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A system for measuring defect induced beam modulation on inertial 
confinement fusion-class laser optics
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Roberts
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ABSTRACT

A multi-wavelength laser based system has been constructed to measure defect induced beam modulation (diffraction) from
ICF class laser optics.  The Nd:YLF-based modulation measurement system (MMS) uses simple beam collimation and imaging 
to capture diffraction patterns from optical defects onto an 8-bit digital camera at 1053, 527 and 351 nm.  The imaging system 
has a field of view of 4.5 x 2.8 mm2 and is capable of imaging any plane from 0 to 30 cm downstream from the defect.  The 
system is calibrated using a 477 micron chromium dot on glass for which the downstream diffraction patterns were calculated 
numerically.  Under nominal conditions the system can measure maximum peak modulations of approximately 7:1. An image 
division algorithm is used to calculate the peak modulation from the diffracted and empty field images after the baseline 
residual light background is subtracted from both.  The peak modulation can then be plotted versus downstream position.  The 
system includes a stage capable of holding optics up to 50 pounds with x and y translation of 40 cm and has been used to 
measure beam modulation due to solgel coating defects, surface digs on KDP crystals, lenslets in bulk fused silica and laser 
damage sites mitigated with CO2 lasers. 
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1. INTRODUCTION

The diffraction patterns produced by obscurations to a light beam are of central importance to the development of optics.1,2  
Many diffraction-based measurement systems have been built to investigate a broad range of phenomena including particle 
sizing applications, wire diameter measurements3-6 and for verification of the predictions of diffraction theory and 
improvement of numerical beam propagation calculations.7-9  Despite this, the number of diffraction-based measurements 
systems constructed to characterize “common” optical defects such as scratches and digs is few10 and published studies of these 
defects are rare.11 From the standpoint of megajoule-class inertial confinement fusion (ICF) lasers, such as the National 
Ignition Facility (NIF),12 it is important to understand the diffraction behavior of these defects for a number of reasons.  The 
first is to assess the risk of optical damage by direct intensity enhancement to the (sometimes) tightly-packed component 
modules of these lasers.  This will also impact the optic lifetime and the shot fluences and sequences to which the optics will be 
exposed.  The second is to understand the contribution of diffraction to the overall phase perturbations/non-uniformities of the 
beam (the B integral) that may lead to beam breakup, self focusing and damage to downstream optical components and other 
performance issues.13,14 The third issue is to provide real-world input into the beam propagation programs such as PROP15 so 
that modelers may better predict laser performance under the wide variety of shot conditions expected for ICF class lasers.  

For megajoule-class laser systems such as the NIF there will be in excess of 20,000 precision, large aperture (>40cm) optical 
components.  These components include laser glass slabs, polarizers, transport mirrors, Pockel’s cell and frequency conversion 
crystals, focus lenses along with a variety of vacuum windows, beam separation gratings and phase plates.  Each of these optic 
types and its particular coating must meet a stringent set of specifications designed to optimize its performance within the laser 
beam line.  Nevertheless, because of the size of the optics and number that must be produced it is inevitable that certain types 
and numbers of defects will occur. The principle defects of interest are agglomerations of solgel from the AR coating process, 
surface digs on KDP crystals that arise from the finishing process, bulk lenslets (refractive index inhomogeneites) found in 
fused silica as well as mitigated and unmitigated surface laser damage sites.16
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2. SYSTEM REQUIREMENTS

Conceptually, measuring the diffraction pattern of the optical defect is relatively straightforward.  The defect needs to be 
exposed to a uniform, collimated laser source and the diffraction image captured at the downstream plane of interest for later 
analysis. In practice a number of considerations influence the design of this modulation measurement system (MMS).  For 
ICF-class optics the system must be capable of handling a variety of large optics weighing up to 50 lbs.  It must also be simple 
to operate and obtain pass/fail information in real time.  It must be robust, requiring little adjustment over long periods of time 
as well as be easily maintained and converted between wavelengths.

