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Abstract

Three new classes of reflection grating spectrometer invented by the author are
reviewed. The optical designs were devised for use at grazing incidence and have the
following features in common: 1) a stationary ("fixed") entrance slit, 2) a fixed exit slit or
normal incidence focal surface, 3) spectral images absent of low order aberrations, 4)
only simple surface shapes (plane or sphere), 5) scanning motion(s) of only a single optic
and 6) a small number of optical surfaces. These capabilities are crucial for soft x-ray
and extreme ultraviolet spectroscopy in astrophysics, in the diagnostics of inertially and
magnetically confined plasmas and in the study of material properties such as in surface
science and optical component characterization. The geometrical insight which led to
cach design is presented and the detailed optical properties are derived from first
principles and further verified using numerical raytracing computations. Experimental
results are reported to demonstrate the practical viability and significance of each
spectrometer design in several fields of scientific research.

The first design class consists of a plane (or ultra-large radius) grating surface
having groove spacings which vary continuously across its width and operating in
converging light (a virtual object). This varied line-space (or "VLS") plane grating
design originated from the constraints imposed by an extreme ultraviolet space
astronomy satellite, in which a high efficiency, slitless and stigmatic spectrum was
required onto a small normal incidence detector within a short physical envelope. This
mission (EUVE) was successfully deployed by NASA and provided the first high
resolution (A/AA ~ 300) spectra of extra-solar objects in the 70-760 Angstrom region
using three grating channels in the spectrograph. A high resolution array of such plane
gratings is now under construction for use on a future soft x-ray astronomy mission
(XMM).

[mprovements to this basic plane VLS grating design resulted in a versatile
laboratory instrument. The High Resolution Erect Field Spectrometer (HIREFS)
provides for the scan of wavelength between fixed slits by a pure rotation of the grating,
without compromise of spectral or spatial resolution. The author designed, built and
calibrated fifteen such systems operating from ~ 6 Angstroms to ~ 1500 Angstroms.
These spectrographs and monochromators are currently in use at ~ 10 laboratories
worldwide in a variety of applications. These include diagnosis of z-pinch plasmas,
extreme ultraviolet lasers and femtosecond laser-produced gas harmonics, long beam
calibration of astronomical telescopes, multilayer optics characterization, non-linear
material interactions, soft x-ray CCD development and x-ray atomic fine structure
(XAFS). Using 10 micron slits, spectral resolving powers of 1,500 to 35,000 (depending
upon the grating focal length) have been obtained combined with stigmatic image spatial
resolutions of approximately 5 arcseconds in the non-dispersive direction.  Soft x-ray
efficiencies of ~ 5-10% are obtained for the imaging spectrometer comprised of three



reflections. Due to the plane grating surface and the minimal amount of variation in the
groove spacing, the uniformity of intensity is good in the meridional direction of the
output aperture.

A second class of spectrometer was conceived to enable higher throughput primarily
as a monochromator. The In-Focus Monochromator (IFM) is comprised of a self-
focusing VLS grating and fixed entrance and exit slits. To scan wavelength the grating is
rotated, and the resulting aberrations are corrected by a small translation along its
surface. Due to the varied spacing, such translation results in a change to the groove
density and all its derivatives at the fixed optical axis. This provides enough degrees of
freedom to entirely remove first order defocusing, make second order aberrations
negligible and minimize spherical aberration. In this way, a single optical element
provides in-focus spectral images at all wavelengths scanned between stationary slits.
This combination of desirable properties in the IFM is possessed by no other grazing
incidence monochromator. The fundamental novelty of this new condition of grating
focusing may be appreciated from the fact that the surface translation would have no
such effect in the case of a classical (equally-spaced) grating.

The author designed a compact model of the IFM and has built and calibrated six
such systems now in use for CCD characterization, optics and detector calibration, laser-
plasma diagnostics and photo-electron spectroscopy. Using 10 micron slits, resolving
powers of ~ 500 are obtained in the 6-400 Angstrom region at a typical absolute
efficiency of 25%. One of these six IFM systems was a stigmatic version which delivers
high brightness point-like monochromatic images to a target surface in ultra-high
vacuum. The system has a solid collection angle of 30 mrad x 3.4 mrad and provides
maximum reflection efficiency in the extreme ultraviolet by use of rhodium coatings on
the mirror surfaces.

In addition to the applications reported here, synchrotron radiation facilities have
also built the above types of monochromator using the author's published inventions of a
plane varied-space grating in a converging beam or a rotating and translating self-
focusing varied-space grating.  These facilities have variously renamed these
monochromators (e.g. "VLS Monk-Gillieson", "HERMON", etc.).

The third class of spectrometer was motivated by the desire for a high energy
grating monochromator which maintains a fixed aperture output beam over a broad range
in scanned wavelength and does not require high accuracy for the mechanism which

scans wavelength. When operated at a small graze angle (e.g. 1°), conventional rotation
of a reflection grating about its central groove results in a diffracted wavelength which is
very sensitive to the angle of rotation. Such rotation also produces a large change in the
numerical aperture of the diffracted beam as a function of wavelength and a defocusing
of the image. However, if a grating is rotated about its surface normal, then the beam
geometry and focusing conditions remain essentially unchanged at grazing incidence,
while the incident photon views an effectively increased groove spacing. The Surface
Normal Rotation (SNR) monochromator enables, for example, the use of a simple



concave grating with equidistant grooves operating on the Rowland circle. The surface
normal rotation geometry also provides for a broader curve of diffraction efficiency and
thus a wider range in wavelength which can be efficiently covered by a single grating.
In addition, the accuracy required of the rotation scan is extremely low, due to the cosine
dependence of the wavelength upon the rotation angle. Finally, the use of equally-spaced
grooves and a single optical surface minimize the variation of efficiency across the
diffracted output aperture.

Theoretical calculations and soft x-ray experimental results are presented for two
single-element versions of the SNR monochromator designed for application to the
testing of astronomical telescopes (ASTRO-D and XMM). The first of these reports the
highest photon energy (4 keV) yet obtained for a reflection grating. The second design
maintains a resolving power of approximately 1,000 over the soft x-ray region from 10 to
50 Angstroms, by providing a tilt rotation of the grating simultaneous with the surface
normal rotation. It is interesting to note that the SNR technique exhibits the
unconventional property that the performance improves as the graze angle is reduced.
Being the only known case in the history of gratings where the optical aberrations are
smaller at grazing incidence than at normal incidence clearly illustrates that such a
geometrical solution would not have evolved from the usual method of revising classical
designs.

Recently there has been a growth in the use of increasingly sophisticated and
immovable sources of soft x-ray radiation, including magnetically confined fusion
plasmas, inertially confined plasmas driven by lasers or other pulsed sources and charged
particle accelerators. This has been accompanied by the development of new and
essentially immovable soft x-ray detectors such as streak cameras, charge-coupled
devices (CCDs) and x-ray calorimeters. Adaptations of the classical Rowland circle and
plane grating geometries are found inadequate to couple efficiently to such sources and
detectors. Future advances in short wavelength spectroscopy must be made with equally
advanced spectrometer geometries which employ stationary slits yet maintain high
spectral and spatial resolutions.

