Iridium Optical Constantsfor the Chandra X-Ray Observatory from

Reflectance M easur ements of 0.05-12 keV
D.E. Graessi8, R. SouflP, A.L. Aquila®, E.M. Gulliksori, R.L. Blaké, A.J. BureR
®Smithsonian Astrophysical Observatory, MS-70, Cambridge, MA 02138-5620;
P awrence Livermore National Laboratory, 7000 East Avenue, L-395, Live@ér®4550-9234;
‘Lawrence Berkeley Laboratory, 1 Cyclotron Rd, MS-2R0400, Berkeley, CA 94720;
‘RDS, PO Box 6880, Santa Fe, NM 87502-6880;
°SFA Inc, Largo, MD 20774

ABSTRACT

We present optical constants derived from syncbrotreflectance measurements of iridium-coated X:ndness
mirrors over 0.05-12 keV, relevant to the ChandreaX Observatory effective area calibration. Intjgatar we present
for the first time analysis of measurements takemha Advanced Light Source Beamline 6.3.2 overlB800 eV,
Chandra's lower-energy range. Refinements to theewtly tabulated iridium optical constants (B.Henke et al., At.
Data Nucl. Data Tables 54, 181-343, 1993 and olWké at http://www-cxro.Ibl.gov/optical_constanta/iil become
important as the low-energy calibration of Chargdi&'ray detectors and gratings are further improeadi as possible
contaminants on the Chandra mirror assembly arsidered in the refinement of the in-flight Ir absiion edge depths.
The goal of this work has been to provide an imptbvabulation of the Ir optical constants over thi range of
Chandra using a self-consistent mirror model, idicig metallic layers, interface roughness, contaiig overlayer,
and substrate. The low-energy data present us aittonsiderable challenge in the modeling of therlayer
composition, as the K-absorption features of Ca@ N are likely to be present in the ~10A oventajidne haphazard
contamination and chemical shifts may significardaject optical constants attributed to this owsela which will
distort the iridium optical constants derived. Rerimore, the witness mirror contamination may besiterably
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 dpticastants for
iridium in the higher energy range, including thidium M-edges, already used in the Chandra cdlimaWe present
our current results, and the state of our modedimdj analysis, and our approach to a self-consittbotation.
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1. INTRODUCTION

Included in the coating process for the eight mirrelements of Chandra’s High Resolution Mirror
Assembly (HRMA) were numerous witness mirrors. Mtran fifty of these mirrors were designated fdieetance
calibrations at various synchrotron laboratoriesth&t optical constants for the coatings couldiééved for the full 50-
12000 eV range, including all spectral features¢aption edges). A schematic showing the positiminthe various
withess mirrors during qualification (no HRMA elenmigpresent) and production (HRMA element and off-antness
mirrors) coating runs is shown in Figure 1. A fefalzese mirrors were 2” circular disks, with supetished surfaces
giving less than one angstrom of micro-roughnesa dlve 0.5-500 micron spatial scales. These mirfosished by
General Optical Co. of Moorpark, CA, were used asifion “Al” in the figure, and hence were presenall sixteen
coating runs. For the present paper we shall certfur discussions to those mirrors only.

*dgraessle @head-cfa.harvard.eplione 1 617 495-7041; fax 1 617 495-7356; headrafvard.edu/~graessle.
Copyright 2004 Society of Photo-Optical Instruméiota Engineers. This paper was publisheXiray and Gamma-
Ray I nstrumentation for Astronomy XIlI, Kathryn A Flanagan and Oswald H.W. Siegmund oesljtProceedings of
SPIE vol.5165, p. 469, 2004, and is made available as an elgctreprint with permission of SPIE. One print or
electronic copy may be made for personal use @ygtematic or multiple reproduction, distributiannbultiple
locations by electronic or other means, duplicatbany material in this paper for a fee or for enencial purposes,
or modification of the content of the paper arehirded.
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NOTE THREE LONGITUDINAL SECTIONS:A, B and C

