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In the more favorable laboratory configuration where the object, grating center and 
image are fixed in space, there are insufficient degrees of freedom availab1e to 
simultaneously correct for even the lowest order wavefront aberrations present in 
equations ( 1-5) through ( 1-8). When such a concave grating pure1y rotates about the y­
axis to change the wavelength diffracted to the image position, only the object distance, 
image distance and included angle (28 =a + �) may be chosen independently in an 
attempt to minimize the wavefront aberrations. At normal or near-normal angles of 
incidence, this does allow for high resolution. For example, in the Seya 
monochromator3 ,4 an angle of 28 = 70.5° and r = r' = R/1.2245 results in the removal of 
F20 along with its first and second derivatives with respect to wavelength at a wavelength
of zero. Figure 1-2a shows the defocusing, coma and astigmatic coma aberrations for a 
Seya monochromator having a 15 x 15 mm2 grating aperture (30 mrad x 30 mrad), 1/d = 
1200 grooves/mm and R = 500 mm. While the actual resolution may also be limited by 
slit widths, the geometrical aberrations allow for a spectral resolving power (Al!J.A) of 
order 10,000 over most of the indicated range. 

High resolution may also be obtained at two scanned wavelengths, for any 28, by 
forcing F20= 0 at the two corresponding pairs of (a,�). This requires the following 
choice for r and r': 

r JR = (cos202cos2a 1 - cos20
1cos2a

2
) I

[cos20z(cosa 1 + cos0 1) - cos20 1(cosa2 + cos02)]

(1-13) 

r'/R = ( cos20
2
cos2a 1 - cos20

1 cos2a2) I

[cos2 �
1
(cosa2 + cos02) - cos20z(cosa 1 + cos0 1 )] 

This solution is also shown in Figure 2a, using the same input parameters of grating size, 
groove density, radius and included angle. However, if the included angle increases 
towards grazing incidence (28 approaching n ), the defocusing rises abruptly between the 
two correction wavelengths. For example, with input parameters of 28 = 164°, R = 10 
meters, lid = 1500 grooves/mm and a 65 mm meridional grating aperture (approximately 
6 rnrad), Figure 1-2b reveals that the defocus aberration is 0.7 Angstroms at a wavelength 
of 150 Angstroms. This is a resolving power of only approximately 200, which is 
insufficient for high resolution spectroscopy of plasmas. The difference between a 
resolving power of 10,000 at normal incidence and 200 at grazing incidence dramatically 
illustrates the limitations of extending normal incidence techniques to grazing incidence. 

Of coarse, defocusing could be corrected by translating the grating along the hi sector 
of the included angle, analogous to the classical normal incidence Johnson-Onaka 
mounting3 ,5 ,6 . However, at grazing incidence such translation must be in a direction 
approximately normal to the incident and diffracted rays and hence causes a direct and 
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This is because grooves spaced equally on the chord of, for example, a concave spherical 
grating, are not equally-spaced along the varying slopes of the surface tangent. The ab­
initio use of such local variations in the spacing to determine the Rowland circle or other 
classical object and image locations begs the question: "Why not invert this procedure
and, starting with desirable o�ject and image locations, determine the required local 

groove spacings? 11 This results in simply an inverted grating equation27 :

d(w-) = m "-o I [ sinl3(w-) - sina(w-)] (2-1) 

where A-0 is any chosen value of a correction wavelength, and where the groove spacing 
and angles of incidence and diffraction vary across the grating aperture. In this equation, 
d is a function only of w-, hence the grooves are assumed to be straight and parallel. The 
spacings d vary continuously (groove-to-groove) across the meridional section in order 
to maintain adherence to the inverse grating equation and thus constructive interference 
at the image. This varied line-space (VLS) grating _technique allows the degree of 
freedom to select the focal length of the grating independent of the object distance. 

Consider a plane grating surface (R = infinity) positioned in the converging beam 
from the EUVE telescope, as illustrated in Figure 2-1. Such a position is necessary to 
obey the length constraint described above. Jn zero order, the grating acts as a plane 
mirror, diverting the telescope focus without aberration to the point denoted m=O. By 
force of equation (2-1 ), a]] first order rays of wavelength "-o illuminating the grating
along Jine AB are brought to a meridional (spectral) focus without aberration (Fio = 0 for 
all i). In addition, if the distance from this focus to the grating midpoint Pis set equal to 
the distance r0 from that midpoint to the virtual object produced by the telescope, then all 
rays "-o illuminating the central groove CD have the same path-length and therefore are 
also brought to this point focus. In this way, astigmatism and higher order astigmatism is 
also removed (Foj = 0 for all j). The only aberrations possible at "-o are mixed tenns Fij 
where neither i nor j equals 0. The magnitudes of these wavefront coefficients are 
obtained by expansion28 of the geometrically determined path-length distances per Sec.
1.3: 

F 12 = ( sin �o - sin a0) I ( 2 r/) 

F22 = 3 ( sin2 00 - sin2 a0) I ( 4 r0
3)

F15 = -3/(8ro4)

+ H.O.T.

