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This document was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor Lawrence Livermore National Security, LLC,
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process disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
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United States government or Lawrence Livermore National Security, LLC. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States government or
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product
endorsement purposes.
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Figure 2: Close-up of the mechnical design of the NIF KBO mirror pack. Four channels, each one containing
a KB mirror pair (Figure 1), are mounted in the integration block and pointed to within +50 pm of the target
chamber center at NIF using the alignment targets and the Opposed Port Alignment System (OPAS).'® Each
channel is shown with a 100 pm aperture mounted. For additional details on the mechanical design and alignment

at NIF see Ref. 11.
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Figure 3: (a) Simplified illustration of the optical parameters and ray path for a single KB mirror. The mirror
length L=30 mm, while the grazing incidence angle § = 0.6°. The aperture diameter is 100 gm 0.5 pm which
selects an approximately 25 mm long clear aperture. The aperture is crucial for reducing spherical aberrations
and consequently improve the spatial resolution. [, and [; were optimized to fit within the DIM and provide a
magnification on order 12. (b) Optical design parameters for KBO1. The radius of curvature R and magnification

M follow from optical principles.



Table 1: Performance goals for KBO1. The spatial resolution is specified at the field of view center (CFOV) and
edge (EFOV). The throughput is relative to that achieved with a 10 ym pinhole placed 100 mm from the object
plane.

Goals
Field of view £160 pum
Resolution (CFOV) < 5.0 um
Resolution (EFOV) < 9.0 pym

Incidence angle 0 0.6°

Relative throughput 10x
Center energy 10.3 keV
Spectral bandwidth  +1.5 keV

Figure 4: Sketch of the multilayer designed for KBO1 and applied to all substrates. The bottom four bilayer
periods are d, = 41 A4+0.5 A, while the top five are d; = 65 A+1 A. The heavy material (black) is platinum
(Pt) while the spacer layer (gray) is carbon (C).

The second step concerns validation of the assembly and alignment of the individual channels. X-ray imaging
tests ensure the mirror pairs are aligned according to the optical design by measuring the spatial resolution over
the FOV. The third and final step seeks to find the best drive depth of the KBO1 assembly when being fielded
at NIF, i.e. the distance from the object to KBO1, [, xpo1. The optimal drive depth is found as a compromise
between the values of [, (object plane to mirror distance, see Figure 3) for each of the four individual channels.
This must be done primarily to mitigate measurement errors in the radius of curvature R of the individual
mirrors.

The assembly validation and drive depth sweep were carried out using a custom-built X-ray imaging test
bed at LLNL shown in Figure 5. The setup is to scale of the configuration that the KBOs will be fielded in
and utilizes a charge-coupled device (CCD) broadly used at NIF.16 A backlit test grid (Figure 5 inset) with
50 pm pitched features was placed at the nominal object distance l,. The backlight was Al K-« radiation (1.49
keV) from a Manson X-ray source.!” KBO1 imaged the grid pattern onto the CCD allowing line outs across the
feature edges to be taken. The derived spatial resolution values correspond to the FWHM of this line spread
function. For additional details on the calibration setup and methods, refer to Ref. 18.

It is important to note that the CCD pixel pitch is 24 pm. Given the system magnification of ~ 12x, it follows



Source

Test grid

Vacuum box

CCD —

Figure 5: Illustration of the X-ray test bed at LLNL used for calibrating KBO1. The setup is to-scale of the
configuration at NIF and has a backlit electroformed nickle test grid installed in place of the object. The source
is a Manson X-ray generator operating at 6 kV with an aluminum (Al) target. The inset shows the test grid and
is not to scale with the test bed.

that the detector contribution will dominate at the CFOV for a properly aligned KBO, adding approximately
4 pm in quadrature to the minimum achievable resolution. Similarly, diffraction at 1.49 keV contributes on order
2 pum. Resolution values quoted in these proceedings include both of these terms unless otherwise noted.

In the following sections, the approach and results from the calibration campaigns are outlined.

3.1 Multilayer performance

The multilayer performance relies on its adherence to the bilayer period recipe (Figure 4) and the quality of
the interfaces. The bilayer recipe is designed to create a flat reflectivity response to 10.3 keV+1.5 keV photons
within the cone of solid angles defined by the aperture using a small number of bilayers. The small number
of bilayers acts to reduce the complexity of deposition and decrease the effect of cumulative micro-roughness.!?
Despite the simplicity of the bilayer stack the multilayer may deviate from the design in one of two ways. One
is through variation of dj, and d; (refer to Figure 4) as a function of depth in the stack. Careful calibration
of the deposition rate minimize this effect, but systematic offsets of a few percent may still occur. The second
design deviation comes through variation, or non-uniformity, in the bilayer period as a function of location on
the mirror substrate surface. The small size of the mirror substrate (6.4 x 30 mm?) means that this is primarily
a concern due to shadowing near the substrate edges.?’