OUTBOARD SAMPLES BECAME PRODUCTION WITNESS FLATS
Figure 1: Schematic of the witness coupon configomaused in the Chandra coating process. The iposit
marked “Al” is the location in the coating proce$she super-smooth mirrors discussed in this paper
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Figure 2: Average reflectance values with standidations (vertical error bars) at the four Changrinciple
grazing angles, over 5-12 keV. Sixteen super-smaoittors are included in the average. Excluding the
interference fringes, the standard deviations atteim0.5%.
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When last we presented out results to SPIE in 1998 reported extremely consistent measurementthéosixteen
coating runs for Chandra mirror elements, provitted only the super-smooth mirrors were consideffegure 2 shows
the individual reflectance points in the 5-12 keMige, plotted as vertical error bars representingstandard deviations
of the averages of sixteen mirror reflectances feixteen different coating runs. The four grazinglas presented are
the principle grazing angles for the four mirroeks of Chandra. The mirrors are within less thaie-balf percent
relative variation until the layer depths are cdaséd, which results in the larger mirror-to-mirnaariations at the
interference fringes below 10% reflectance.

We have used the NKFIT analysis package develogdd.lb. Windt, a package which has since been greathanced
and is now available as part of the IMD pacKagéie model used in our 1998 analysis of 5-12 ketadvas a three-
layer model (excluding the incident vacuum medias)llustrated in Fig. 3. The energy loss dueotgghness had been
found by testing to be in agreement with the masfeNevot and Croce where a perfect vertical correlation of the
roughness between each layer is assumed. The ofghis assumption in the derivation is that theressentially no
scattering loss in the model below the criticalzgrg angle, and a steeper energy loss beyond ttieatangle than
would be predicted from the model of Stearns ét al.

A fit of a 10 keV angle scan (Fig. 4) for standanitror 065 (the “Al” position mirror from the firgqualification
coating run for Chandra) gives significant residuaarticularly in the interference fringes at krgrazing angles.
Hence, we used a two-step fitting method to detiivebest optical constants, in the absence of plaeation for the
residuals. The first fit was used to identify thedarlayer parameters such as coating thicknesingerdace roughness.
Fixing those values, we then ran a second fit efd&ta down to reflectance values of 1%. The skfibwould indicate
how well one would expect to fit energy scan dataerein only a few (six to eight) angle data poimtsild be included
for each energy, and those measured values woulitbe, holding all other parameters fixed, forlyothe optical
constants n and k of the iridium coating layer.

We show the fitted results for optical constadjtthe refractive decrement ()-andf3, the extinction coefficient (g in

Fig. 5, for the 5-12 keV range. The tabulated @ptionstants from Henke et al, 1898re shown for comparison. For

the super-smooth GO mirrors, b@tk) andB(E) are extremely consistent. Howevgft:) shows about twice the scatter
in the data, indicating that it is the more sewsitif the two to reflectivity variations betweenrrars.

Incident Bear Reflected Ray

» Overlayer, if used
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Figure 3: Multiple layer model used in NKFIT toachcterize the mirrors in this paper. The overléyéntroduced in Section 2.



FIRST FIT OF MIRROR 065 at 10000 eV
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Figure 4: Seven-parameter fit (top) of 10 keV argglan of standard mirror 065, and the correspondisigluals
of the fit (bottom). Here n and k are those ifris Ir depth, zis Cr depthg is Ir surface roughness; is Ir/Cr
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Figure 5: Optical consta®E) andB(E) derived from Chandra the super-smooth GO witmesrors. Each point
is plotted as a vertical bar denoting the standexdation of the average of sixteen mirrors.



2. MODELING THE M-EDGE RANGE 2010-2900 EV

The mirror reflectances in the M-edge region, bgtast, are not quite as consistent with one anatbehey are in the
higher-energy ranges, even when only the super8n®0 mirrors are considered. Fig. 6 gives the ayervalues of
measured reflectances from 16 mirrors, plottedeatical error bars giving the standard deviatiorthef averages for
those energy points, for the 2250-2900 eV rangdciwincludes the M3 edge. The scatter in these unea®ents is
greater by a factor of two than for the 5-10 ke¥ga with the same mirrors. The distribution is aoiform, indicating

an additional systematic effect must be considerd¢ke analysis.

