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ABSTRACT

We present optical constants derived from syncbroteflectance measurements of iridium-coated Xarétness
mirrors over 0.05-12 keV, relevant to the Chandrea)X Observatory effective area calibration. Intipatar we present
for the first time analysis of measurements taketha Advanced Light Source Beamline 6.3.2 overlB00 eV,
Chandra's lower-energy range. Refinements to thetly tabulated iridium optical constants (B.Henke et al., At.
Data Nucl. Data Tables 54, 181-343, 1993 and o'Whé at http://www-cxro.lbl.gov/optical_constante/jl become
important as the low-energy calibration of Chargli&ray detectors and gratings are further improeed as possible
contaminants on the Chandra mirror assembly arsidered in the refinement of the in-flight Ir abstion edge
depths. The goal of this work has been to provid@mproved tabulation of the Ir optical constantemthe full range
of Chandra using a self-consistent mirror modektluding metallic layers, interface roughness, covtating
overlayer, and substrate. The low-energy data ptasewith a considerable challenge in the modedihhe overlayer
composition, as the K-absorption features of Cai@l N are likely to be present in the ~10A oventajiée haphazard
contamination and chemical shifts may significaraffect optical constants attributed to this owsela which will
distort the iridium optical constants derived. Rermore, the witness mirror contamination may basmterably
different from that deposited on the flight optidfie more complex modeling required to deal with-Energy effects
must reduce to the simpler model applied at thédrigenergies, which has successfully derived dptioastants for
iridium in the higher energy range, including thidium M-edges, already used in the Chandra calimaWe present
our current results, and the state of our modedimdj analysis, and our approach to a self-consittbotation.
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1 INTRODUCTION

When the Science Support Team for the Chandra >Gtaservatory (Chandra) selected iridium as theimgatf choice
for all four shells of the High Resolution Mirrorséembly (HRMA), they understood fully that theiode for superior
reflecting efficiency in the 5-10 keV range woulkhjuire a trade-off in the comfort and experienagythad already
gained using gold or nickel in previous missionspdktion of this trade was to be recovered by meHre separate
coating calibration program, wherein a tunablerowabandwidth source (e.g. synchrotron radiatiooyuld be used to
characterize the coatings in terms of their optmatstants, using witness mirrors from the sixt€andra coating
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runs. What ensued was a major programmatic effocharacterize iridium optical constants thoroughlyhe energy
range of interest, 0.05-12 keV. The method usedktive the optical constants, and the consistendycaality of the
results obtained, are the subject of this papéended to be the penultimate in a long series of@ss reports on the
results of this research.

The selection of DC-magnetron-sputtered iridiumticags for Chandra has born out well. The timely ioyed coating
technologies for iridium, allowing thin layers te bdeposited without excessive coating tension,endathieving nearly
bulk material densities, have afforded the ChahtiRMA with two advantages. First, the coatings perfat or near
the throughput levels predicted by the Chandrab@ation Tearnt. Second, the coatings are sufficiently uniform and
dense to be characterized by optical constantoulitbacrificing certainty in the calibration to sificant fitting errors.

A third advantage is that the coatings are suffitye pure and clean to allow a significant improwath in our
knowledge of iridium optical constants over sigrafiit portions of the region of interest. Hencethi;m energy range in
guestion, this material is now as well understoed@ better than) any of its neighboring mirrortengls in the
Periodic Table, namely Au, Pt, Os, Re, or W. Asgpiaf this point, we offer the following evidence.

1.1 Experimental details

The Chandra synchrotron calibration program hasl@ysp NSLS beamlines X8C (5000-12000 eV), X8A (2&200
eV), and U3A (940-2030 eV). For the 50-1300 eV mngith some overlap with U3A, we have used ALS rBixae
6.3.2. The beamlinds" * *and reflectometets’ have been described elsewhere. We shall restagefdr reference that
for the NSLS beamlines, double crystal monochronsateere used. For the X8 beamlines, Si (111) ciygteovided
superb beam purity, throughput, and narrow eneepdtvidth for the entire 2010-12000 eV range andhdyFor the
U3A monochromator, rarely used [Baalumina crystals performed extremely well, takadyantage of the high-energy
cut-off of the NSLS VUV storage ring and the U3 tnpam mirror to eliminate second-order contamimatio