(2-2) 

(2-3) 

(2-4)

Differentiating F to convert these wavefront aberrations into spectral aberrations using 
equation ( 1-11 ), we have for the dominant aberration of sagittal coma (F 1 2):
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Ji').., I ').., = ( 8 f 2) - l
l2 y 

(2-5) 

where fy is the sagittal beam speed as defined previously. Comparing the sagittal coma
aberrations of equations (2-5) for the VLS plane grating and equation (1-16) for the 
classical toroidal grating, one finds a reduction by the factor T.F. Given the previous 
example of fy = 100 now results in a spectral resolution of 1 part in 8 x 104, which is a
factor of 1640 improvement over the 1 part in 50 obtained with the toroidal grating! This 
is due to the converging beam geometry of the present design, in which removal of 
astigmatism is provided by the upstream (telescope) optic and hence the grooves are not 
curved. In the case of EUVE, the fast incident beam (fy = 6.24) results in an astigmatic
coma of 1/310 in wavelength, from the extreme comers of the grating. 

Using equation (1-10) to convert the limiting wavefront aberration to a sagittal 
image height, we have: 

(2-6) 

where fx is the incident meridional beam speed [fx = 1/(cosamin - cosamax) = 1/<l\]. 

Because of the plane surface, the reflected zero order image is at a distance from the 
grating equal to that of the telescope focus. As this results in equal focal lengths for the 
zero order image and the correction wavelength A0, it is intuitively obvious that the focal 
length cannot change significantly between or near these two constrained points. 
Therefore, the focal surface for highest spectral resolution (meridional focii) must be 
nearly perpendicular to the diffracted rays. This is desirable to provide high detection 
efficiency for devices such as the micro-channel plate, and to minimize the required 
detector aperture. The magnitude of the aberrations for wavelengths other than A0 have 

been determined through light-path function analysis28 and the precise functional fonn of 
the meridional focal surface has also been determined l l,37 [Sec. d) below]. The focal 
surface for minimum sagittal aberrations is clearly the circle of radius r0 centered on the 
grating pole and passing through both stigmatic correction points. The astigmatism is 
zero for all wavelengths imaged on this anastigmatic focal circle. 

The use of straight and parallel grooves greatly facilitates the manufacture of this 
VLS grating, allowing the use of mechanical ruling engines. In addition, the plane 
grating surface provides for the lowest possible scattering and most uniform groove 
profile across the aperture, as there are no slope changes which could result in 
undesirable variations to the groove depth and shape during ruling25 by a tool in fixed 
orientation. 
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c) Off-Plane Version (Fan Grating)

Consider placing the virtual object at non-zero values of y, that is out of the 
dispersion xz-plane of Figure 2-1. To produce a path-length difference between adjacent 
grooves, dispersion sti11 occurs only normal to the grooves, that is within the xz-plane. 
Furthermore, since there is no path-length difference and hence no dispersion in the 
direction along the length of a groove, there must be symmetry about this direction, 
resulting in the diffracted rays being dispersed onto the surface of a cone whose axis of 
symmetry is the diffracting groove. This three-dimensional case is therefore known as 
off-plane or conical diffraction, resulting in a generalized version of the grating 
equation29

:

m11)d = (sinf3 - sina) siny (2-7) 

where y is the complement of the off-plane angle, and therefore is measured relative to 
the grating surface tangent. The half-apex angle of the dispersion cone is thus equal toy, 
and the linear dispersion along the arc of this cone is obtained by simply differentiating 
equation (2-7) and multiplying by the focal length r': 

ds/dA = r' ( �f3 sin y) I �A = m r' I ( d cos f3) (2-8) 

To maintain focus across the grating aperture requires that this linear dispersion is 
constant. If we consider the central groove CD in Figure 2-1, then the angle of 
diffraction (0) must be unchanged, simplifying the focusing condition to imply a constant 
value of r'/d. This ratio is intuitively correct, as it represents a constant product of the 
lever arm distance and the angular dispersion on the cone. The variation in r' is almost 
linear with t: 

(2-9) 

One therefore imagines that it can be well balanced by a linear variation of d with t,

which has the geometry of straight grooves whjch fan-out from a ''ruling focus" as 
illustrated in Figure 2-2a. The groove spacing for such a fan grating21 can thus be 
written as: 

di d0 = 1 + e I ( r' 
0 

cos y 
O 

+ LlRF I cos y O )