The high efficiency resulting from use of a minimum number of grazing incidence
reflections, the high spectral resolution provided by varied groove spacings and novel yet
simple scanning motions of accurate plane or spherical optical surfaces, and the high
spatial resolution enabled by stigmatic geometries, make the spectrometer systems
presented in this work useful in many fields of current research. Of particular interest is
the application of such new geometries to the study of the spatial and temporal
inhomogeneities in plasmas. A varied line-space monochromator can provide high
spectral resolution and two-dimensional spatial imaging of extended plasmas at high
throughput by use of only two optical elements.
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1. Introduction

1.1 Short Wavelength Spectroscopy

Spectroscopy is the most powerful diagnostic tool available to understand the
physics of matter at high temperature. Plasmas exhibit spectral features characteristic of
the constituent elements, densities, temperatures, dynamics and fields present. In
astrophysics, spectroscopy has long been a crucial technique of observation. From the
first Fraunhofer lines seen in the Solar spectrum to the emission lines of stellar coronae,
the absorption edges of the interstellar medium, the x-ray continua of active galactic
nuclel and accreting binary systems, the extreme ultraviolet continua of hot white dwarf
stars, and the Doppler shifts of distant galaxies, astronomers have gained fundamental
insight into the structure and evolution of stars, galaxies and even the universe at large.

Plasma conditions such as exist in the cores of stars are now being recreated in the

laboratory. Short pulse laser-produced plasmas and magnetically confined plasmas
reach ionization temperatures of several keV, resulting in the emission of light at short
wavelengths. For example, the soft x-ray region from 0.1 keV to 2 keV in photon energy
contains the K-shell transitions of B, C, N, O, F, Ne, Na, Mg, Al, Si, and P and the L-
shell transitions of Cl, A, Ti, Ca, Cr, Ni, Fe and other metals. The extreme ultraviolet
region from 10 eV to 100 eV additionally contains the important K-shell transitions of H,
He, Li and Be as well as multiple ionization stages of all elements. Diagnosis and control
of these man-made plasmas will require the use of spectrometers designed to operate
from the vacuum ultraviolet to the x-ray.

Much of this instrumentation was originally developed for astronomical
observations aboard sounding rockets and satellites. For example, solid state detectors,
gas proportional counters and charge-coupled devices (CCDs) provide inherent spectral
resolution due to the production of electrons in numbers proportional to the incident
photon energy. However, the highest resolution available with these devices is
approximately 50 eV for a CCD. State of the art development of calorimeter detectors
has recently produced approximately 10 eV resolution, with improvement possible in the
future. However, spectral resolutions of less than 1 eV are needed to unambiguously
identify the physically distinct species and conditions present in laboratory plasmas.
Such high resolutions can be obtained only by dispersive spectrometers.

1.2 Dispersive Spectroscopy Instrumentation

Dispersion operates on the principle of division and recombination of an incident
wave. The recombination results from constructive interference between the divided



components, and therefore occurs at a wavelength-dependent (dispersed) angle from the
optical surface. A crystal, whether natural or man-made ("multilayer") divides the
amplitude of the incident wave through reflection of only a small fraction of the intensity
at each crystal plane. The resulting Bragg condition for constructive interference allows
only a single wavelength to emerge, at a diffracted angle equal to the angle of incidence.
In contrast a diffraction grating divides the wavefront among the grooves on its surface.
The emerging angle of diffraction changes continuously as a function of wavelength to
maintain constructive interference (a path length change of one wavelength for light
divided between adjacent grooves) and therefore can produce a simultaneous spectrum.
In short, a grating multiplexes and a crystal does not.

The earliest diffraction gratings divided the incident wavefront by simple absorption
and transmission in periodic intervals. Such amplitude transmission gratings are still in
use when high efficiency is not needed. Modern transmission gratings may eliminate the
absorption by providing a continuous change of transmitted phase through "blazing" or
shaping of the groove form. This can provide high diffraction efficiency, but is limited in
use to those wavelengths at which suitably transmitting and refractive optical materials
are available.

Reflection gratings consist of grooves formed as surface modulations coated with a
material which is highly reflective to the wavelength of interest.  The groove shape
determines the distribution of energy among the diffracted wavelength spectrum. An
additional capability of reflection gratings is optical focusing provided by the curvature
of the optical surface. Rowland was the first to exploit this degree of freedom, in the

invention of a concave grating spectrometer requiring only this single reflection!.

In the text which follows, the term "spectrometer" or "spectroscopic instrument"
refers to any instrument capable of discriminating wavelength. The more specific term
"monochromator” refers to a spectrometer in which only a narrow spectral band of
radiation passes through an exit slit, and the term "spectrograph" refers to a spectrometer
which produces a simultaneous spectrum upon a spatially 1maging detector.

To understand the properties and limitations of various design geometries using
gratings, a discussion of the general conditions for image formation in diffractive optical
systems is presented.

1.3 The Light Path Function for Diffraction Gratings

The focusing property of gratings is understood on the basis of the phase path-
length, F, traversed by rays impinging different regions of the grating aperture G:

F=L+mNAaA (1-1)
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where L is the physical path length, m is an integer, N is the groove number and A is the
wavelength of the radiation. As illustrated in Figure 1-1, L = <0G >+ <Gl > is a
function of the object and image positions, O(x,y,z) and I(xy'z) respectively, and the
coordinates on the grating surface G(w [l u).

Fermat's principle of least time states that constructive interference will occur at an
image position for which this path-length is stationary relative to the grating aperture, or
dF/3G = 0. Bold type denotes a function dependent upon position on the grating surface.

To facilitate analysis of the type of aberrations present, it is convenient to express
these functions as power series in the grating coordinates?:

In the usual case where the grating surface is a section of a sphere of radius R, and where

both object and image lie within the xz plane, the series coefficients Lij may be written in
cylindrical coordinates for the object and image positions. From Figure 1-1:

Logg=r+r (1-3)
Lo = sina - sinf3 (1-4)
Ly =122 (cos2aL /r - cosoL /R) + 1/2 (cos?B /r' - cosP /R) (1-5)
Lgp =12 (1/r - cosa /R) +1/2 (1/1' - cosP /R) (1-6)
Ly =-1/2 sina /r (1/r - cosac /R) +1/2 sinf3 /r' (1/1' - cos /R) (1-7)

L3o=-1/2sino /r (cos2oL /r - cosa /R)
+1/2 sinf /r' (cos2P /' - cosp /R) (1-8)
Lyo = 172[(sin?o /r2)(cos?o. /r - cosor /R) - 1/4(cos2a /r - cosow /R)/r
+ 1/4(1/r-cosct /R)/R2 + (sinp /r'2)(cos2B /' -cosP /R)
- 1/4(cos?B /' -cosP /R)2/r' + 1/4(1/r'-cosf /R)/R2] (1-9)

+H.O.L.

where z=r cosa, zZ =r1'cos B, X =-r sin o and x' = r' sinf. In accordance with Fermat's
principle, non-zero values for the derivatives of the corresponding wavefront aberration
coefficients Fj; result inaberrant positions for the light ray relative to the intended image

point I. Derivatives with respect to [ yield a (sagittal) image height given by

H= T' SF/SK = l'I le—] FI_] wi Ej_I (]-10)

11



and derivatives with respect to w result in a (meridional) spectral width given by

_ _ 10
AL = (do/m) 2 j; 1 Fjj w1 1) (1-11)
where d, is the groove spacing at the pole P (0,0,0).