ALS Beamline 6.3.2, working in an energy region gyafly inaccessible to crystals at synchrotronristées, employs
a third-generation grating monochromator, with ¢hxariable line-spaced gratings, an order-sortéhn aivariety of
mirror materials to minimize higher-order contantioa, and thin film windows to eliminate stray ligh

Also for future reference, the NSLS reflectometarked in thep-polarization plane; the ALS 6.3.2 reflectometer
works in thes-polarization plane. With respect to optical congditting, polarization becomes significant ontythe
lower energy range of ALS. For this paper, we hassumed 90% polarization in the relevant planewillénvestigate
this issue further in future work on the ALS daigarticular.

1.2 Reflectance measurements

The spectroscopy goals for the Chandra missionctwinicludes two medium-to-high resolution transmisgratings,
require a calibration of the HRMA throughput thpesifies all absorption features in detail. Thelgddhe calibration
accuracy for the mission was to be within 1% ataspitrary energy; this leaves less than 0.5% inkbdget for
synchrotron reflectance calibrations. The degredetdil required depends on the narrowness ofrtinesic features of
the iridium, which were not known for most of th€®®-12 keV range. Cosmic sources may have emidisies that are
intrinsically vary narrow, depending on the souervironments. However, the bandwidth of any dowbiestal

monochromator or grating monochromator is fixedeotiee geometry of the beam and crystal selectior haen done.
We claim that these parameters for the specificriieas used were as near optimal as were avaitdlitee time.

Because the spectral detail was the driving fattdhe calibration, we realized that reflectancesus-energy scans
would be the most essential data to be acquiredeftfeeless, to derive optical constants, which waallow a full
calibration versus energy and angle in the modatihthe HRMA, detailed angle scans at fixed eneaigy the best
method. However, the number of specific energigsiired, even for a single mirror, were far too grieaallow the
calibration to proceed with so many angle scans.dpergy scans, the motion of the monochromatdaicdy adds
some experimental noise to the measurements, dugbtation, wobble, and settling time. Taking dktdi and
relatively frequent direct scans of the monochraeria¢am, with the mirror sample removed from theéhpallow us to
make reasonable estimates of these effects.



1.3 Modedling optical constants

The Chandra mirrors and witness mirrors are of derocoated with 325A to 350A of iridium on top af100A
chromium binding layer. These specifications netatesa four-layer model (at least), including gubstrate, binding
underlayer, iridium layer, and a contaminating ¢tewggr, as will occur with mirrors in common labamat
environments. While several different specificasiasf withess mirrors have been measured, we shélis paper
consider only one type, namely circular 2-inch distf super-polished Zerodur, with less than ones@om
microroughness over 0.5-5@0n spatial scales, and a flatness figure\df0 ( = 6328 A). These were produced by
General Optical Co. of Moorpark, CA.

We have employed a fitting routine developed by.DAlindt namedhkfit, which is a precursor to the more elaborate
and generally useful IMD softwafeThe tools run in IDL, and have been wrapped witiraup of adaptive tools that
allow rapid processing of energy scans at severglea for optical constant fitting at each enerflye several angle
scans taken for alignment purposes are first fifwdnot only optical constants of Ir, but also fayer depths and
surface parameters (roughness). The procedurefaisadalysis of the angle scans has been desapiteadbusly® The
roughness and interdiffusion have been successfhdigeled only with the Nevot-Crotiterlayer model. Once these
parameters have been determined from the partiaulgle scans relevant to that energy range, arfibfitical constants
versus energy using the energy scans, with thgee éand surface parameters fixed, is done. Onlyrthg= 1-0) andk

(= B) are free parameters in the fits of energy scaa. da
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Fig. 1. The four-layer model incorporated inikfit to derive optical constants for the Chandra winagrors.

