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Mechanically ruled aberration-corrected gratings have 

been proposed for a variety of spectrographs.1-5 At grazing 
incidence, the improvements in imaging which can be realized 
in this manner are substantial,3-5 allowing for the first time 
high-resolution spectroscopic studies in the extreme UV and 
soft x ray. In addition, varied groove spacings offer advan
tageous spectral noise characteristics. Energy scattered from 
periodic ruling errors should be distributed throughout the 
dispersion plane rather than concentrated into false spectral 
images (e.g., ghosts). 

We present the first extreme UV measurements of a grating 
which has been mechanically ruled with smooth variations in 
the grating constant. The grating was supplied by Hitachi, 
Ltd. and was designed for a flat-field spectrometer covering 
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Fig. 1. Schematic diagram of test apparatus. Double arrows signify 
mechanical adjustments. 

Table I. Absolute Efficiency vs Wavelength 

Fig. 2. Measured absolute grating efficiency at λ = 256 Å as a 
function of incident angle measured from grating tangent. Error bars 
arise predominantly from uncertainties in background removal: (a) 

zero order; (b) first order. 

the 50-300-A region. The imaging properties of that in
strument are described by Kita et al. 6 The nominal grating 
line spacing is 1200 lines/mm and varies from 1015 to 1449 
lines/mm across a 50-mm ruled width. The grooves are 30 
mm long and blazed at an angle of 3.2°. Measurements were 
made using a gold replica having a spherical surface of 
5649-mm radius. 

A schematic of the testing apparatus is shown in Fig. 1. 
Lines in the extreme UV were generated with a hollow cathode 
gas discharge lamp7 (256, 304, 584, 1216 Å) and a Henke tube8 

(68, 170 Å). The light entered a McPherson 2.2 -m mono-
chromator, exiting with an ƒ ratio of ~40. This beam was 
aperture-stopped by a pinhole or slit, which fed the grating 
with a highly collimated beam (ƒ > 700). The grating and 
detector were mounted on concentric turntables placed on a 
manipulator which provided motion perpendicular to the 
incident beam. The grating was mounted approximately 
in-focus as described by Kita,6 237 mm from the entrance 
pinhole. Typically, the inside first spectral order was used, 
requiring the grating blaze angle to trail in the direction of the 
incident beam. The detector could be rotated within the 
dispersion plane at a distance of 235 mm from the grating 
center. A microchannel plate detector was used providing 
photon-counting and 2-D imaging. The detector pores were 
biased 20° from the normal of the beam to minimize the 
variation of detector efficiency due to the incident angle. 

The intensity of the incident beam was monitored by direct 
illumination of the detector. To obtain the absolute grating 
efficiency, the grating was translated into the beam, and the 
detector was rotated into the diffracted order of interest. To 
minimize the effect of spatial variations in detector efficiency, 
the image intensity was always measured at the same location 
on the microchannel plate. Spectral impurities from the 
monochromator were removed by subtraction of off-line 
counts. Closing the monochromator exit slit also allowed 
independent monitoring of the detector background, which 
was found to be small (~8 counts/sec across the detector active 

area of 25 X 25 mm). Count rates for the beams were in the 
1000-15,000-count/sec range, the highest rates requiring 
electronic dead-time corrections of ~25%. 

Table I reports the results for absolute grating efficiency 
vs wavelength measured at 68, 170, 256, 304, 584, and 1216 Å. 
The angle of incidence was 87°, for which the theoretical 
first-order efficiency at the grating center peaks at a blaze 
wavelength of 100 A. The reflection graze angle relative to 
the grating facets is 6.2°, for which the reflectance of the gold 
surface is estimated to be 65%. The groove shadowing is 
significant in this mounting; geometrical calculations9 suggest 
30% groove efficiency near the blaze. Thus the predicted 
absolute grating efficiency in first order is 20%. The mea
surements reveal a 12% absolute efficiency at 170 Å and a very 
broad blaze function which extends over several hundred 
angstroms with usable efficiency. Thus, at 170 Å, in excess 
of 60% of the theoretical efficiency has been recovered. The 
lower efficiency at 68 Å is attributed to both the lower re
flectance and the rapid decline expected in the blaze function 
shortward of 100 A. The measured zero-order efficiency 
shows the expected decrease toward the shorter wavelengths. 
Near the blaze, ~75% of the reflected light goes into zero order, 
as expected on the basis of groove shadowing. 

Figure 2 shows the results of 256-Å measurements at dif
ferent angles of incidence. This was done to more accurately 
constrain the blaze function. A 330-μm pinhole was used to 
keep the grating underilluminated at the lowest graze angles 
of incidence (1°). At these shallow angles, the first-order 
efficiency is attenuated by groove shadowing, which is found 
to result in a significant zero-order intensity. The graze angle 
of incidence for which λ256 Å is formally blazed is 12.75°; thus 
the efficiency rises toward these steeper graze angles. How
ever, prior to the blaze the reflectance begins to dominate and 
causes a turnover at 10°. At this angle, the blaze wavelength 
is 212 Å, and the blaze efficiency is estimated9 to be 27%, in
cluding a reflectance of 45% at the facet graze angle of 13.2°. 
The measured efficiency of 19% at 256 Å represents 70% of the 
theoretical efficiency in first order. 

