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In the design of soft x-ray and extreme UV instrumenta
tion, it is often necessary to predict accurately the reflective 
throughput of optics. Longward of 300 A, a large body of 
reflection data exists from which optical constants have been 
derived for most elements in the perodic table.1 A similar 
compilation is available in the soft χ ray (6-124 A), based on 
atomic photoabsorption cross sections which dominate any 
optical response at these wavelengths.2 However, due to the 
requirement of grazing incidence techniques below 300 A 
combined with the fact that intense light sources are not 
widely available at these wavelengths, direct reflection mea
surements are sparse3"9 in the interesting region from 50 to 
300 A. This data gap is apparent in a recent compilation of 
the optical constants for several metals from the X ray to the 
microwave.10 The published data in this band are insuffi
cient to provide optical designers with a comparison of coat
ings from which to choose a desired response. 

We have carried out reflectance measurements of rhodi
um, osmium, platinum, and gold at multiple grazing angles of 
illumination and at 14 wavelengths between 46.5 and 283 A. 
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All reflective coatings were deposited by e-beam evaporation 
onto a glass substrate which was at room temperature. The 
distance from the source (e-gun) to the substrate was 45.7 cm 
(18 in.), and the system resided in a 66-cm (26-in.) diam. 
stainless steel vacuum evaporator. Pressures during evapo
ration were typically 1-5 X 10-6 Torr. Film deposition rates 
ranged from ~5 A/sec for Os, Rh, and Pt to ~15 A/sec for Au. 
Each overcoating was 125 A thick over a binding layer of 50 A 
chromium. These thin coatings result in smooth surfaces, 
and yet, due to the use of glancing illumination, they are 
relatively opaque and thus immune from interference effects 
at the coating-substrate interface.11 However, at the shor
test wavelengths (50-100 A) the critical angle of the coatings 
is smaller than the largest graze angle (16°) where we calcu
late2 a transmission as large as 25%. This may result in 
somewhat lower reflectances than expected from opaque 
coatings. 

The measurements were performed at Acton Research 
Corp. (ARC). The measurement system consisted of a Pen-
ning-type light source,12 an ARC (1.5-m) grazing incidence 
monochromator, and an ARC reflectometer with a gas flow 
proportional counter. The light source provided emission 
lines due to sputtering from two aluminum cathodes placed 
at high voltage in an argon gas. In the 200-300 A region, 
emission lines were also obtained from the discharges of a 
neon gas flowing between the cathodes. The monochroma
tor was a Rowland circle concave grating with the light source 
placed on a scanning entrance slit and the reflectometer 
placed on an exit slit fixed at an 86° angle from the grating 
normal. The grating grove density (1200 mm-1) and reflec
tive coating (gold) allowed wavelength selection from zero 
order to 450 A. An aperture slit preceded the sample to 
ensure underillumination at the most grazing angle of 2°. 
The reflectometer was capable of measuring reflectance at 
incidence angles from 8° to 88° (± 0,2°) and used a unique 
design which allowed the detector to be external to the 
vacuum system. 

The gas proportional counter had a polypropylene window 
which permitted transmission from the carbon edge (45 A) to 
~200 A. For the longest wavelength measurements (200-
300 A), a Lexan window was used, and an aluminum/silicon 
thin-film filter was also inserted prior to the detector to 
eliminate second-order contamination. 

The reflectance measurements were made in a point-by-
point manner: (1) setting the monochromator to the desired 
wavelength; (2) measuring the straightthrough (direct) in
tensity with the sample removed from the beam; (3) inserting 
the sample; (4) rotating the sample and the detector to the 
desired angle; and (5) measuring the reflected intensity. The 
reflection coefficient was taken as the ratio of the reflected 
and direct counts over 40-sec integrations each. As the light 
source varied in intensity between measurements, the direct 
intensity was also measured after the reflection measure
ment to provide a base-line average intensity. 

The detector background was measured by closing the 
entrance to the reflectometer between measurements and 
was consistently negligible compared to the intensity of the 
reflected beam. The off-line intensity of the light source 
dominated the background but was measured only intermit
tently due to practical constraints on time. For those mea
surements, the reflection coefficient of this background was 
verified to be close to that at the desired wavelength. How
ever, due to significant time variability of the light source 
and possibly the line-to-background ratio, our inability to 
routinely subtract this background introduces the most un
certainty in our measurements. As all count rates were 

<5000 counts/sec, corrections due to dead time of the detec
tor electronics were not necessary. 

As we were not equipped to measure polarization, its po
tential effect on the reflectance measurements was consid
ered. Due to prior reflection by the monochromator grating, 
the light incident to the reflectance sample was linearly 
polarized to some degree along the grating grooves (S-polar-
ization). As the grating and sample were situated to reflect 
within the same plane, this induced polarization will increase 
the reflectance of the sample. Using previously published 
optical constants4,5 we find that a 100% linearly polarized 
beam onto the sample would enhance the reflectance by at 
most 5% absolute compared to unpolarized incident light. 
Since the grating is illuminated at a graze angle of 6°, which 
should result in only at most a 10% induced polarization, the 
effect on our measured sample reflectances should be small 
«1%). 