2 DERIVED OPTICAL CONSTANTSFROM NSLSMEASUREMENTS

2.1 5-12keV derived optical constants

The 5-12 keV energy range for this experiment veasi@d out at NSLS Beamline X8C. The data from X&@e been
reported previously, and will be discussed onlyettyi’® The reflectance measurements obtained in thiserdog
sixteen GO-type mirrors are extremely consistegitaidpwithin 0.5% excluding the interference fringesich are due to
the Ir and Cr layer depths. Each of the 16 mirmeas coated in a separate coating run, and henee dipths might
reasonably be expected to vary within 10-15 angsroun-to-run. The noise level for these measurggnienwithin

0.25%. Hence one would still expect systematicatemns between optical constants derived from eaictor
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Fig. 2: Iridium optical constants derived from Bdim@ X8C (5-12 keV) for GO-type Chandra witnessnaris.

separately. The optical constants derived are shiawfig. 2. Here the individual fitted results aietted as vertical
error bars, representing the standard deviatiothefaverage ob(E) andB(E) derived from the 16 super-smooth
mirrors. Tabulated values from the Henke-Gullikgahles! are given by the black dots and circle symbolshie
figure. As the figure attests, our experimentaulssover 5-12 keV confirm the tabulated opticahstants. The ~1.5%
decrement of the experimental relative to the t@ed is likely an iridium coating density decremehtl.5% below
bulk on our witness mirrors. The bulk density oisl22.39 g/crh

2.2 Optical constants over 2010-6200 eV

The previous section has dealt with a spectraloregiredominantly free of absorption features fatium; the Ir L;
edge (measured at 11.215 keV) is actually beyord l®7-10 keV region of interest for Chandra. Thdium
absorption feature of primary concern for Chandiarce capabilities is the M-edge region, which wagered in our
experiment using NSLS Beamline X8A. The energy eaafjthis beamline was subdivided into scan regmfnig010-
2400 eV, 2250-2900 eV, 2800-4000 eV, and 3900-&00which provides adequate overlap between regmiebeck
consistency. The troughs or minima of the iridiumelliges in reflectance were measured experimerdallfpllows:
Ms3ds, at 2089 eV, M3ds, at 2156 eV, M3ps, at 2550 eV, M3py, at 2909 eV, and A8s at 3175 eV. The beamline
energies for these points were confirmed by singstal spectrometry to be accurate to one pakr6in

Determination of the optical constants in this oegiequires inclusion of an overlayer in the mddebptimize the fits
of angle scans, and to reduce the mirror-to-misgmtematic variations in the resultid(E) and3(E). The overlayer
introduces a masking effect, which tends to redheeeffect of the absorption in the optical contaBecause the
overlayer deposition is quite random, the overlajepwths are not the same for each mirror, and heowe mirror-to-
mirror scatter is introduced in these data. In F&yand 4, we present the optical constants defiwed 16 mirrors over
the 2010-5000 eV range as indicated, for casesidinty and not including an overlayer. The plottmgthod used is
the same as for Fig. 2, wherein the experimenta paints are vertical error bars representingsthadard deviation of
the average from the 16 mirrors at each energytdihdated optical constants from Ref. 11 are uetlas before. The
overlayer for each mirror is derived from a fit &2550 eV reflectance-versus-angle scan. The gmerlmaterial



assumed was a generic 1-gfdBH, hydrocarbon chain with no other chemical eleméntiided. The addition of the
overlayer produces a slight decrease in the fitide ofd, but for3 the effect is much more dramatic. Clearly the
overlayer helps reduce the mirror-to-mirror systeeariations. It also reduces the systematic layeerrors seen at
2800-2900 eV and 3900-4000 eV markedly. The motaildd chemical composition of the overlayer iscdissed in
Sections 3 and 4.
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Fig. 3: Optical constants derived from reflectanoeasurements over 2010-5000 eV. Modeling with a,@\¥érlayer
not only improves fits, it also improves the ovpdat 3000 eV and 4000 eV. The symbols are Refalidlated values.
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Fig. 4: Iridium optical constants derived from Bdn@ X8A (2010-2900 eV). Fod(E), the lower of the two traces near
the top of the figure is the one derived usingdherlayer. The symbols are Ref. 11 tabulated walue

The optical constants we have derived in the M-edggon show a considerably more complicated arecthan is
currently included in the atomic scattering talftasir. Not only are the Mand M, troughs displaced by some 40 eV
from the tabulated binding energies, but thereaaiditional extended features. We believe the app&XAFS on the
M, edge in particular is probably due to a bound-lbowansition to an unoccupied outer shell electemel; hence this
is an atomic effect. We shall clarify this in adté publication. In any case, Chandra gets thefthariea more accurate
representation of the absorption features fromwiaiek.

