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A class of fixed-slit monochromator that scans wavelength 
over a broad region using a grazing-incidence diffraction 
grating that rotates about its surface normal is described. 
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Grating rotation was previously used for selecting wave-
length only when the rotation axis lay within the surface of 
the grating.1-8 In classical diffraction this axis is also 
parallel to the grooves, and the rotation alters the image 
distance of any focusing grating because of the change in 
the angles of incidence and diffraction. This effect is most 
pronounced at the grazing angles of incidence that are 
necessary for broadband reflectance in the soft x ray. 
Even with the use of varied groove spacings9-11 to overcome 
this effect, gratings rotated about their grooves cause a 
wavelength-dependent change in the numerical aperture, 
which results in a nonideal illumination of targets to which 
the diffraction radiation is directed. In the past a constant 
numerical aperture required an effective slit movement 
along the Rowland circle12 or approximations thereto.13 

As an alternative, consider a rotation of a diffraction 
grating about an axis normal to its surface, as depicted in 
Fig. 1 (a). The grooves are illustrated to be initially normal 
to the incident principal ray. If the grating is now rotated 
by an angle θ, the incident rays view a groove spacing that 
has increased by 1/cos θ. When fixed slits are used, the 
scanned wavelength is to a good approximation given by 

with fixed angles of incidence α and diffraction ß, where 

is the minimum accessible wavelength in spectral order m. 
Remarkably this simple scan motion has not hitherto 

been proposed. At near normal incidence such a grating 
rotation would admittedly result in a large deflection of the 
diffracted radiation along the length of the slit and a 
blurred image on a fixed image plane. However, in the 
limits of grazing incidence, these effects are found to vanish 
unexpectedly. In this case the optical aberration can be 
derived simply by reference to Fig. 1(b). If the incident 
radiation diverges (or converges) by an angle φ in the 
(sagittal) y direction, the extremum rays will view slightly 
different spacings at a nonzero value of 0. For grooves 

that are straight and parallel, this results in a wavelength 
aberration, 

diffracted through an infinitesimal width slit that is ori
ented parallel to the grating surface. For example, con
sider φ = 1 mrad. Over an octave in wavelength, Eq. (1) 
specifies a maximum rotation angle of θ = 60°, for which 
Eq. (3) results in an aberration of only ~ 1/600. 

A second effect of the proposed grating rotation is that 
the image will be deflected by an amount y along the length 
of the slit: 

where r' is the focal length of the grating. For a groove 
spacing of 1/500 mm and a minimum wavelength of 1 nm, 
this deflection is y/r' = 0.88 mrad at a rotation angle of 60°. 
As Eq. (4) indicates, the magnitude of this deflection scales 
with the ratio of wavelength-to-groove spacing, which 
becomes exceedingly small in the limit of grazing incidence. 

Another property of the rotation is that the effective 
groove spacing, namely, that viewed by the incident radia
tion, increases in exact linear proportion to the selected 
wavelength as given by Eq. (1). First, this results in a 
constant resolving power (λ/∆λ) for set slit widths. 
Second, there is no maximum (horizon) wavelength that is 
analogous to the classical rotation limit. The increased 
groove spacing maintains the blazed wavelength λB near 
the selected wavelength λ. Geometrically one finds that in 
surface normal rotation, 

in classical rotation, 

where δ0 is the blaze angle of the assumed triangular 
grooves, and γ0 is the grazing angle relative to the groove 
facets at λ0 where λB = λ. Figure 2 compares the two cases 
for δ0/γ0 = 1/3. In addition the new scheme rotates the 
groove facets out of the highly shadowed condition endemic 
to the classical method, resulting in further increases in 
relative efficiency. According to theory14 the relative dif
fraction efficiency εB at the blazed wavelengths given above 
equals the fraction of the groove that is unshadowed. For 
the two cases in surface normal rotation, 

in classical rotation, 

For example, as plotted in Fig. 2, for δ0/γ0 = 1/3 classical 
rotation results in complete shadowing at a horizon wave-
length equal to three times the blazed wavelength. In 
contrast, rotation about the surface normal decreases the 
shadowing to zero as the rotation approaches θ = 90°. 
While it is not maintained on blaze through the scan, it is 
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Fig. 1. Geometry of a simple surface normal rotation (SNR) 
fixed-slit grating monochromator. (a) Three-dimensional perspec
tive where the grating is oriented to diffract the minimum wave-
length through the exit slit. (b) Top view of the rotated grooves 
showing the groove spacings projected upon the sagittal incident 
rays, resulting in a limit to the spectral resolution. The same 
rotation scan technique may be used to construct other optical 
systems including plane grating designs, those employing auxiliary 
mirrors, and those where the slit(s) may move. 

clear that the new scheme will exhibit a broad diffraction 
efficiency curve. 

To test the above theories, a soft-x-ray vacuum monochro
mator has been constructed. It consists of a slitless laser-
produced plasma source, a selectable series of knife-edge 
sagittal apertures, a palladium-coated concave grating with 
a 20-m radius of curvature and a ruled area of 32 mm × 32 
mm, and a selectable series of exit slits. The instrument 
length from source to exit slit is r + r', ~ 1.5 m, the angular 
separation between the diffracted and incident rays is ~ 4°, 
and the minimum wavelength is ~1.04 nm. While the 
new scan technique is not specific to any particular focusing 
condition, the source and exit slits were located approxi
mately on the grating Rowland circle. A silicon photodiode 
detector (10 mm × 10 mm) was placed at the output end of 
the exit slit to monitor the transmitted current as a 
function of the grating scan angle driven by a microstepped 
motor residing outside of the vacuum. The rotation angle 
values were then converted to absolute wavelength by use 
of Eq. (1) and one known line in the spectrum. 