It is useful to classify the various component terms of F:

Foo = principal ray path-length.
Fo = sina - sinB + mA/d = 0 specifies the grating equation (for the principal ray).

and the wavefront aberrations:

F, = defocusing.

Fy, = astigmatism .

F5 = (meridional) coma

F,, = astigmatic (sagittal) coma .
F4 = spherical aberration.

a) The Focusing Conditions of Classical Spherical and Plane Gratings

A classical grating is one consisting of straight and parallel grooves spaced by equal
intervals in the xy plane (along the chord of G). This constraint is based on practical
limitations of the mechanical motions inherent in the historical manufacture of gratings.
We therefore substitute N = w/d in equation (1-1), which appears only in the grating

equation term (F;;). With this constraint, Rowland! found that both defocusing and

meridional coma are absent for a concave grating if the object (typically a slit), grating
center, grating center of curvature and spectral image are disposed on the same circle,
thus:

r=Rcosa and r'=Rcosf (1-12)

To alter the wavelength in a Rowland circle spectrometer, at least one of the optical
elements (slit, grating, slit/detector) must move along the circle, so as to change the angle
of incidence or diffraction in the grating equation. While this motion requires high
mechanical accuracy and results in a change in direction of the principal ray, geometries
based on this classical grating have dominated the field of spectroscopic instrumentation
since their inception over a century ago, due to their inherent high spectral resolution.

12
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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 available to
simultaneously correct for even the lowest order wavefront aberrations present in
equations (1-5) through (1-8). When such a concave grating purely rotates about the y-
axis to change the wavelength diffracted to the image position, only the object distance,
image distance and included angle (260 =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-# an angle of 20 = 70.5° and r = r' = R/1.2245 results in the removal of
F,q 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 mm? 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 (A/AL) of
order 10,000 over most of the indicated range.

High resolution may also be obtained at two scanned wavelengths, for any 20, by
forcing Fog= 0 at the two corresponding pairs of (a,B). This requires the following

choice for r and r":

r/R = (cos?B,cosa, - cos2B,cosa,) /

[cossz(cosocI + cosf3;) - (:032[3](<:050L2 + cosp,)]
(1-13)
r'/R = (cos2B,cos2a, - cos?f,cosa,) /

[cos2,(cosaL, + cosPB,) - COS2B,(cosa, + cosB ;)]

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 (26 approaching =), the defocusing rises abruptly between the
two correction wavelengths. For example, with input parameters of 20 = 164°, R = 10
meters, 1/d = 1500 grooves/mm and a 65 mm meridional grating aperture (approximately
6 mrad), 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 bisector
of the included angle, analogous to the classical normal incidence Johnson-Onaka

mounting3->-%. 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

14
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significant change in the beam directions. The amount of the change is typically
comparable or larger than the illuminated aperture itself, requiring both the source and
the detector to move as a function of wavelength.

Classical plane gratings correspond to setting R = infinity in the above equations,
This results in the absence of focusing power, thus additional optics (typically mirrors)
must be used. In the classical configuration, pre-collimating and post-focusing mirrors
move the grating object point and image points, respectively, to infinity (r = r '=
infinity)’. Such systems are common in the visible and ultraviolet region of the
spectrum, however when used at shorter wavelengths they suffer from reduced efficiency
due to the large number of reflections, and reduced resolution due to aberrations of the
grazing incidence mirrors.

b) Toroidal Gratings and Astigmatic Coma

In addition to narrow spectral widths, many spectroscopic diagnoses require
imaging in the non-dispersive (sagittal) direction which lies along the length of the slit.
This requires removal of the astigmatic term Fy,, a condition referred to as

anastigmatism. The more stringent condition in which both first degree aberrations
(astigmatism and defocusing) are absent is referred to as stigmatism. The point-like
spectral images produced by a stigmatic instrument are useful when the brightest
irradiation is required upon a sample (e.g. photo-electron or fluorescence spectroscopy)
or when the target or source must be spatially imaged. The latter requirement is
particularly important in the case of plasma diagnostics.

However, from equation (1-6), the spherical grating exhibits astigmatism at all angles
except the spectroscopically useless case of o= 3 =0. As the incidence and diffracted
angles increase, the focusing power of a sphere increases in the meridional direction
(resulting in shorter spectral focal lengths), but diminishes in the sagittal direction
(resulting in longer sagittal focal lengths). The result is that the astigmatism of a grazing
incidence spherical grating is approximately equal to the unencumbered size of the
linearly expanding incident beam.

The classical solution to this problem is to provide different radii of curvature in the
meridional and sagittal directions of the grating. Such toroidal surfaces allow the
adjustment of focusing in the two directions. For example, if the grating surface is
shaped as a section of a bicycle-tire, with major radius R and minor radius R, then

equations (1-5), (1-8) and (1-9) remain unchanged to describe the meridional aberrations
and equations (1-6) and (1-7) are modified by substituting R for R. The result is that

astigmatism of the bicycle-tire toroid is absent if the minor radius is8:

R¢=(cosa +cosPB)/(1/r + 1/ (1-14)

15



which in combination with the Rowland circle condition becomes simply:
Ry /R = cosa cos B (1-15)

Therefore, the ratio of the radii is equal to the square of the nominal graze angle. Such a
small minor radius has the unfortunate effect of significantly increasing another

aberration, that of astigmatic coma. From equation (1-7), this becomes®:

Arjp/h= TF. x (82 )!
(1-16)
where

T.F. = (1 - cos?a. /cos2B)/(1 - sinf} /sinc)

and where f, = 1/®, =r'/(l,,-l,.n) is the sagittal speed of the beam. For example, if o =

86° and B = 88°, the factor T.F. = 1640. If the beam speed is 100 (CDy =10 mrad), then

the spectral resolution is only 1 part in 50. Such large amounts of astigmatic coma have
been the cause of the low spectral resolution attained with toroidal grating spectrometers.
The solution to this problem is therefore another critical ingredient in the new designs
which will be shown to provide high spatial resolution without sacrifice of spectral
resolution at grazing incidence.