2.3 Optical constantsover 940-2030 eV

The relatively low-absorption and featureless (fatium) region leading up to the precursors foe th M-edges is
considered next. Fig. 5 gives the optical constegdslts in a similar fashion as Figs. 3 and 4, reimethe results for
modeling with and without an overlayer are includeid. 5 includes averages of only three mirromsyéver. The U3A
energy range was subdivided into two sub-rangeghisrexperiment, namely 940-1300 eV and 1280-2630The
alignment and diagnostic angle scans for theserautpes were at 1200 eV and 1800 eV respectivelyicélghe
overlayer used was derived from analysis of angéns at these energies, and applied to the eneggydata in the
overlayer modeling case. The results with, versithout, an overlayer are similar to those in thevisus section,
namely that the effect f@(E) is not very significant, b@8(E) is significantly influenced by the overlayen. particular,
the overlap error i3(E) at 1280-1300 eV is essentially eliminated whle@ overlayer is included in the model.
However, the mirror-to-mirror variation is incorsist going across this energy range, in some pwrtieing smaller
with the overlayer, and in other regions being tgean either case, the spread is not very lasge the optical
constants derived are experimentally well-deterchinéevertheless the results with overlayer matchveny closely
with the tabulated values in this region of relalvlow Ir absorption. The case having been madeshall consider
only analysis using the overlayer for the remairufehis paper.
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Figure 5: Iridium optical constants derived fromAJBflectance data (940-2030 eV). Note the goodlapeobtained
with the X8A data over 2010-2030 eV. Overlap aB1-2300 eV is improved again with an overlayerlia model.
The symbols are Ref. 11 tabulated values.

3 DERIVED OPTICAL CONSTANTSFROM ALS6.3.2

Only two of our super-smooth withess mirrors wermsured on ALS Beamline 6.3.2, and only one of tfarthe full
energy range. Figures 6 through 9 give the optioaktants results, with an overlayer included ertiodel, for one or
both mirrors, with tabulated constants indicatedval. The overlayer used was that derived fromlascans at 1300
eV from Beamline U3A, as in the previous sectioartieularly in Figs. 6 and 7, there are strong é¢atibns that our
work will provide a significant enhancement in thetailing of optical constants for iridium, in thatlium N- and O-
absorption edges and extended absorption featueegisable. However, for the 50-283 eV range, whislbelow the
carbon K-edge, we may be relatively free of stroagtaminant absorption. Hence the deviations fralmtated such as
are seen over 100-200 eV (Fig. 7) are likely indics of improved optical constants for Ir. We nbhtavever, that the
apparently pointed feature in the energy overlapdt147 eV is spurious.

Insasmuch as this is a work in progress, thesdtseme still preliminary and further work is nedde deconvolve the
effects of the overlayer. Recall that in our modeé overlayer material assumed includes only ,C-Most of the
serious contaminant absorption effects will beblesin Fig. 8, which covers the carbon, nitrogerd axygen K-edges.
The effects due to carbon absorption are obvio@84teV, even with the overlayer included. Henamay be that the
overlayers applied to these two mirrors is inadégju@he oxygen K-edge effects begin to be seerbatitab35 eV
experimentally. The beamline transmission is alsongly influenced by absorption, which can makarhespectral
purity and input flux normalization problematic, isscommon with beamlines in this range. We shadleavor in our
future work to disentangle as much information assible at these C and O edges, but we may inritieneed to