Figure 3 presents spectra of various laser targets (alumi
num, brass, and stainless steel) taken by the new SNR 
monochromator. It shows numerous lines and continua 
extending from the minimum wavelength (~ 1 nm) to ~ 20 
times this value. However, as predicted, the spectral 
aberration increases at long wavelengths because of the 
large rotation angle combined with a sagittal aperture of 2 
mrad. 

According to theory high resolution can be obtained by 
reducing the sagittal aperture. In Fig. 4 a spectrum of the 
stainless-steel target was obtained with a sagittal baffle of 1 
mrad. Equation (3) determines the fractional optical aber
ration to be 1/730 at 1.7 nm, 1/250 at 4.1 nm, 1/140 at 7.1 
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Fig. 2. Geometrical calculations of the blazed wavelength and relative diffraction efficiency at that wavelength. The horizontal axis is the 
selected wavelength (divided by the minimum wavelength) emerging from the exit slit. The blazed wavelength values are normalized to 
the value of the selected wavelength. 



Fig. 3. Survey spectra of various laser-produced plasmas obtained when a 2-mrad sagittal aperture and a 50-μm exit slit are used. The 
slit width limits the resolution at short wavelengths, and the image tilt limits the resolution at the long wavelengths. The falloff in 
throughput at the long wavelengths is believed to be at least partly a result of the diffracted rays' being deflected off the edge of the silicon 
photodiode detector. 

nm, and 1/66 at 15.8 nm. When the blur of ~1/360 
caused by the exit slit width (20 μm) and comparable source 
size is added, the resulting predicted net aberrations of 
1/290 at 1.7 nm, 185 at 4.1 nm, 117 at 7.1 nm, and 1/60 at 
15.8 nm are in good agreement with the measured line-
width values of 1/335 at 1.7 nm, 1/149 at 4.1 nm, 1/118 at 
7.1 nm, and 1/66 at 15.8 nm. The effect of sagittal 
aberration can be entirely eliminated, and the resolution is 
limited only by slit widths, if a mirror preceding the grating 
is used to collimate incident radiation in the sagittal 
direction [φ = 0 in Eq. (3)]. 

Another method of removing the optical aberration is to 
tilt the exit slit as a function of wavelength. From Fig. 
1(b) it is clear that the aberrant dispersion varies linearly 
along the length of the grooves, resulting in an image that, 
although tilted relative to the grating surface, remains 
narrow. From Eq. (3) the required slit tilt is 

For example, in the prototype monochromator the image 
tilt is ~ б° at 15.8 nm, where the rotation angle θ is ~ 86°. 
When the sagittal aperture φ is set to 4 mrad, a slit that is 
parallel to the grating surface results in an optical aberra
tion of 0.95 nm as confirmed by the measured result inset of 
Fig. 4. Manually tilting the exit slit by 6° to match the 
image tilt canceled this aberration, and a spectral resolu
tion of 0.15 nm limited by the exit slit width of 50 μm is 
measured. It is also clear that the grating could be tilted 
with the slit(s) fixed in orientation to achieve similar 
correction. A SNR monochromator whose slit(s) or grat
ing additionally rotates in this sense can be forced in 
continuous focus as the grating is simultaneously rotated 
about its surface normal to scan the wavelength. Yet 
another method that can be used to reduce the image tilt, 
without resorting to rotating slits, is to curve the grating 
grooves toward the source of diverging radiation. This 
decreases the variation in effective spacings seen along the 
length of the straight grooves illustrated in Fig. 1(b). 
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Fig. 4. Higher-resolution spectrum of a type 303 stainless-steel target obtained by using a sagittal aperture of 1 mrad and an exit-slit width 
of 20 μm. The heavy curve in the inset shows the degradation caused by an increased (4-mrad) sagittal aperture. The light curve in the 
inset shows a factor-of-6 improvement obtained by tilting the exit slit for optimum performance at a wavelength of 15.8 nm. 

Calculations reveal a factor-of-4 decrease in the maximum 
amount of image tilt that is possible over a factor of 4 in 
scanned wavelength. 

While in the prototype SNR monochromator the grating 
rotation is driven by a worm gear, a linear wavelength 
mechanism is also simple to construct. Consider a ball-
ended bar that is parallel to a plane pusher plate when the 
grating rotation angle θ = 90°. Then the linear travel x of 
the pusher divided by the pivot length L of the bar is equal 
to cos θ. Thus, to within the accuracy of Eq. (1), this 
cosine bar is complementary to the well-known sine bar of 
classically rotated gratings, but now results in linearity 
with the frequency of the photon emerging from the exit 
slit: 

Another useful property of rotation about the grating 
surface normal is that the zero-order image is fixed in 
position throughout the scan. A slit placed at this location 
can be used to transmit the longer-wavelength radiation 
not efficiently diffracted by the grating. The emerging 
energy can be fed into a monitor or even to a series network 
of monochromators. 

Because of the simple rotation scheme and mechanisms, 
the SNR monochromator is ideal for use in high and 

ultrahigh vacuum. Hettrick Scientific, Inc., holds the 
license for the manufacture, sale, and use of such devices. 
A patent is pending on spectroscopic instruments based on 
the general technique of surface normal grating rotation, 
one example of which was described in this Technical Note. 
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