Efficiency measurements were also made as a function of 



Fig. 3. Image profiles at λ = 304 Å in the dispersion direction. 
Resolvable detector bins are 0.1 mm: (a) in the vicinity of first order, 
(b) in the vicinity of zero order, (c) image of entrance slit (220-μm 

width). 
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position across the ruled width at 256 Å and a 87° incident 
angle. The spot sizes were ~6 mm in the ruling direction. 
Smooth monotonic changes were measured in both the first-
order (8.5-11.6%) and zero-order (59.8-52.8%) efficiencies 
across 40 mm, wherein the line density varied from ~1400 to 
1050 lines/mm. These variations are attributed to the ex
pected shift in the blaze wavelength toward 256 Å as the line 
density decreases. Shifts in the blaze wavelength due to 
curvature of the grating surface were calculated and found to 
be negligible. However, the effects of grating groove profile 
on these measurements cannot easily be deconvolved. Such 
effects could arise from groove imperfections, which become 
more important at the higher line densities, and wear in the 
diamond tool during the ruling process. 

Scattering measurements were performed via computer 
acquisition of the diffracted image profiles. No dead-time 
corrections were applied, as these would be uniform from pixel 
to pixel and thereby not change the relative efficiency scale. 
An entrance slit of 220-μm width spread over a 6% variation 
in-line spacing on the grating. Figure 3 shows histograms of 
the results for 304 Å, plotted for each detector pixel (100 μm) 
along the dispersion direction. In first order, each pixel 
represents ~1 Å. Due predominantly to the finite entrance 
slit width, the 304-Å first-order image shows a FWHM reso
lution of ~5 Å. NO ghost images were detected above the 
background of scattered light. At a detector pixel 50 Å from 
the first-order 304-Å image, this measurement limit was 5 ~ 
10-5 of the parent line intensity. The absence of ghosts was 
also evident in a visible laser light (6328 Å), which also re
vealed a large decrease in the level of focused stray light in 
comparison to conventionally ruled gratings of the same line 
density. 

Figure 3(a) also shows the level of focused stray light in the 
extreme UV to be very small. At a detector pixel which lies 
50 Å away from the diffracted position for first-order 304 Å, 
the stray light is measured to be ~ 1 0 - 5 / Å of the parent line. 
Similar profiles were obtained using first-order 256-Å light. 
Figure 3(c) shows an image of the direct 304-Å beam revealing 
diffraction from the entrance slit. As the concave grating is 
used approximately in-focus, slit diffraction should not 
broaden images off the grating. However, a similar image 
profile at the detector is expected to result from diffraction 
at the grating aperture. Although a direct comparison to Fig. 
3(a) cannot be made, the comparatively broad wings of the 
first-order profile indicate the presence of stray light from the 
grating. Similar broad wings for the zero-order profile [Fig. 
3(b)], which is strictly independent of groove locations, suggest 
a contribution from groove surface irregularities. 

These measurements compare well with the best previous 
measurement at λl236 Å for a 313-line/mm ruled grating,10 

where a similar level of stray light was measured. The very 
low level of stray light for our 1200-line/mm ruled grating at 
λ304 Å is attributed to the optical-mechanical system which 
was used to control fine incremental variations (0.2 Å) in the 
groove spacings.6 The use of a specially designed cylindrical 
tool guide also was responsible for the absence of concentric 
irregularities on the concave ruled surface and their contri
bution to scattered light. Compared to conventional ruling 
engines, whose noise level is of the order of 30 Å, random errors 
in the line spacings should be significantly smaller. As such 
errors are believed to be largely responsible for the level of 
focused stray light, one expects a corresponding reduction in 
the level of stray light from gratings ruled in such a manner. 
The amplitude of periodic errors in the groove spacings should 
also decrease and assist in the attenuation of ghost intensi
ties. 

Moreover, the peak intensity of ghosts in an actual spec
troscopic mount, where a large section of the ruled width is 
illuminated, should be even smaller. Consider the mth order 
Rowland ghost of a parent line. Its position is given by the 
simple formula 

where d is the line spacing and P is the period of the screw/ 
bearing mechanism assumed to introduce a harmonic varia
tion in the line spacing. For a 50% variation in line spacing 
d across the grating, the width of these ghosts should spread 
over half of the spectral distance to the parent line (2Δλghost 
~ λghost ~ λparent). Thus Constructive interference is pre
vented, and any such ghosts should blend into the general 
background of stray light. 
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