Because of the wide variety of defects of interest, particularly the solgel coating defects, a commercially available Nd:YLF 
multi-wavelength system providing measurement capability at the use wavelength of each optic was used.  The 1053 nm (1ω) 
laser is acousto-optically q-switched and operated at 5 KHz.  It also simultaneously emits second and third harmonics at 527 
nm (2ω) and 351 nm (3ω).  Referring to Figure 1, the wavelength of interest is selected by an appropriate narrow-line laser 
wavelength pass filter (WF).  The laser is then spatially filtered using a 25 micron pinhole (SF) and collimated using an 
uncoated 1 meter fused silica lens (L1).  The up-collimated beam is delivered to the test piece using a variety of protected 
aluminum turning mirrors (M3-M6) including a periscope because of lab space constraints.  The final turning mirror (DM) is a 
dielectric, 45 degree high reflector with wavelength specific coating.  A green HeNe beam is passed through the back of this 
mirror to act as a visible alignment source for the collimated beam.  After passing through the sample under test the beam and 
resulting diffraction pattern are imaged onto a digital, 8-bit CCD camera using an uncoated 100 mm focal length fused silica 
lens (L2) with diameter of 50 mm.  The collimating and imaging lenses are uncoated to accommodate rapid conversion 
between wavelengths.  The system magnification has been set to provide a nominal spatial resolution of 6 microns/pixel which 
is 1.8 times better than that used LLNL’s beam PROP codes.  The entire lens/camera system is mounted on a 30-cm translation 
stage and moved along the propagation axis to sample the diffraction pattern in space.  This assembly is also enclosed in a 
black-anodized aluminum box to reduce stray room light and the system is operated without room lights.  The images are 
captured and stored in TIFF format for later analysis.  The X and Y sample stages are capable of 40 cm travel allowing the 
entire clear aperture of the optics to be examined.  The stages are also capable of handling samples weighing up to 50 lbs.

Figure 1.  Schematic of the optical layout for the modulation measurement system (MMS).  The left hand side shows the overall system 
layout while the right hand side shows the left hand side view of the system.

3. SYSTEM CALIBRATION AND PERFORMANCE

Prior to any testing, the baseline laser intensity is set to give an average of approximately 50 counts (out of 256) with no defect 
in the field of view when the ambient light background was subtracted from the image.  When operated with this number of 
counts, the system dynamic range is approximately 5:1 before pixel saturation. With room lights off a residual 12-14 count 
background is present.  The system was calibrated using a test pattern consisting of a 477 micron diameter chromium dot that 
had been vacuum deposited on a glass substrate.  At each wavelength the diffraction patterns at 0-7 cm in 1 cm increments, 10 
cm and 20 cm were captured and compared to PROP calculations.  Line outs through the images showed good agreement with 
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the numerical calculations when appropriate background counts were subtracted (see Figure 2) and comparison of 1ω, 2ω and 
3ω images at 2, 4 and 6 cm object planes confirmed the λz wavelength scaling expected from diffraction theory.2  

Figure 2.  Raw images of the diffraction from a 477 µm dot at 1053 nm, 2 cm, 527 nm, 4 cm and 351 nm, 6 cm from focus respectively.  
These images were used to verify the wavelength scaling predicted by the Huygens-Fresnel integral as part of MMS system characterization.

As can be seen in Figures 2 and 3 there is a significant amount of beam ripple that is present in the images, particularly at 1ω.  
This is due to interference from the uncoated collimating and imaging lenses.  At 1ω this contributes noise on the order of 40 
percent.  

Figure 3.  Vertical lineouts taken through the center of the images of Figure 2 and compared to the PROP model results for 351 nm at 6 cm.  
Outside of the obscured region there is significant noise on the data.

For data to be useful this level of noise must be eliminated.  The most effective way is to generate the modulation image (M)
by subtracting off the ambient light background (B) from the diffracted (disturbed) field image (Dmeas) and its associated empty 
field image (Fmeas)(where the defect was moved out of the field of view), then dividing the corrected diffracted image (D) by 
the corrected empty field image (F) on a pixel-by-pixel basis to get the modulation. This process is described by the equation 

1w @ 2 cm 2w at 4 cm 3w at 6 cm
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After the modulation conversion algorithm is applied the resulting image is searched for the highest value. This analysis is 
repeated on a sequence of downstream images allowing the peak modulation as a function of propagation distance to be 
determined.  The effect of image processing on a solgel coating agglomeration at 1ω is shown in Figure 4.

Figure 4.  MMS images showing the process of noise elimination using the image division algorithm.  

The method reduces the background noise to approximately 5% (rms) and is highly effective at extracting diffraction data from 
the noise.  Figure 5 shows how a coating defect is revealed from the raw image by the modulation algorithm.

Figure 5.  Raw and processed images of a solgel coating defect on a KDP crystal.  These images illustrate the ability of the image processing 
method to reveal subtle defects on the sample.
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4. MEASUREMENTS ON OPTICAL DEFECTS

In this section the results of measurements on a variety of defects that have been found on ICF-class laser optics are presented.  
Figure 6 shows how the modulation evolves as the 3ω light propagates away from a 50 micron pinpoint solgel coating defect 
on a KDP tripler crystal.  