.c) Holographic Gratings

In the visible and near ultraviolet, coherent light sources (lasers) have previously been
used to record interference fringes as the grooves of gratings commonly referred to as
"holographic gratings"!?.  As the interference fringes in general are curved and non-
equidistant, the groove density (1/d) becomes a function of the 2-D coordinates on the
grating aperture. This degree of freedom can be used to provide phase path-length
corrections to the aberration terms given above. If as illustrated in Figure 1-1, point
recording sources S; and S, of wavelength Lg are used, then the groove number for the

resulting holographic aberration-corrected grating is;
N=[<§5/G>-<85,G>-(<5P>-<5,P>)]/ g (1-17)

Such gratings are commercially available, and have been used to improve the spectral
and spatial resolution of a number of visible and ultraviolet spectrometers. However,
because the groove patterns produced are characteristic of the recording wavelength,
holographic gratings manufactured using visible and near UV laser are incapable of
significantly reducing aberrations of gratings operating in the extreme ultraviolet and soft
x-ray regions of the spectrum. For use at such short wavelengths and in grazing

16



incidence geometries, it is absolutely necessary to provide additional freedom in the
placement of grooves on the grating surface.

d) Varied Line-Space Gratings

In nomenclature which has since become common, a varied line-space (VLS)
grating is a design in which the groove positions are relatively unconstrained, yet possess

sufficient symmetry to permit a mechanical ruling!!.

Consistent with the power series formalism adopted for the light-path function, the
groove number can then be specified as a polynomial in the ruled width coordinate w:

N=2N; ol (1-18)

where N, is the groove density (p, = 1/d,) at the pole and where N; (i =2, 3, etc.) may
be positive or negative values. The local groove density, projected onto the xy plane,
may therefore also be represented by a polynomial in w:

1/d=%; p; ; w'! (1-19)
where
Pi-1 =1N;

Substitution of equation (1-18) into equation (1-1) enables a high level of aberration
correction, through insightful choice of the ruling coefficients (p;, p,, p3, etc.) to
balance the path-length aberrations in particular geometries.

The above formalism provides a framework in which the new designs presented in
this work can be analyzed and compared. However, because of the unconventional
geometries developed, it will be necessary to extend the above formalism in subsequent
discussions of particular designs. This will include the use of virtual object points (r < 0)
in conjunction with plane gratings (R = infinity), off-plane gratings (y not equal to 0)
with non-parallel grooves (N = function of w and {), a translating grating pole (P =

function of A) and grating rotation about the z-axis (effective N = function of 1.).

1.4 Grazing Incidence Reflection

The need for grazing incidence is based upon the reflection efficiency of optical
surfaces, which is given by the Fresnel coefficients!?.13:
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RG=[(a—coscb)z+b2]/[(a+cos¢))2+b2] (1-20)

for the intensity of the polarization component having its electric field normal to the
plane of incidence, and

R_=R; [(a-singtan¢)?+b?]/[(a+sindtan§)>+b>]  (1-21)
for the parallel component, where

2a2 =[ (n? - k? - sin¢ )% + 4n?k? ]2 + (n2 - k2 - sin2p ), (1-22)
262 =[ (n? - k2 - sin? )2 + 4n2k2 112 - (n2 - k2 - sin?9 ), (1-23)

¢ is the angle of incidence as measured from the surface normal and n + ik is the
complex optical index of refraction of an assumed opaque coating.

The index of refraction may be related to physical quantities as follows:

2(1-n)= (1. N, f; /m) A2 (1-24)
2k=(1 N, £,/ 7)1 (1-25)

where r, is the classical electron radius ¢%/(myc?) = 2.82 x 10-13 cm, N, is the number

density of atoms, f;+ if, is the complex scattering factor as given by Henke!3 and A is
the wavelength of the incident radiation.

In the limit of normal incidence (¢ = 0) and in the absence of absorption (k=0),

equations (1-20) through (1-23) degenerate into the classical reflection coefficient at a
dielectric interface:

R=(n-1Y2/(n+1)>2 (1-26)

As the wavelength decreases, equation (1-24) indicates that the refractive index
becomes smaller than and asymptotically approaches unity, resulting in:

R=(n-1)Y2/4 (1-27)

which in physical units becomes:

R=(r, N, f;/4n)? A4 (1-28)
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In the limiting case of unbound electrons, Drude theory results in a real scattering
factor f; equal to the atomic number Z of the atom, hence the product N, fj is the

number density of electrons in the material, N.. In this case, valid when the radiation
wavelength is much smaller than the plasma wavelength (?LPI = cfupl), equation (1-24)
becomes simply (}U}Lpl)z, and the normal incidence reflectance is [M(Qkpl)]“. Having a

high electron density (4.66 x 1024 cm™3) gold has a high plasma frequency and is thus one
of the best reflectors over the broadband at short wavelengths. This numerically results
in the approximation R ~ 1.1 x 10710 A4 where the wavelength is in Angstrom units.
Because this equation neglects absorption features, it is valid only to within an order of

magnitude, yet correctly indicates that the normal incidence reflectance drops rapidly and
becomes small (<10%) below several hundred Angstroms. For example, at a wavelength

of 10 Angstroms, it indicates a reflectance of order 10°. Exact use of the Fresnel

equations and the optical constants tabulated by Palik!2, including the absorption term k,
results in more precise reflectance values. As plotted in Figure 1-3, these are well fit by
the power law:

R=127x1010 348 (1-29)

Exhibiting a normal incidence reflectance of approximately 103 at 100 Angstroms and
essentially immeasurable (2 x 10°7) at 10 Angstroms, the situation becomes hopeless.

To remedy this problem, one may exploit the fact that the refractive index of
materials in the soft x-ray region is slightly less than that of the incident (vacuum)
medium, that is slightly less than 1. As given by Snell's law, this results in an angle of
refraction into the medium, ¢, = arcsin [ ( sin ¢ ) / n ], which is larger than the angle of

incidence ¢. Therefore, there exists a critical angle of incidence
Oeritical = arcsin (n) (1-30)

for which the refracted wave is evanescent (propagates along the surface), resulting in a
rise in the amplitude of the reflected wave. Such a discontinuity is also evident from the
Fresnel coefficient (1-20), which in the case of a non-absorbing medium can be rewritten
as:

R, =[(n?-sin?p)!2 - cos ¢]>/ [(n? - sin29 )12 + cos ¢ ]2

=sin? (¢ — ¢, ) /sin® (¢ + ¢, ) (1-31)
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This ideal case would result in total external reflection (R = 1) at O=0critica] Where ¢, =
/2.

Defining the graze angle y = n/2 - ¢, equation (1-30) can be expressed in physical
quantities:

Yeritical ~ €0S ¢~[2(1-n ) ]lz’2 (1-32)
~ (1, N /)2, (1-33)
Substituting the constants and the electron density for gold, we have

v (degrees) ~ 0.37 A (Angstroms) (1-34)

Due to the presence of finite absorption, the actual reflectance is not 100% at this angle,
but typically exceeds 50% within a graze angle approximately two times shallower. For
example, at Al-K , (8.34 Angstroms), the critical angle calculated from equation (1-34) is

approximately 3.1°, and using measured values of n = 0.999085 and k=3.1x10"% in the
Fresnel equations results in the reflectance plot of Figure 1-4 showing a 50% reflectance
at an angle of 1.9°,

To obtain accurate reflectance curves as a function of wavelength, the measured

values of the complex optical constants given by Palik!2 are used with equations (1-20)
through (1-24). Figure 1-5 plots the unpolarized reflectances of opaque gold at various
graze angles from the x-ray to the infrared. A reflectance of 50% requires a graze angle

of approximately 10° in the extreme ultraviolet and 2° in the soft x-ray. To obtain usable
reflectance at Cu-K (1.54 Angstroms) in the x-ray would require a graze angle of 1/2°

As shown in Figure 1-5, the normal incidence reflectance of gold does not approach
100% until the wavelength exceeds approximately 5000 Angstroms. Therefore coatings
such as aluminum are commonly used to provide high reflectance in the ultraviolet.
However, even when coated with a protective overcoating of MgF, or LiF, the normal
incidence reflectance of aluminum drops rapidly below approximately 1000 Angstroms.
It is in this short wavelength region where coatings with high atomic number, such as
gold, are superior.