The uniformity of the coating was characterized by illuminating a number of points (Figure 6a) with a 500 x
100 pm?, 800 eV beam at the ALS beamline 6.3.2 reflectometer. The results shown in Figure 6b demonstrated
less than +0.5% non-uniformity within the clear aperture, while an up to 3% reduction in bilayer period was
found outside the clear aperture. A systematic offset in bilayer period through the stack of order 1 A was
also observed. Neither of these deviations compromises the multilayer performance but may shift the bandpass
slightly towards lower energies.

The quality of the interfaces is another critical multilayer parameter as it governs the reflection efficiency and
in turn impacts the KBO throughput. As the 800 eV radiation only probes the top few bilayers and mid-spatial
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Figure 6: (a) A to-scale representation of a mirror substrate surface and locations where the absolute reflectivity
was determined using 800 eV synchrotron radiation. The clear aperture of the KB is outlined (blue box).
Error bars represent synchrotron beam footprint at grazing incidence. (b) Compilation of absolute reflectivity
measurements off of a KBO1 coated mirror substrate. Measurements within the clear aperture demonstrate very
uniform response.

frequency roughness, Cu K-a radiation was employed to investigate the full stack of bilayers as well as the
high-spatial frequency roughness. An example of the results is shown in Figure 7. Overall the multilayers were
found to have a typical micro-roughness of 7-7.5 A rather than the 4.5 A anticipated from early depositions on
super-polished test flats. The main reason for this was a higher-than-specified initial RMS micro-roughness of
the bare mirror substrates. The super-polished test flats start out with < 2 A RMS micro-roughness, whereas
the mirror substrates came in at around 3.4 A. The increase in micro-roughness, and subsequent decrease in
multilayer efficiency, led to the KBO1 relative throughput estimate being about half (4.7x versus 10x) of the
intended improvement. Future KBOs, starting with KBO3, will feature mirror substrates with < 2.5 A RMS
micro-roughness which will improve the achievable throughput.
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Figure 7: Specular reflectivity acquired on a LLNL-based Cu K-a reflectometer. The model assumes close to
the nominal bilayer periods (Figure 4) with a micro-roughness of ~ 7.5 A. This is significantly higher than the
4.5 A expected from early depositions on super-polished flats. The increase is caused by a higher-than-specified
uncoated substrate RMS micro-roughness and results in the estimated throughput of KBO1 being less than half
of the intended.

3.2 Assembly and alignment

Tight alignment tolerances, particularly on the mirror pitch angle, necessitated the use of a coordinate measuring
machine (CMM) for the assembly of KBO1. The CMM provides a high accuracy common coordinate system
in which the mirrors and their fixtures can be jointly located and positioned to within +2 pm of their ideal
locations with respect to each other. The apertures (Figure 2) must be placed with similar accuracy (+5 pm)
in the same coordinate system to minimize spherical abberations. For additional details on the assembly and
alignment procedures, refer to Ref. 11.

Validation of the CMM alignment can only be done by interrogating the assembled mirror pack with X-rays
and estimating the as-built spatial resolution. Figure 8 shows data from a channel prior to corrective actions.
The best resolution achieved in this image was ~ 7 pm, i.e. failing to meet the CFOV goal of 5 um (Table 1) even
after subtraction of detector and diffraction contributions. Guided by the X-ray data, inspection with the CMM
established that a pitch error on order 170 urad (equivalent to ~ 5 pm height error) was present. Additional
investigations established that further degradation arose from the aperture having shifted by 70 pm from its
nominal position. The root cause of both errors was found to be a flexure allowing unintended degrees of freedom.
The flexure was fixed in all channels and realignment was carried out resulting in the data shown in Figure 9.
Figure 9b demonstrates that the CMM correction led to an improved spatial resolution of approximately 4.9 A
or, subtracting detector and diffraction contributions, ~ 2 A. The obtained values closely match the predicted
best achievable resolution and meets the goal for both CFOV and EFOV. The example data is representative of
all channels following realignment.
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Figure 8: (a) Composite image created from 35 x 60 s exposures on the X-ray test bed. Mirror 1 (M1) and
mirror 2 (M2) direction is indicated along with the location of the center of the field of view (CFOV) and the
edge of the field of view (EFOV) as given by Table 1. The data was acquired prior to CMM corrections. The
uneven illumination is caused by source non-uniformity. (b) Shows spatial resolution values corresponding to
the FWHM of the line spread function across edges along the M2 direction in (a). Results are compared to
theoretical values derived using the approach discussed in Ref. 9 and taking into account diffraction and detector
terms.