Considering, then, angle scans at 2550 eV withtitee-layer model, the fitting results are as shawhig. 7, where a
considerable systematic residual appears. Thisates another feature in the data requiring sorhareement in the
model. We therefore added a uniform overlayer ® ritodel, something which might be expected forehagrors,
though we currently only speculate regarding thendibal nature of that overlayer. For the presesecave have
assumed a hydrocarbon chain of the form,Gkth a density of 1g/cfh The optical constants were then derived from
the tables of Ref. 5. The depth of the overlayes waated as a free parameter in fitting angle scemdetermine
whether a reasonable layer depth could be derimedapplied to the fitting of energy scan data. Aaraple of the
improvement in the fits at 2550 eV is given in Fg.where the same data are fit as in Fig. 7, btht the overlayer
included in the model, and with the overlayer degddtled as an additional free parameter. The remdtgquite striking.
The residuals are at approximately the true naigel Ifor this measurement. The fitted parametereshbre as shown in
the plot.

Having fitted for an overlayer at 2550 eV, it no@mrains to check the result at 10 keV with a sinokeerlayer model.
Those results are shown in Fig. 9, with the santa da used previously in Fig. 4. The residuals haeeeconsiderably
reduced as well, though not by an identical ovenlagepth. Inasmuch as the same apparatus is use@cim
measurement, though a different beamline is emplogae might say that some nonuniformity of thertayer is in

evidence here, since a different range of angleytmnsidered at 2550 eV than at 10 keV. It res&m us, as part of
some future work, to quantify the overlayer indegently in order to check the validity of theseiffif results.
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Figure 6: Reflectance versus energy for thgeldige range, averaged over eighteen GO mirrors.stdrelard
deviation bars on these data are at a level oL (28, and the distribution is not uniform.



FIRST FIT OF MHRROR 065 at 2550 eV
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Figure 7: Three-layer, seven-parameter fit of déad mirror 065 at 2550 eV, with residuals. No deager is
included.
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Figure 8: Fit of the same 2550 eV angle scan dstia Fig. 8, but this time with an overlayer irddd, and the
depth of that layer as an eighth free parameteiseNlevel in the data is approximately 0.2% rekatiMere g is
the overlayer depth in Angstroms.



OVERLAYER FIT OF MIRROR 065 at 10000 eV
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Figure 9: A fit of the same 10 keV data as in EBigbut with an overlayer included, and the ovenlalepth as an
additional free parameter. Residuals are markedfyraved over Fig. 4.

It should be pointed out that this overlayer isehkto be completely unrelated to any overlayett tinay exist on
Chandra’s flight mirrors, as their storage and expe histories are completely different. Notwithsliag, to the level of
several angstroms, it seems that a basically densisverlayer model might be developed for use tve full range of
energies of the calibration, in order to charaztethe optical constants of the iridium itself.

Completing this investigation of the M-edges, weegkig. 10, the optical constants derived with astthout including
the overlayer in the model, for the M-edge regionthe sixteen mirrors in question. When no ovestdy used, there is
twice as much scatter in the derivig(E) as there is when one is employed independdotigach mirrord(E) is not
affected, however. This lends credence to the ndtiat the effect is an overlayer masking effemtucing the effective
absorption by the iridium layer. The variation franirror to mirror of the overlayer depth accourgsentially entirely
for the enhanced relative error in the deriy¥8) when no overlayer is included. With the oveelgythe scatter in the
results is 0.5% i® and 2.5% irf3, for these 16 mirrors. This is similar to the adions seen over the 5-12 keV range, in
both optical constants.