1.5 Prior Soft X-Ray Grating Spectrometers
Prior to this work, begun in 1981, short wavelength grating spectrometers were based

almost exclusively on classical plane and concave gratings. Astronomical spectrographs
employed transmission gratings'* 15 in combination with grazing incidence telescopes, or
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used Rowland circle gratings!®!7. Commercial spectrometers available for high

resolution use at these wavelengths were of the movable-slit Rowland circle type!8:19.
Stigmatic designs typically obtained only low spectral resolution by use of aspherical

mirrors or toroidal gratings either classically ruled® or recorded holographically?®. High
resolution fixed slit designs required multi-reflection systems having various

sophisticated mechanical motions, and were based on classical plane gratings2!-23 or

classical concave gratings operating on the Rowland circle?*.  Varied spacing had just
started to become available, and was first applied to reduce the aberrations of classical

designs, such as the coma and astigmatism of the Seya monochromator2>. The potential
of varied spacing or other new geometries to provide high resolution at grazing incidence
was in its infancy, and viewed with skepticism by the mainstream in optics
instrumentation.

However, the use of increasingly sophisticated and immovable sources of radiation
and detection placed and continues to place new and severe demands on the geometrical
properties of the diffraction grating. In addition to the desire for high spectral, spatial
and temporal resolution, there is a general requirement for both the source and detector
to remain stationary as wavelength is adjusted, and for the detector to lie at a normal
angle to the radiation. Furthermore, to obtain useful throughput, a soft x-ray
spectrometer must minimize the absorption losses by using a small number of grazing
incidence reflections.

Such small graze angles are found to severely degrade the imaging properties of
optical systems designed for normal incidence illumination. For example, when the
Rowland circle is used at grazing incidence, the slit(s) or detector must translate
accurately over very long distances, resulting in large astigmatism and the inability to use
stationary sources and detectors. In addition, the focal surface is also illuminated at a
grazing angle, resulting in low detection efficiency and narrow bandpasses available with
small high resolution electronic detectors.

In the past, when a particular short wavelength application arose, researchers revised
such mature and familiar designs as the classical plane grating / focusing mirror and the
Rowland circle, in order to provide acceptable performance at grazing incidence. Such
an adaptive approach resulted in several clever yet complex optical and mechanical
systems. These all require auxiliary optics to maintain high resolution in the case when
stationary slits must be used. Such complications have compromised both the theoretical
and practically attained performance of such grazing incidence systems.

In contrast, the approach taken in this work has been to develop reflective grating
systems specifically for grazing incidence, starting with no classical design constraints.
Beginning with the intuitive geometrical concept behind each design, the following
sections will explain the theoretical and experimental development of these
fundamentally new geometrical solutions to the problem of providing high resolution
spectroscopy at grazing incidence.
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2. Variable Line-Space (VLS) Plane Grating Spectrometers

2.1 The Extreme Ultraviolet Explorer Spectrograph

In 1981, NASA commissioned a study?® to investigate options for including
spectroscopy to an imaging mission (The Extreme Ultraviolet Explorer, or "EUVE")
designed to survey the entire sky in the largely unexplored wavelength region A ~ 100-
912 Angstroms. To perform useful science, yet have minimal impact upon the original
mission, the following requirements were to be met by candidate spectrometer designs:

1) Collection of incident light using a single 40 cm diameter grazing incidence telescope.
2) Maximum length of 150 cm, including the telescope and spectrometer.

3) Simultaneous spectral coverage from 100 to 600 Angstroms.

4) MAX > 100, including the blurring due to a satellite jitter of 1 arc-minute.

5) Use of micro-channel plate detectors having 50 mm aperture and 100 micron pixels.
6) A minimum detectable flux <~ 5 x 10727 erg/cm?/sec/Hz for 12 hours of observation.
7) No moving components.

These severe constraints precluded the use of any known spectrometer geometry.
Transmission grating spectrographs were studied and found to have unacceptably low
dispersion and low efficiency. Concave gratings were found to violate the length
constraint, due to the need for an entrance slit at the focus of the telescope. In addition,
the astigmatic spectral images from a concave grating at grazing incidence would contain
high background from diffuse nightglow features in the earth's upper atmosphere, making
the sensitivity unacceptable. An exhaustive search revealed that all existing or proposed
spectrometers were incapable of simultaneously meeting all of the above requirements.
This prompted the author to design a new grating spectrograph for inclusion aboard the
EUVE satellite.

a) Basic Concept and Fermat Analysis

It is well known that the grating equation derives from finding the angle to which a
locally plane wave will be diffracted if adjacent grooves are to provide a constructive
interference pattern at the chosen wavelength. This requires simply that the product of
the groove spacing along the surface tangent times the difference in the sines of the
angles of incidence and diffraction equals an integer number of wavelengths. Indeed, the
grating equation can be used alone, without use of Fermat's principle, to determine the
aberrations by simply determining the direction of the diffracted ray at each point on the
grating surface. Such rayfracing uses the angles of incidence and diffraction as
measured relative to the local surface normal and the groove spacing measured along the
local surface tangent. When expressed in this way, the local groove spacing varies across
the surface of even so-called "equidistant" groove classical gratings. This 1s because
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This 1s 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 object and image locations, determine the required local

groove spacings ?" This results in simply an inverted grating equation?’:

d(w) = m A / [ sinB(w) - sina(w) ] (2-1)

where A 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. In zero order, the grating acts as a plane
mirror, diverting the telescope focus without aberration to the point denoted m=0. By
force of equation (2-1), all first order rays of wavelength A illuminating the grating

along line AB are brought to a meridional (spectral) focus without aberration (F;; = 0 for

all 1). In addition, if the distance from this focus to the grating midpoint P is set equal to
the distance r, from that midpoint to the virtual object produced by the telescope, then all

rays A, 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 A, are mixed terms Fj
where neither 1 nor j equals 0. The magnitudes of these wavefront coefficients are

obtained by expansion?® of the geometrically determined path-length distances per Sec.
LT

Fi= (sinf, -sinoy)/(2r2) (2-2)
Fp = 3(sin?B, -sina,)/(4r13) (2-3)
Fia= -3/(81,%) (2-4)

il 2l

Differentiating F to convert these wavefront aberrations into spectral aberrations using
equation (1-11), we have for the dominant aberration of sagittal coma (F,):
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rig. 2-1.Geometry of variable line-space plane grating spectrometer.

