type 11) Crystals (all finished at CCI) 

32- LL6-14 293-3 U-cmNo~*  W-3* RG8A-1 ' 
8O%DKDP KDP KDP 80% DKDP 83%DKDP 

4/26/94 1994 5/98 51%; 7/9/98 

0 0 N N 1 

~~ I LLI-37-1 I 1 / Ul-12 
70% DKDF' 83%DKDP 809bDKDP 

DTM Date 1 3110198 1 4/2@8 1 1/17/98 1 5115198 

Date coated 3117198 6/1/98 M9WI 5 ~ ~ 8  

SOL BATCH 1 Solvent 1 lT 1 atOH lTIEtOH I T I m  lTIEIOH 
I I I 1 

1 Small ITIBuOH- I lT1 EtOH 
I A I I I I --  

I 

GR650 None 
- - 

Ruence a campaigns CG aipling 4 RQ wing Phase1 (0.6 Jlm',OAu) CEA (0.2 J l ~ z ,  0.2116) 32 cm activation (x3) 
peak fluure at 3m or Jlcd, 1 . 5 ~  (5.6 3.8 ~ l c d  1.5118 MDT(5.8J/cm1, 3.411s) CBA (l.l~/cm~, 3ns) 8.2 JIC~'. 3 n ~  
?quivaknt) Jlcd, 3ns cqu*) (4.2 Jlcd, 3nl) HVlT (6.2 Jlcd, 3.201: HDTIl~.Wcd, 3.111%) 

Vacuum Ysa/No Yes Yes Yes Yes No 

I q ~ t c t g  @@) 700m 370 nm 350 nm 350 nm 350 MI 

Inplt Morphology Mueots, no slits Dots @ lOOx dots at l00x (6/98) Bloggated dots 0 lOOx Dots@ 500x (10198) 
0 1OOx(6/98) 698)  very few,smPll (8/98) 

slits 0 1m (11/98) 

I 370 nm 

S d l  ahngles? 
Dots? 0 m- 
nnry.uh 
(1 l12U98) 

- - 

Slits, tightly Dots 
peeked 

(10198) 
(8198 - 11/98) 

maoy Ig. disaete White scattff 
danmge sitts HDT I1 

CCI setup crystal 2- 

cut 

I I I I I 

Diffmct ( l i i l y )  No Yes Yes No 

Notes: 
CCI standard oil is based on Drakeoil 7, with proprietary additives 

*CCI is experimental formulation of Drakeoil171 Lard cut I Lubrizol936 (80% I 10 %/ 10%) 
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