Adding the 2010-6000 eV data to the optical conistderived for our standard mirror 065, we now hiige 11. Again

the tabulated optical constants (Ref. 5) are pexvifbr comparison. We note that there is now aadlispbetween the
Henke and the 065 optical constants near 2.0 kevickl we had a need to extend measurements beldeXQwhich

was in fact accomplished using NSLS Beamline U3A.
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3. THE CHANDRA COATING CALIBRATION 0.940-12.0 KEV

Only a few of the 2" mirrors were calibrated on Béiae U3A°, due to the broad beam width, which is not conritd
small angle measurements on smaller mirrors. Haresvill not be presenting averages of sixteen G@ars in this
section. However, the standard mirror 065 was iddaeasured on U3A, and the results of all reflextarersus energy
scans taken on that mirror are shown in Fig. 12h angles in arc minutes identified. The energygeawas divided up
into two separate scanning ranges for optimal bie@whonochromator performance, namely 940-1300 =/ 1280-
2030 eV. Note that in Fig. 12 we include some 2R100 eV data points taken on Beamline X8A. Thergadod
overlap between reflectance data taken on the iffiereht beamlines.

Angle scans at 1200 eV and 1800 eV were takenisfiltt as well, as a means of determining thenatignt quality for
each energy subrange. In analysis of the energy dat, we used the fitting results from 2550 eWeathan those
from 1200 eV or 1800 eV, with the optical constagegermined as given in Fig. 13 for the U3A rarfee residuals for
these fits are extremely low, and the overlap \lith X8A results at 2010-2030 eV is quite good, galhewithin 1%,
and so the extension of the energy range to U3Aquéte successful. By measuring these optical emtst we were
able to eliminate the artificial jump that wouldvieabeen created by joining X8A results above 201@Qvéh tabulated
values below that energy.

With the inclusion of the optical constants deriviedm Beamline U3A, and the inclusion of Henke 198&&ical

constants for the lower energy range (50-940 e\¢),obtain the current calibration standard for the@ira HRMA
iridium optical constants, presented in Fig. 14e Tverlap error between the Henke data and ouvetkedata at 940-
1000 eV is relatively small. Refinement of the 3IBQ eV optical constants requires the analysisaté daken from
Beamline 6.3.2 of the Advanced Light Source, disedsin the next section. These data have alreagly bged in an
earlier presentation of the HRMA effective afea.

1.0

r...o.oo.oooocooo.ooooocooooo.o.............élfﬂ‘ B
0.8 Q.ooo.oooooooooo.ooo.-.o...................6;5589.-....

i....coooooooo.-ooooo......:::::'ioo.00...,..25.005‘ %
L....OO................ ....'... %%
sl ........ .T'o. o 09|
:.... ...... .1(1800 ) .. % %8%
b “teeen.. ®e, 1200 ‘e . %27

REFLECTANCE

¢
0.4 . . ..

[ ] [ ]
) [
7..... .. . o.
.. .. [ )
I . e, 162.0 ® .

0.274.... ..‘.204‘0‘ .°- '.' .%

o, ®e
- ®e, 246.0
| oo.....

0.0 ! ! ‘ ! ! ! !

1000 1200 1400 1600 1800 2000
PHOTON ENERGY (eV)
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4. ALSMEASUREMENTS: 50-1300 EV

Some of the most difficult measurements and modebrbe done for the calibration of Chandra witn@ésors occurs
at the lowest energy range for the mission, spedifi below 1000 eV. The challenges in this enexggion are (1) to
gain access to a high-stability, high spectral tgutbw-energy beamline with reflectometer accessd 42) the
quantification of low-Z contaminants in any ovedafs) that might be present on the mirrors. ALSBEne 6.3.3

gives more than an adequate solution to issue & s&bond issue involves considerably more work.

Above 1000 eV, representation of a thin overlaygng a simple hydrocarbon chain is fine, as longqase of the
elements actually present in the overlayer haveratisn features in the energy range of interestweler, this will not
work at all below 1000 eV, where those low-Z absiorp edges are abundant. Here the characterizatfoany

contaminating layer must be detailed and exaclydiicg elemental composition and chemical shiftmfde admixtures
of C, N, and O will not suffice for a continuoustelenination of optical constants for iridium ovéetentire energy
band. This is a work in progress, and we repory preéliminary results from our standard mirror G83his point.