Collecting mirror is upstream of the converging beam: (a) projection
upon the dispersion plane; (b) grating plane having variably spaced
straight grooves,
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Ay /A = (8 fy2)-l (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 corners of the grating.

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

H =r,(mA,/s,)/ (2 cose (2-6)

min fx fy)
where f,_is the incident meridional beam speed [f,, = 1/(coso;, - COSQ i) = 1/D,].

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 A, 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 A have

been determined through light-path function analysis2® and the precise functional form of
the meridional focal surface has also been determined!!:37 [Sec. d) below]. The focal
surface for minimum sagittal aberrations is clearly the circle of radius r 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 ruling?® 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 still 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 1s the diffracting groove. This three-dimensional case is therefore known as
off-plane or conical diffraction, resulting in a generalized version of the grating

equation®:

mA/d = (sinf} - sina) siny (2-7)

where v 1s 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 to v,
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 = ' (ABsiny)/ AL = mr'/(d cos ) (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 (3) 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

P =[ L+2 (/1) cosy, +( Lir )2 112

~ 1 & (L) tos, (2-9)

One therefore imagines that it can be well balanced by a linear variation of d with §,
which has the geometry of straight grooves which fan-out from a "ruling focus" as

illustrated in Figure 2-2a. The groove spacing for such a fan grating®’ can thus be
written as:

d/d,= 1+ 0/ (r';cosy,+ARF/cosy,) (2-10)
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Fig. 2-2. Geometry of off-plane VLS grating ("Oriental fan").
a) perspective drawing, b) trigonometry of ruling focus placement,

c) 3-D dispersion of conical diffraction.
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Equating the linear coefficients of equations (2-9) and (2-10) results in a constraint for
the position of the ruling focus which causes the linear dispersion to be stationary (8/5] =
0) at the grating pole:

ARF =r'; tany,, siny, (2-11)

This mounting constraint has a simple geometrical interpretation. As indicated in Fi gure
2-2b, the grating pole, image point and ruling focus are the points of a right triangle
having an apex angle y, and hypotenuse r'/cosy,. Thus these three points lie on a
circle!1:28:39 whose diameter is the distance from the grating pole to the ruling focus, and

the dispersed spectrum lies on a "fan sphere” at the intersection of the diffraction cone as
shown in Figure 2-2c.

As in the case of the in-plane solution, this off-plane VLS grating is absent of all
path-length error terms in the groove length dimension ( FOj =0 ), due to the fact that the

central groove is everywhere equidistant from both image and virtual object. Assuming
the angular separation between the grooves of the fan grating are constant, the residual

wavefront aberrations are derived?® in a manner similar to that for the in-plane erating:
P gr g

Fi,=(sinf,-sino,)/(21,2) (2-12)
F3o=(sinB,-sina,) /(61 3) (2-13)
Fyy=(sinB,-sinc,) /(21 %) (2-14)
+ HOT,

resulting in a spectral aberration:
AN/ L = (8f2)] (2-15)
where F=1/(£2+£2)2= /02 + P, 2

Thus, this off-plane design has some meridional coma, which is absent in the in-
plane design. This results in a spectral resolution which is also limited by the meridional
speed of the incident beam. To correct for this additional aberration requires the angular

spacings of the fan grooves be varied?8,
Because the focal lengths are equal at m=0 and at the first order correction

wavelength, the focal surface is expected to be well approximated by the plane which is
normal to the central groove of the grating, and low aberrations are expected in-between
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or near these two correction points. Both light-path function and raytrace calculations
were performed to substantiate and analyze these effects in greater detail?8.

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 gratings?’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:

Algisp=m (d cos B ) Ax /1 (2-16)

where Axdisp 1s the additional contribution to AX due to the finite linear dispersion of the
grating, and where Ax 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, 3 is
large (approaching 90° at grazing incidence), resulting in a dispersion which is 1/cosf
higher than in the case of near normal incidence (B ~0). Ineffect, the product (d cos B)
represents the smaller groove spacing apparent if viewed by the radiation diffracted from
the grating. This i1s why in-plane grazing incidence soft x-ray gratings 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 (A/AA)
at 6000 Angstroms in normal incidence and at 100 Angstroms at a 1° graze angle (cos
89° ~ 1/60). Unfortunately, gratings which operate at normal incidence, or at small

angles P projected onto the dispersion plane, do not gain this enormous compensating
factor. Therefore, both transmission gratings and off-plane grazing incidence gratings

(where Byg.prane 18 small in accordance with the grating equation) require groove spacings
a factor of cosP;;.pune SMaller in order to provide 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:

AX = AXget T (cosP /cosa) AT T (2-17)

where T is the effective focal length of the telescope (136 cm) and Az 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 At = 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 Ax 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 A?Ldisp be less than 0.5 Angstroms. From equation (2-16), an in-plane

grating of focal length 485 mm with 3 = 73° then requires a groove spacing of 2800
Angstroms, which 1s well within the range of ruling technology (3600 g/mm).

However, an off-plane design exhibits cos 3 ~ 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 configuration3? 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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linear with the off-axis angle), according to Schwarzschild®! and analyzed at grazing
angles by Wolter*? and others®>. The prime focus of the telescope is imaged by a micro-
channel plate detector located along the axis of symmetry of the telescope. As this
telescope points in the anti-Sun direction, it allows a sensitive deep survey imaging of
sources.

Spectroscopy is performed by three stationary gratings which each intercept
approximately 1/6th of the beam converging from the telescope secondary mirror.
Due to reflection by the grating, each of the three spectra is displaced from the telescope
axis and is imaged by a dedicated micro-channel plate detector. Because of the stigmatic
(point-like) imaging provided by the use of the VLS plane gratings in converging light,
the spectra are placed as dispersed linear features approximately centered on the detector
surfaces. ~ Because of the small area occupied by the spectrum, the degradation of
sensitivity due to background is minimized.

A cross-sectional drawing of the deep survey / spectroscopy instrument is shown in
Figure 2-4. The total instrument length is 1.5 meters, and the drawing shows one of the
three spectrometer channels. Because there is no entrance slit, the detectors are exposed
to diffuse sky background due largely to backscatter of solar radiation from geocoronal
helium and oxygen and interplanetary hydrogen. To reduce this unwanted radiation to
tolerable levels, wire-grid collimators are employed to restrict the field-of-view of the
telescope sections dedicated to medium and long wavelength spectra, and thin-film filters
of different matenials are placed over sections of the micro-channel plate detectors.

Due to the plane grating surfaces, the co-alignment required between the grating
angle and the telescope is extremely loose, allowing for ease of construction with
misalignments resulting primarily in a shift of the wavelength scale without degradation
of resolution?®,  All optical components are stationary, with only the telescope and
detector protective doors requiring movement to initiate operation.

The values of the major design parameters for the EUVE flight spectrometer are listed in
Table L.