29 

(2-10) 
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or near these two correction points. Both light-path function and raytrace calculations 
were perfonned to substantiate and analyze these effects in greater detai12s. 

d) Linear Dispersion Considerations

The above equations, based on the inverted grating equation and direct use of the
light-path function, have been confirmed through numerical raytracings on both the in-
plane and off-plane gratings27,28. Both of these two grating designs have plane 
surfaces, are situated in the converging beam (a virtual object), and provide a quasi­
stigmatic focal surface which is erect to the diffracted beam. Also common to both 
designs is that this is accomplished by a variation in the spacings of straight grooves 
(permitting mechanical ruling) across the grating surface in order that the focal length to 
the spectrum equals that to the aberration-free zero order image. However, the in-plane 
and off-plane versions of this VLS design class differ in two important respects. First, 
the grooves of the fan grating are not parallel, which makes it difficult to fabricate it 
accurately using existing ruling technology. Second, the off-plane geometry limits the 
net practical resolution attainable at the focal plane. 

To understand this second problem, one notes that the above design analysis 
considered only geometrical aberrations of the grating itself due to errors in the light-path 
function. However, the resolution is also limited by the dispersive power of the grating, 
necessary to separate the spectral images by more than the minimum size of the image. 
From equation (2-8), the dispersive resolution for both off-plane and in-plane gratings 
can be written as: 

LlActisp = m ( d cos f3 ) LlX I r' (2-16) 

where L.\11,disp is the additional contribution to L\'A, due to the finite Ji near dispersion of the

grating, and where L\x is the size of the image in the absence of geometrical aberrations. 
This minimum size is not infinitesimal, due both to the finite size of the object and due to 
the finite size of an exit slit or detector pixel. In the case of the in-plane grating, � is 
large (approaching 90° at grazing incidence), resulting in a dispersjon which is l/cos0 
higher than in the case of near nonnal incidence (0 - 0). In effect, the product (d cos f3) 
represents the smaller groove spacing apparent if viewed by the radiation diffracted from 
the grating. This is why in-plane grazing incidence soft x-ray !:,rratings do not require 
extraordinarily smaller groove spacings than normal incidence visible gratings. For 
example, a given density grating will provide the same dispersive resolving power (1../l::i.1..) 
at 6000 Angstroms in normal incidence and at 100 Angstroms at a I O graze angle ( cos 
89° - 1/60). Unfortunately, gratings which operate at normal incidence, or at small 
angles � projected onto the dispersion plane, do not gain this enormous compensating 
factor. Therefore, both transmission gratings and off-plane grazing incidence gratings 
(where 0olf-plane is small in accordance with the grating equation) require groove spacings 

a factor of cosf3in-plane smaller in order to proyjde the same dispersive resolution.
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A practical example is the case of EUVE, which employs micro-channel plate 
detectors having 100 micron pixels, and a telescope which has an angular resolution of 1 
arcminute ( due dominantly to assumed pointing errors on orbit). Thus, in the absence of 
grating-induced aberrations, the extremum width of the spectral image is: 

.1.x = .1.xdet + ( cos 0 I cos a) .1. -c T (2-17) 

where T is the effective focal length of the telescope (136 cm) and �:c is its image quality 
in radians. The factor in the parenthesis is obtained by differentiating the grating 
equation to determine the grating magnification in finite order. In the case of EUVE, the 
effect of L\"C = 1 arcminute was minimized by choice of a negative spectral order for 
which the grating de-magnifies it approximately a factor of 2 upon diffraction to the 
spectral focus. Thus, the net extremum value of L\x is approximately 0.1 mm+ 0.2 mm =

0.3 mm. 

To obtain a dispersive contribution less than 1/200 in wavelength at 100 Angstroms 
requires that Ll"-disp be less than 0.5 Angstroms. From equation (2-16), an in-plane

grating of focal length 485 mm with f3 = 73° then requires a groove spacing of 2800 
Angstroms, which is well within the range of ruling technology (3600 g/mm). 

However, an off-plane design exhibits cos J3 - cos a - 1, resulting in no de­
magnification of the incident beam size ( equation 2-17) and no decrease in the apparent 
groove spacings ( equation 2-16). The result is a requirement for a groove density which 
would be approximately 6 times higher, or 20,000 g/mm. This is the same as would be 
required of a normal incidence grating. Since the scatter of a grating scales as the square 
of the groove density, such an off-plane grating would exhibit a noise level 
approximately 36 times higher. In addition, it was and still is beyond the state of ruling 
technology to form accurately shaped (and thus efficient) grooves at such high density. 