interpolate our results through these short regi@tsarly we require additional information abolg tcomposition of
the overlayer. (See Section 4.)
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Figs: 6: Optical constants from a single witnessronicompared with tabulated, in the region of @eN7, and N6
edges, plus the extended feature at 77-79 eV. Védap error i3(E) is large over 66-72 eV. The symbols are Ref. 11
tabulated values.
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Fig. 7: Optical constants from two mirrors in aicggdominated by Ir N- and O- edge extended absnrpT he feature
at the overlap at 141-147 eV is probably spuridimyever the systematic displacement from tabulaéqatobably a
real measurement for Ir. The symbols are Ref. hl&ed values.
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Fig. 8: Optical constants from two mirrors in aicggwhere obvious contaminating elements are ptesed likely to
be in the overlayer. The symbols are Ref. 11 tabdlaalues.
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Fig. 9: Optical constants derived from two mirramsthe featureless region at the upper end of tBe26@accessible
energy range. The results are not as clean anebde®iled as in the case of Fig. 2, but overlayemnaistry is not likely
to be much of a factor here.



We do not want to overlook the Iridiums#os,» edge which appears at 495 eV and includes a dondtkilation in the
traces at that point. Also, at 395 eV there isearcbut unidentified feature in t®€E), which is near but not precisely at
the expected position for N-K. The feature appéatse a contaminant unaccounted for in the moded;unlikely to be
associated with iridium. The final portion of the.® 6.3.2 energy range is presented in Fig. 9, winerestriking
features occur, and the experimental values dgmattly deviate from the tabulated.

4 XPSMEASUREMENTS

Especially in the extreme ultraviolet wavelengtbioa, the reflectance method is sensitive to ehémlayers (a few A)
of surface contamination. In the previous Sectiois explained how it is necessary to assume argehgdrocarbon
overlayer for each mirror surface, in order to adegly fit the optical constants delta, beta froeflectance
measurements. It is not surprising that such oyertashould form on the Chandra witness mirror daspmiven their
frequent handling in air and their being subjectrépeated pump down and venting processes duriitectance
measurements at various synchrotron facilitiegs ascussed in Section 1.1. Nevertheless, urdgémdy the Chandra
withess mirrors had never been evaluated quantigtior surface contamination effects (native eitlydrocarbons)
using an independent method. For this purposeaceirfinalysis was performed by means of X-ray Phusston
Spectroscopy (XPS) on two of the iridium witnessroms (2-inch diameter Zerodur substrates polisbedseneral
Optics). These are the same two mirrors whose a@lptinstants are presented in Figs. 7-9. XPS wdsrpeed using a
“Physical Electronics Quantum 2000 Scanning ESCAcrbfirobe” system at Lawrence Livermore National
Laboratory. Briefly, this method consists of illumating an area on the sample (in this case (inctse a spot with 100
pum diameter) with monoenergetic x-rays (in this chge=1486.7 eV, Al K source) and by analyzing the emitted
photoelectrons with an electron spectrometer adogreb their kinetic energy & The presence of an element on the
sample surface is identified by the binding endegyhv - E; of its atomic core electrons. The analyzer is radiyn
operated as an energy “window”, accepting only éhelectrons having an energy within this fixed vawwl referred to
as “pass energy”. Investigating different energseaccomplished by applying a variable electromégrfeeld on the
photoelectrons before they reach the analyzer.n8pection of the spectrum after an energy scaniges\unformation
on the elemental composition and chemical stateefample surface. The results are shown in ttme &b peak areas,
as a function of electron binding energy. Each area under a peak, which represents thgranéel photoelectron
signal, is proportional to the concentration opadfic element in the surface region of the sampleo types of scans
were used in this experiment: (i) Fast, low resotu{“survey”) scans, with a pass energy of 18&85and (ii) slower,
high-resolution (“multiplex”) scans, with a passgygy of 23.5 eV for a more detailed study of thekse