In combination, the three spectrometer channels provide simultaneous coverage from 70
to 760 Angstroms. This exceeded the specification of 100 to 600 Angstroms in order to
provide additional capability for planetary work at the long wavelength end (proved
useful during the Jupiter comet crash of 1994 !) and to provide access to more distant
objects whose radiation would not be as highly absorbed by the interstellar medium at the
short wavelengths.

The optical parameters were chosen to maximize spectral resolution and sensitivity in

the desired channels. A discussion follows of the contributions to the two principal
performance criteria of resolution and sensitivity.

e) Focal Curves
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Table I. EUVE Spectrometer Characteristics

Performance:

Spectral Channels (simultaneous) A: 70-190 A
B: 140-380 A
C: 280-760 A

Spectral Resolution (averages) A: 0.5 A

B: 1.0 A

C: 2.0 A
Spatial Resolution 1.5 arc minutes
Effective area (100-600 A) 0.4 cm?

Collecting Optics: Wolter-Schwarzschild Type-2

Aperture 40 cm diameter
Speed F/3.4
Reflective Coating gold

Grating: Varied Line Space In-Plane Mounting

Plate scale (averages) A 2.4 A/mm
B: 4.8 A/mm
C: 9.6 A/mm
Groove density variations A: 1675 - 3550 mm~*
B: 830 - 1750 mm~}
C: 415 - 875 mm~!
Plane surface rtuled area 80 x 200 mm
Blaze angle 3.59
Angle of incidence (average) 82.9°
Reflective coating rhodium
Detector: Micro-channel plate
Aperture 50 mm diameter
Resolution 100 ym x 100um
Filters A: 0.3 um parylene-N (1)
B: 0.15 pm aluminum (2)
C: 0.15 um aluminum
Photocathode Cesium Iodide (3)

(1) changed to Lexan/Boron, (2) changed to Aluminum/Carbon,
(3) changed to KBr (Potassium Bromide)
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Spectral resolution is optimized at the meridional focal curve, which can be derived
from equations (1-1) and (1-5). For the plane grating, 1/R = 0, resulting in the following
ruling coefficient in order to remove the defocusing term in F:

Nyp= (n c032a0 + 0032130 )/ 2mA,r') (2-18)
where N=1,/1, (2-19)

Maintaining the incidence angle of o results in a spectrum of wavelengths A diffracted
to corresponding angles B using the grating equation. In order to maintain the focus (Fyg
=0), equation (1-1) requires this spectrum lie along the following curve:

e r'ocoszB / [(0032[30 + coszloao) MAg) - coszor,o] (2-20)

where A/A = (sinf - sina)/(sinf -sinc ). In the case of EUVE, = -1, a, =829% B,
= 72.85% p, = N; = 1150 g/mm and p; = 2N, = 4.618 mm2, This results in the
meridional curve given in Figure 2-5. It passes through the two correction points (m=0
and A=A,). On this polar plot, the sagittal circle of radius r', centered on the grating pole
appears as the vertical line which also passes through the two stigmatic correction points.

f) Spectral and Spatial Resolution

However, a flat micro-channel plate surface was available for the EUVE mission.
To obtain high quantum efficiency, this detector should be oriented approximately
normal to the diffracted rays. Figure 2-5 shows the polar coordinates of a flat detector
which optimizes spectral resolution by positioning it to pass through the meridional focal
surface at 320 Angstroms, and maintains high efficiency by orienting it normal to the
diffracted ray striking the geometrical center of the detector (A = 250 Angstroms). This
ray makes an angle of 15.5° angle relative to the grating surface. Along this flat focal
surface, three-dimensional raytracings were performed using the following parameters
for the medium channel of the spectrometer:

T 7= 485 mm
E = 485 mm

f =22
f,=6.24

d, = 8700 Angstroms

(4]

A, = 320 Angstroms

o]
m=-1
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The raytrace used the full set of ruling coefficients, where the higher order meridional
aberrations are removed by use of equations (1-1) and (1-8) to force F;, = 0 and

equations (1-1) and (1-9) to force F4, =0. This resulted in ruling coefficients of Py = 3Nj

=+0.01354 mm™ and p3 = 4N, =+0.0000343 mm*. To analyze the grating aberrations

alone, the object was an infinitesimally small point at the telescope focus. The spot
diagrams of Figure 2-6a show the focal plane positions of 5000 photons at each of three
wavelengths (140 and 380 Angstroms at the extreme edges of the usable spectrum and
320 Angstroms at the correction wavelength). The maintenance of high spectral and
spatial resolution over the entire spectrum is clear, due to the image size staying within
the range of 0.2 to 0.4 mm in each direction. Laboratory experiments3° using a 1/4 size
test grating resulted in a stigmatic image at 304 Angstroms which was approximately 10
times smaller in width (~ 20-30 um) in keeping with equation (2-5). This width
corresponds to a resolving power of ~ 2500.

By use of the known linear dispersion (~ 0.2 mm/Angstrom at the spectrum center),
the extrema of thel-D spatial line profiles (enclosing 100% of the energy) are converted
to spectral resolving power and plotted in Figure 2-6b as the solid curve. The dashed
curve shows the extremum image size in the non-dispersive direction. However, to the
grating images one must add the blurring due to the detector pixels and telescope
pointing stability. The net convolution3? results in an average FWHM resolving power of
150 to 300, with the latter being finally achieved (200-400 as a function of wavelength)
due to enhanced pointing reconstruction using on-board star sensors. This also resulted
in a minimum net image height of ~ 1 arcminute, dominated by the 0.42 mm from
sagittal coma of the grating. This good spatial resolution greatly reduces the instrument
background and provides simultaneous observation of multiple sources within the
telescope field.

g) Groove Shadowing Model and Measured Grating Efficiencies

Maxwell's differential equations provide the physical constraints for the electric and
magnetic field vectors at the interface between two media. The solution to this boundary
value problem yields the exact result for the energy reflected and transmitted for a
surface of any shape. In the simple case of specular reflection from a smooth surface, the
solution given by the Fresnel coefficients (Sec. 1.4). However, in the case of a
diffraction grating, the solution cannot be expressed in closed-form, requiring extensive
numerical iterative calculations®3. A simple model is nonetheless required in order to
guide the design of diffraction grating systems. In the following, a model is developed
which, although by necessity not strictly correct, results in good agreement with
experimental results at grazing incidence.
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The absolute diffraction efficiency of a grating is for convenience considered to be
the product of the reflectance of the coating and the relative diffraction efficiency of the
grooves:

€abs(MA) = R(L) X € (1) (2-21)

The reflectance 1s a function of wavelength as given by the Fresnel equations. However,
since the angles of incidence and reflection are not equal for a grating, one imagines that
the reflectance must be specified at some effective average <o,3> of these two angles,
which is a function of both the wavelength and the spectral order.