In order to assure the highest beam purity anchsitie possible over the full 50-1300 eV band, ttdage must be
broken down into numerous subintervals, whereirefirth case optimal beam filtration and higher osdg@pression are
set, and alignments of mirror sample to beam megddne independently. A total of twelve subintesvakre selected
to optimize beam purity and alignment accuracytfi@ Chandra reflectance calibrations. Specificdigse are 50-72
eV, 66-100 eV, 95-111 eV, 107-147 eV, 141-187 e81-283 eV, 260-454 eV, 440-574 eV, 558-600 eV, 396-eV,
752-932 eV, and 900-1300 eV. In addition, two naetailed ranges were selected for contaminanteckenization for
C- and O-K-edges, specifically 280-310 eV for Cakd 520-562 eV for O-K.
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Figure 15: Preliminary optical constants derivamhfrstandard mirror 065 for the selected BeamliBe2Gange of
50-1300 eV. Optical constants from Ref 5 are inetlds curves, which are mostly overlain by the ewpntal
data.



The eventual plan is to determine precisely theewuwhr nature of any overlayer(s) that may be mptee&rough
independent measurement of the surface layer catigrosnd thickness, and to include them in thergyascan
modeling. At this point we do not have a better piatbveloped, and hence we can only follow throwgh the current
one, and present th¥E) andB(E) results currently obtained as preliminary. Hemég. 15 for the fitted results for
optical constants versus energy in the 50-1300ag\ge, with the Ref. 5 constants included. The rawiting features
are the Ir N and N edges appearing prominently in thand3 at 60.8 and 65.8 eV respectively. Clearly the lzied
constants do not show these features at all, antesults indicate an improvement to be made irtabalations here.

In evidence are several spurious features, which lbeadue to the presence of contamination on thepkasurface;
however the beamline optics may also contain coimams which were not successfully normalized fraum data. First
see the feature at 288 eV in thewhich is clearly due to a C-related feature vattsmall chemical shift from the
nominal 284 eV for C-K. Second, see the displacémethe3(E) near the O-K and N-K regions, which overlap dgie
features of Ir. Some deconvolution of these effedgtsbe necessary. Nevertheless, we have nowsa dit at optical
constants for the lowest energy range of Chandnd, an indication that the completion of the full-52000 eV
calibration is at hand.

5. DISCUSSION AND SUMMARY

We have completed essentially all synchrotron cédlece measurements using the Brookhaven and Adiliés as of
November 1998, before the launch of Chandra, atidimihe funding and scheduling constraints of pragram. Prior
to launch, we provided optical constants from dandard mirror 065 covering the 940-12000 eV ramgth acceptable
overlap with the tabulated values at 940 eV. Thayasis of the 940 — 12000 eV data indicates theheairror has its
own unique film layer depths and overlayer contaminmasking, but the optical constants of the uridiare quite
consistent between the numerous witness flats.

We have now begun to analyze the results of oleaince measurements at ALS Beamline 6.3.2. Thdtseare still
preliminary, and include measurements from onlyonif65. Notwithstanding, we have determined thatdnly strong
Ir features are those due tg Bnhd N, absorption edges. These features appear to biéicaghin the optical constants
data, but their significance to Chandra effectiveaais lessened because of Chandra’s grazing aagte, with all
shells being of grazing angle less than 60 arc tesiundividual reflecting efficiencies are onlycdeased by about 2%
due to the N-edges at 51.87 arc minutes, the laggaging angle (and largest mirror elements) idetlin the Chandra
HRMA. The net effect on the effective area is &t fdwel of 3-5% of the total area of Chandra ae®@0The narrowness
of the features could affect line studies done len €handra LETG/HRC-S configuration to some dega®e, so it
would be considered important to have these edbesacterized. The current tabulated data do notriteesthese
features at all.

More relevantly for characterization of iridium aa X-ray material, our aim is to produce a defigitset of optical
constants from our clearly large database of refteze measurements. Our modeling of the overlayleite adequate
above 1000 eV, is in need of improvement in ordemdhieve the same level of certainty in opticalstants below that
energy. Therefore we need some independent detationnof the overlayer, interface layers, coatirgpttis (if

possible), and other parameters we use in our sisalfhis would lend more credence to our everdpdtal constants
for Ir. If successful, iridium could be one of thest-understood X-ray materials available. Considethe effort put
into this calibration, that is certainly a reasdeaipal for the community to anticipate from thienk.
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