3.3 Drive depth sweep

While the brunt of the pointing of the individual channels follows inherently from the assembly and alignment
procedures, the CMM cannot account for errors in mirror optical parameters, specifically R (Figure 3) and in
turn the focal length f of the mirrors, as f = (Rsin(f))/2. Consequently, errors in R will propagate to change
the optimal drive depth, represented by [,, of the individual channels in an unknown manner. In a worst case
scenario this will lead to only a single channel at a time being pointed to resolve the object.

The objective of the drive depth sweep is to ensure that a compromise between individual channel [,’s is
found, i.e. setting l,,xpo1 such that all four channels demonstrate good resolution over the same area in the
object plane. This mitigation approach must be used as R is fixed and the mirror mounting hardware cannot
accommodate changes in individual mirror position along the beam path. With the object size being of order 60
pm, and including a DIM pointing tolerance of £50 pm, the CFOVs must be clustered within 100 pum of the
center of mass (CoM) of the CFOVs to meet the spatial resolution goals (Table 1). Ideally, this value should be
below £50 pm in order to have good resolution (~ 5 pum) over the full extent of the object in all channels.

Results from the sweep are shown in Figure 10. It was found that the CFOVs were located within +80 pum
of CoM at the nominal [, x o1 value of 181 mm. The best compromise was found at I, ko1 = 179.4 mm with
the CFOVs being within £47 pgm of the CoM.

As a sanity check on these values, we consider that with [, >> [;, the change in focal length A f, resulting from
a radius of curvature measurement error AR, is well approximated by the change in [,. With Af = (ARA)/2
and AR =~ 0.5 m, Af is approximately £2.6 mm for each mirror with respect to design. As such, the 1.6 mm
change necessary in [, is reasonable.

lo.kBo1 = 179.4 mm implies a lower than specified (Table 1) and measured R. The fact that channel 1-3 all
indicate 179.4 mm is close to the optimal value, may imply a systematic error in computing R from interferometric
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Figure 9: (a) Composite image created from 100 x 60 s exposures on the X-ray test bed. Mirror 1 (M1) and
mirror 2 (M2) direction is indicated along with the location of the center of the field of view (CFOV) and the edge
of the field of view (EFOV) as given by Table 1. The data was acquired after several CMM corrections had been
implemented guided by previous X-ray results. The uneven illumination is caused by source non-uniformity. (b)
Shows spatial resolution values corresponding to the FWHM of the line spread function across edges along the
M2 direction in (a). Results are compared to theoretical values derived using the approach discussed in Ref. 9
and taking into account diffraction and detector terms.

data. Improvements to this method are planned for future mirror packs.

4. RESULTS SUMMARY AND CONCLUSIONS

KBO1 has acted as a prototype and demonstrator for a series of KB imagers commissioned by NIF. The per-
formance was investigated prior to fielding at NIF through an extensive off-line calibration campaign described
in these proceedings. The main results are summarized in Table 2. The calibration campaign acted to validate
and improve the assembly and alignment procedure through determination of the as-built spatial resolution,
overcome limitations in determination of optical parameters and to estimate the throughput.

The results show that KBO1 has ~ 2 pm spatial resolution at the center of the field of view and better than
8 um at the edge (£160 pm), when subtracting detector and diffraction terms. This exceeds the performance
goals (Table 1) for spatial resolution and indicates that achievable spatial resolution at NIF will be limited by
detector resolution over much of the field of view. The campaign also estimates that throughput is roughly
half of the intended on account of higher-than-specified mirror substrate micro-roughness. Improvements to the
substrate surface quality will be in place for KBO3.

The microscope is currently scheduled for alignment shots at NIF in Fall 2015.
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Drive depth sweep for KBO1
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Figure 10: The drive depth I, ko1 was varied to closely cluster the CFOVs of the individual channels. The
clustering is described here through the distance to the COM from individual channel CFOVs and the minimal
average value of this was found at [,=179.4 mm. The data further indicates that all mirrors have lower than
measured R, implying a systematic error in determining R.

Table 2: Summary of calibration results. The quoted values are averaged between all four channels. The
throughput is relative to a 10 um pinhole placed 100 mm from the object. Spatial resolution is given in both
as-measured values, i.e. including detector and diffraction terms, and in parentheses with these terms subtracted.

Optic performance
Resolution (CFOV) 4.9 pym (2.0 pm)
Resolution (EFOV) 8.8 um (7.6 pm)

Center energy 10.3 keV
Spectral bandwidth ~ 3 keV
Relative throughput 4.7x

lo,kBO1 179.4 mm
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