Figure 6.  The evolution of beam modulation from a small solgel coating defect on KDP.  The central spot in the upper left image (0 cm) is 
approximately 15 µm wide.  Not shown in that image is a locally disrupted region of approximately 500 µm.  This region is revealed in 
subsequent downstream images, particularly at 2 cm where the peak intensity is at a maximum of 6.9:1 for downstream propagation.

This defect is surrounded by a 0.5 mm diameter region where the solgel coating was disrupted on the optic surface. At focus (0 
cm) only the poinpoint can be seen in the image.  As the light propagates downstream the modulation peaks with a value of 6.9 
at 2 cm and gradually falls off to below approximately 3:1 beyond 10 cm (see Figure 7).

Figure 7.  The modulation vs. distance plot for the solgel defect shown in Figure 6.  The intensification peaks at 6.9:1 only 2 cm from the 
sample surface.  
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Figure 8 shows the modulation evolution from 0 to 20 cm for a 725 micron wide by 160 micron deep CO2 laser-drilled pit 
having a gaussian depth profile.  The FWHM for this pit was approximately 550 microns.  Modulations approaching 4:1 have 
been measured on the lip of the crater at focus.  The peak modulation generally falls off to no more than 2.5:1 at 3 cm and 
occurs outside the physical region of the pit. It then starts increasing and reaches its maximum in the region of 4-7 cm
downstream from the focus.  The peak no longer occurs outside the physical dimension of the crater, but rather inside it.  

Figure 8. The evolution of modulation from a CO2 laser drilled pit in fused silica. The nominal surface diameter of the pit is ~725 µm.  The 
Gaussian profile of the pit leads to scattering of much of the light at high angles that are outside the acceptance angle of the MMS.  This 
causes the pit to appear dark.  

Measurements on a number of nominally identical laser-drilled pits show significant variation in the shape of the modulation 
curve with a value of 4.8:1 being the highest observed.  The modulation curves for 4 individual laser pits are shown in Figure 
9.

Figure 9.  The modulation vs. position curve for 4 CO2 laser-drilled pits in fused silica.  The pits were drilled under nominally identical 
condition including exposure time and laser power and show significant variation in the level of peak modulation produced by the geometry.
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The modulation behavior of two surface digs on a KDP tripler crystal is shown in Figures 10 and 11.  The dig shown in Figure 
10 is quite large.  The 0-cm image (upper left) shows the large surface cracks extending vertically (~600 microns) and a longer, 
narrower crack propagating along a weak crystalline axis in the horizontal direction.  The crack network also extends below the 
surface and is indicated by the approximately 500 micron diameter dark central portion of the image.  

Figure 10.  Beam modulation from a large surface dig on a KDP tripler crystal.  Note the large crack network in the upper left image.  

The modulation pattern develops rapidly peaking at 3.7:1 at only 2 cm downstream from the sample surface.  The diffraction 
from the narrow horizontal crack disappears by 3 cm from focus where the basic far-field diffraction pattern has formed.  This 
pattern does not change significantly from 5 cm to 28 cm downstream and the modulation drops from 3.1:1 to 2.1:1 over this 
range. The smaller, 50 x 150 µm2 dig shown in Figure 11 exhibits similar behavior but exhibits a much lower overall 
modulation as shown in Figure 12.  The modulation peaks at 2.2:1 at only 1 cm from focus.  After reaching the far-field at 4 cm 
from focus, the modulation drops from 1.7:1 to 1.4:1 at 28 cm.

Figure 11.  Beam modulation from a small surface dig on a KDP tripler crystal.  Note that the overall intensification is significantly lower for 
the small defect compared to the larger one with its network of cracks.
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Figure 12.  The modulation vs. distance curves for the KDP surface digs shown in Figures 10 and 11.  The smaller dig has much lower 
overall beam intensification than the large dig and reaches its far-field modulation level 5 cm sooner than the large dig.

5. Conclusion

A laser-based modulation measurement system has been constructed and calibrated for the measurement of diffraction from 
common optical defects found on ICF-class laser optics.  The MMS system has been used to characterize solgel coating 
agglomerations, laser-drilled pits and crystal surface digs.  Maximum modulations approaching 7:1 have been measured for 
small coating defects (<50 microns) within 4 cm of the sample surface. Ensembles of large laser-drilled pits in fused silica 
have exhibited modulation exceeding 4.5:1 from 5-7 cm from the sample surface.  For KDP surface digs the measurements 
indicate that larger overall size causes higher maximum modulations.  The diffraction from cracks present with these digs 
dissipates quickly as the beam propagates downstream.  Modulation curves generated from these defects will be used to assess 
the risk of components to optical damage and to improve the predictive power of computer models such as PROP.
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