For these reasons, the fan grating was discarded in favor of the in-plane VLS grating 
for use as the EUVE spectrometer design. 

c) Optical System Design

An exploded view of the EUVE spectrometer configuration30 is shown in Figure 2-
3 (also featured on the front cover of Applied Optics 15 June 1985 issue). A 40 cm 
diameter grazing incidence telescope of Wolter-Schwarzschild type II design collects the 
incident light. The primary and secondary mirrors are full surfaces of revolution of 
approximately conical sections. However, the primary deviates slightly from a 
paraboloid and the secondary from a hyperboloid, in order to provide the widest possible 
field-of-view. This occurs when the two-element mirror system is aplanatic, that is both 
lacks spherical aberration and obeys the Abbe sine condition (absent of field aberrations 
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(4-2) 

is the wavelength diffracted to this position at a rotation angle of zero wherein the 
grooves are normal to the dispersion plane. The wavelength '),.,

0 
is the minimum 

accessible wavelength in spectral order m. Since ex. and J3 are unchanged during rotation 
of the grating, the focal length and numerical aperture of the grating are also fixed in th is 
Surface Nonnal Monochromator, or SNR. 

Equations (4-1) and (4-2) can also be derived from application of the light-path 
function. Due to the rotation, the groove term N is now a function of both the meridional 
coordinate w- and the sagittal coordinate t:

(4-3) 

Thus, N
10 

= (I/do) cos 0 and N
01 

= ( lido) cos 0. From equations (1-1) and (1-4), the 

grating equation now reads: 

sincx - sin�+ rn\N 10 = sincx - sin�+ (m\/d0) cos0 = 0 (4-4) 

This is equation ( 4-1) and specifies a change in wavelength proportional to the inverse 
cosine of the rotation angle. This results in the desirable advantage of a slow change in 
wavelength through a large change in rotation angle. The solid line in Figure 4-2 is the 
required change in rotation angle per change in wavelenf:,rth for conventional rotation of a 
grating about an axis paral1el to its grooves. This is for a constant included angle of 
28=175.5° and a 750 g/mm grating, resulting in approximately 200 arcseconds per 
Angstrom. A resolving power of 1000 at 10 Angstroms therefore requires an accuracy in 
the rotation angle of 2 arcseconds. To put this tolerance in perspective, 2 arcseconds is 
only 1 part in 1800 of one tooth of a 360 tooth spur gear. Clearly, such accuracy requires 
extremely high precision gear trains combined with the leverage provided by long 
rotation arms. In contrast, the dashed curve in Figure 4-2 the required change in rotation 
angle per Angstrom using the surface normal rotation scan geometry. The huge 
leverage provided (factor of 10-100 looser than conventional rotation) is appreciated 
from the cosine dependence in equation (4-1) resulting in a factor of 2 change in 
wavelength upon a 60° rotation angle. 

The presence of a non-zero N01 term results in a shift of the image out of the plane

of incidence. From equations (1-1) and (1-10), the shift of the principal ray is 

y' = r' 8F/8f = r' m\ 8N/8f = r' (m\/d
0

) sine = r' (m\
0
/d

0
) tan E> (4-5) 
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Errata	

1. On	page	14,	the	last	line	of	Equation	(1-13):

𝑐𝑜𝑠!𝛽! 𝑐𝑜𝑠𝛼! + 𝑐𝑜𝑠𝛽! − 𝑐𝑜𝑠!𝛽! 𝑐𝑜𝑠𝛼! + 𝑐𝑜𝑠𝛽!

should	be	replaced	with:	

𝑐𝑜𝑠!𝛼! 𝑐𝑜𝑠𝛼! + 𝑐𝑜𝑠𝛽! − 𝑐𝑜𝑠!𝛼! 𝑐𝑜𝑠𝛼! + 𝑐𝑜𝑠𝛽!

2. On	page	26,	the	left-hand	side	of	Equation	(2-4):

3. On	page	28,	in	the	first	full	paragraph	following	Equation	(2-6):

[Sec.	d)	below]	

should	be	replaced	with:	

[Sec.	e)	below]	

4. On	page	29,	the	section	heading:

c) Off-Plane	Version	(Fan	Grating)

should	be	replaced	with:	

b) Off-Plane	Version	(Fan	Grating)

F!" = −3/(8 r!!)	

should	be	replaced	with:	

F!" = −3(sin𝛽! − sin𝛼!)/(8 r!!)	



5. On	page	32,	the	section	heading:

d) Linear	Dispersion	Considerations

should	be	replaced	with:	

c) Linear	Dispersion	Considerations

6. On	page	33,	the	section	heading:

c) Optical	System	Design

should	be	replaced	with:	

d) Optical	System	Design

7. On	page	129,	in	the	line	following	Equation	(4-3):

N!" = (1/d!) cos Θ	

should	be	replaced	with:	

N!" = (1/d!) sin Θ	