Figure 10 shows the XPS survey scan results froemadrthe two mirrors: in addition to the iridiumiaied peaks that
are expected due to the iridium coating, therevidesce of oxygen, nitrogen, carbon and silicoortfrthe O 1s, N 1s,
C 1s and Si 2s peaks respectively) on the mirrdiase. Nitrogen and silicon appear to be presentaoe amounts
only. Nitrogen was the gas used to vent the vacreflactometers at both ALS and NSLS synchrotroiilifess where
this mirror was measured. The presence of siliamdcbe attributed to a silicate grease that wasl us the NSLS
reflectometer while this mirror was being measur&dnore detailed inspection of the carbon and orypgeaks is
shown in the spectra of the XPS multiplex scanBigure 11. Results from both mirrors are showneach element,
demonstrating that the level of oxygen and cartmtammination is rather consistent between the tivoons. The XPS
spectra in Figure 11 (top curves) were used toutatie the surface coverage of oxygen and carbansafor one of the
mirrors, using the expressitn

Y, UM,0T

R 1)

Ys  UspN Lcosp
where Y, Y are the integrated photoelectron signals fronotherlayer (O 1s or C 1s peak) and substrate (jpebk)
respectively, obtained as results of a multipleansql,, s (barns/atom) are the overlayer and substrate fmration
cross sections respectively; (atoms/crf) is the surface coverage of overlayer atoms;(@mol), ps (g/cnT) are the
molecular weight and the mass density of the satestmaterial (iridium), respectively; L is the gzeadepth for the
substrate (Ir 4d) photoelectrongs;is the angle of photoelectron collection by thalgrer with respect to the sample
normal ¢ =45 in this case); N is Avogadro’s number (N=6.820%° molecules/mol). The factor T accounts for the
transmission efficiency of the analyzer, which pewation mode of constant pass energy, is given by
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where E,, Eysare the binding energies of overlayer and sulestratterials respectively. For the iridium substriie=
192.22 g/mol,ps = 22.4 g/lcm. From the XPS multiplex scans at=1486.7 eV, for the Ir 4d substrate peak; E
295.35 eV, X = 97816 countseV/sec,lus = 0.2542 barns/atom; for the O 1s overlayer p&gk:= 530.46 eV, ¥ =
12397 countseV/sec, Y= 0.040 barns/atom; and for the C 1s overlayer péak = 283.4 eV, ¥ = 6056
countsceV/sec,l,= 0.013 barns/atom. Finally, it is estimated tlint €scape depth for the Ir 4d photoelectrons should
be L= 15 A, with an error bar of at least +20%After substituting equation (2) in equation (1)dasolving for the
overlayer surface coverageusing the values presented above, the resultdpgem iso = 4.8<10"° atoms/crh and for
carbono = 9.1x10" atoms/cr, revealing a 1:2 ratio between oxygen and cardomia coverage on the mirror
surface. Further analysis and fitting of the peakfained from the XPS multiplex scans shows that@ls peak
pertains to two bonding states, C-O and Ir-O. Sirhi| the C 1s peak shape indicates the presen€Hbfand C-O.
These results demonstrate the presence of a hybmetype overlayer in addition to some oxidatian the mirror
surface, and justify the need for use of such ayerl in the fitting of experimental reflectanceal@t the previous
Section. The XPS analysis results presented inSgdion became available shortly before the ptesamuscript was
due for publication. Thus we did not have the cleatw implement them to obtain a quantitative esénaf the
thickness and composition of the overlayer usethénfitting of the optical constants of iridium pested herein. We
hope to be able to complete this task in a fututdipation.

)

5 SUMMARY

We have presented our current results for iridiytical constants for the full calibration rangeGifandra, specifically
0.05-12 keV x-ray energies. The results for thel2keV range are in all likelihood final or vergarly final, pending
further evaluation of the overlayer XPS measuremeand we have made significant contributions tprowe the

optical constants in the M-edge region for iridiumparticular. Below 700 eV, there is still work tee done to
deconvolve the effects of what is now a reasonalalj-determined overlayer in terms of its compasitiWe shall be
working toward a self-consistent model for that esger on a mirror-by-mirror basis, in an attemptdetermine
whether a consistent depth can be used, or if tiang in the layer depth at the several angle s@rgies may be
accounted for by its inherent spatial nonuniformibty any case, we state here for the record thatGhandra
synchrotron witness mirror calibration program teeen fully successful, and that a formal journablimation is

forthcoming to report our final results.
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Figure 10: Survey XPS scan obtained from one ofXthandra witness mirrors.
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