In Figs. 1-4, we present the reflection coefficients derived 
from this work. A quick glance at these plots reveals the 
expected general trend toward lower reflectances as the graze 
angle is increased or the wavelength shortened. However, an 
interesting deviation from this trend appears in all four 
coatings, being a reflectance peak extending from 100 to 160 
A and being most pronounced at large graze angles. The fact 
that the wavelength position of the peak does not shift as a 
function of graze angle disqualifies interference at the sub
strate boundary as the source of these bumps. Rather, they 
coincide with the absorption feature identified by Henke et 
al,2 as the 5p-εd transition in each of the four elements. A 
peak in the absorption coefficient of gold at 140 A has also 
been measured by Predehl et al,13 from transmission grating 
efficiencies. Such narrowband increase in reflectivity can be 
enhanced in multiple-bounce optical systems and be used to 
spectrally filter the incident light. A second notable point is 
that within the bump between 100 and 160 A the reflectance 
is fairly insensitive to the value of graze angles <4°. At these 
wavelengths, the measurement accuracy of 5-10% resulted in 
some anomalous data points in the comparative reflectance 
at 4 and 2°, as shown in Figs. 1, 3, and 4. 

Averages of the measured reflectance values over the en
tire region from 47 to 283 A revealed that rhodium has the 
highest overall reflectance of the four coatings measured 
following by osmium, gold, and platinum. The difference 
becomes more pronounced as the graze angle increases. For 
example, at 16°, rhodium outreflects gold by a factor of 1.3 on 
average. Gold and platinum are the most common overcoat
ings for gratings and mirrors used in the vacuum UV. Yet, 
from our measurements, significantly higher efficiencies are 
projected in the 50-300 A region if the optics are overcoated 
with rhodium or osmium. These trends are consistent with 
published data at longer wavelengths,1-3-4 where the reflec
tances reported here compare well within the region of over
lap (~150-280 A). However, at the shorter wavelengths, our 
reflectances are lower than expected. An independent set of 
measurements 14 on a rhodium flat at 114 A showed ~15% 
higher absolute reflectances than an average of our values at 
104 and 124 A. These higher reflectances are in agreement 
with those predicted by Henke et al,2 assuming a surface 
microroughness of 20 A. The independent measurements 
were also made at 170 A and resulted in reflectances of ~ 5 -
10% higher absolute than those reported here. 

The reflectance measurements of rhodium and osmium 
were repeated after several months had elapsed following the 
initial measurements plotted in Figs. 1 and 2. After six 
months, rhodium was remeasured at 2 and 4° graze angles 
and for wavelengths between 47 and 90.8 A. It showed a 
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Fig. 1 Measured reflectance of rhodium as a function of wavelength 
(46-283 A) and graze angle (2-16°). The measurement error is 

estimated to be ±10% relative. 

Fig. 3 Measured reflectance of platinum as a function of wave
length (46-283 A) and graze angle (2-16°). The measurement error 

is estimated to be ±10% relative. 

Fig. 2 Measured reflectance of osmium as a function of wavelength 
(46-283 A) and graze angle (2-16°). The measurement error is 

estimated to be ±10% relative. 

systematic decrease in reflectance by from 4 to 24% absolute. 
A typical value obtained was 8% lower than the original data 
plotted in Fig. 1. Measurements repeated after another 6 
months, however, showed little further change in reflec
tances. After 4 months osmium was remeasured at 2°and 
for wavelengths between 47 and 175.6 A. It showed a 5-16% 
decrease in reflectance. After another 2 months, the reflec
tance at 55.7 A had continued to degrade to 18% lower than 
the initial results. A similar degradation (14.5%) appeared 
in measurements made at 47 A. All the longer wavelength 
data (204-283 A) were obtained several months after the 
initial measurements in the shorter wavelength region (47-
175.6 A). We are currently repeating the reflectance mea
surements for gold and platinum to determine possible deg
radation. It is not known whether the degraded reflectances 
measured for rhodium and osmium as a function of time were 
due to intrinsic properties of the coating, the preparation 
and storage of the samples, or systematic changes in the 
reflectometer between measurements. These degradations 
were not clearly correlated with either the wavelength or 
graze angle. Due to the importance of such coatings for 
space instrumentation and synchrotron radiation, further 
investigation into this issue is imperative. 

We wish to acknowledge initiation of this project and its 
continued support at Acton Research Corp. by Bruce K. 
Flint and thank Robert Fancy at ARC for the design of the 

Fig. 4. Measured reflectance of gold as a function of wavelength 
(46-283 A) and graze angle (2-16°). The measurement error is 

estimated to be ±10% relative. 

system used to obtain these measurements. We also ac
knowledge helpful discussions with Anthony Hacker at 
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U.S. Department of Energy (contract DE-AC03-76SF00098) 
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