The relative diffraction efficiency depends on the shape of the grooves. Revising
the scalar Kirchoff approximation3* for optimum accuracy at grazing incidence, the
relative diffraction efficiency resulting from a grating having grooves shaped as right
triangles with apex angle 8 (the called "blaze angle") is normalized as:

€e(mA) =D (L) / 2, D_(A) (2-22)
where D(m,A) = {sin[mm(k)]/mm(l)}2/sin[Bm*(k)] (2-23)
@, (M) = (ng/A) {cos(a"+8) — cos[B,"(M)-5]} (2-24)

where a superscript * indicates the complement of the angle has been taken, so B* = n/2 -
B = the graze angle of diffraction. The numerator of equation (2-23) is the Bessel
function corresponding to the diffraction pattern from the illuminated part of an
individual groove facet. At grazing incidence, this width is not equal to the groove
spacing, but only to that portion which is not in the shadow of the adjacent groove, as
illustrated in Figure 2-7a:

g=d[1-tand /tan(o*+d) ] cos & (2-25)

The denominator in equation (2-23) accounts for the fact that the intensity pattern
from an individual groove should be multiplied by the width of the interference peak of
the spectral order, which scales as 1/sinf3*.

This revised Kirchoff theory correctly predicts both the wavelength and the
efficiency at the peak ("blaze") of the diffraction efficiency curve. From equation (2-23),
the peak clearly occurs when w = 0 , which from equation (2-24) is when:

o +8=B*-8 (2-26)
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which when substituted into the grating equation yields:

Aplage = 2 d sin 8 sin y (2-27)

where y = o* + & = B* — §. This is the well-known condition in which the incident and
diffracted rays are specular relative to the tilted facet of the groove. In other words, the
graze angle of incidence and diffraction are equal (y) relative to the facet surface.

The normalized relative efficiency at this peak is numerically calculated from the
above equations to equal the well-known ratio:

Sblaze = sina* / SiﬂB* (2-28)

in agreement with the rigorous solution from electromagnetic theory33. This ratio can be
understood more intuitively by reference to Figure 2-7b, in which the ray directions are
reversed and the diffracted beam is now shadowed. Because of the principle of optical
reversibility, such reversal maintains the same efficiency. This efficiency is obviously
that fraction Q of the fraction of the illuminated groove which is not blocked by the
adjacent groove:

Q=11 -tand /tan(a*+38)]/[ 1 + tand /tan(B*-3)] (2-29)

which equals ( sin B*/ sin o* ) at the blaze ( p* = a* + 28 ). Thus, an alternate version of
the efficiency model is to simply multiply the unnormalized Bessel function for fully
illuminated facets (g=d) by the shadow factor of equation (2-29).

Figure 2-8 plots the results of efficiency measurements3° of a test sample of the
EUVE varied line-space grating, ruled by Dr. Tatsuo Harada at Hitachi. The grating was
overcoated with rhodium due to its somewhat higher reflectance than gold in the extreme
ultraviolet at the designed graze angles. The measured data points are fit by the above
Kirchoff theory with the adjustable parameters being the blaze angle of the grooves and a
constant factor to account for the ratio between actual and theoretical efficiency. The
results of fitting the first order curves (versus wavelength or angle) are a blaze angle of
3.09 to 3.59 and a factor equal to 0.82 to 0.90, indicating that 82-90% of the theoretically
predicted efficiency was obtained. The application of the Kirchoff theory is however
limited, particularly for highly shadowed grooves and where the ratio between
wavelength and apparent groove spacing is not significantly less than unity. This is
evident from the departure of the predicted efficiency at 584 Angstroms and the
difference (dashed versus solid curves) between use of equation (2-22) and the alternate
(unnormalized) model which uses the shadow factor of equation (2-29).
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The measured absolute efficiency of 38% at 114 Angstroms is one of the highest
efficiencies obtained in this wavelength region for a diffraction grating. Due to the
varying angles of incidence and varying groove spacing across the ruled width, the
diffraction efficiency curve resulting will become flatter as a function of wavelength for
the full size flight gratings.

h) Sensitivity

The last, and probably most important, performance criterion remaining to be
analyzed in the sensitivity. Sensitivity is conveniently expressed as the minimum source
flux necessary to allow detection above a threshold value in the signal-to-noise ratio. As
diagrammed in Figure 2-9, this threshold is a function of a large number of
interconnected terms. First, the strength of the signal is linearly proportional to the
effective area of the instrument, which is a function of wavelength:

A(mA,T,p) = Ageom X COLL(T) X R(A,p) X &4(m,A)
x FILT(A) x QE(A) (2-30)

.where Ageom is the geometrical aperture of the telescope, 1 is the field angle of the
telescope, COLL is the transmission of the wire-grid collimator, R is the reflectance of
the 3-bounce optical system, €, is the relative diffraction efficiency of the grating, FILT

is the thin-film filter transmission and QE is the detector quantum efficiency. The
reflectance is a function of the degree of linear polarization (p) for the incident radiation.
Details of the individual contributions to the factors in equation (2-30) are published by

the author3°,

In the case of unpolarized incident light, Figure 2-10a plots the calculated effective
area as a function of wavelength in spectral order m =-1. The area ranges between ~ 0.2

and 1 cm? with the three channels providing bandpasses limited by the filter
transmission bands and the blaze peaks of the gratings. Below ~ 100 Angstroms, the
reflectance drops sharply due to the high graze angles used. Above approximately 200 A
in wavelength, the reflectance is a strong function of the incident polarization, hence
rotation of spectrometer about the telescope axis allows the magnitude and direction of

this polarization to be determined3°.

The noise level is due to photon counting statistics, and therefore equals the square
root of the total number of events (real or otherwise) read-out in the spectral bin. The
number of events scales linearly with instrument-induced noise such as the detector
background per unit area (the "dark current") and the grating scatter, and with external
sources of background such as the skyglow, all multiplied by the area occupied by the
spectral image on the detector. This image size is in turn a function of the aberrations of
the optics, the detector pixel size and the blurring due to instrument wobble duri ng flight.
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Continuum flux from a known EUV source, HZ43, as a function of wavelength.

This is compared to the limiting 3-0 spectrometer sensitivity after a 40,000 second
observation, assuming a wavelength-binning resolution of A/AM = 100. Sources approximately
a factor of 100 dimmer than HZ43 will still be spectroscopically detectable,
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Combining all these effects results in a general expression for the minimum
detectable flux in a spectral line, assumed to be inherently narrower than the instrument
resolution:

MDF;;. .(ph/em?/sec) = 12{ I+[1+(4/SHBMLV2}S2[tAN)]  (2-31)

where S is the S/N level of detection (e.g. S =5 is a "So" detection), A()) is the effective
area, t is the observing time and B()A) is the background integrated over the resolution
element. This can be easily converted to a sensitivity to continuum sources by use of the
transformation:

MDF ., 1tinuum (ergs/cmzlsec/Hz) = (MAX) h MDFy;,.. (2-32)

where h = Planck's constant (6.626 x 1027 erngz) and where the spectral bin size (AL)
may be increased during spectral analysis to provide better sensitivity.

Figure 2-10b plots the calculated minimum detectable flux for a continuum source
at a spectral resolving power of 100, assuming a 3-c detection in each wavelength bin
and an observing time of 40,000 seconds (~12 hours). Away from the two bumps
corresponding to high sky background (at 304 and 584 Angstroms), the level of detection
is ~ 2 x 1027 ergs/cm?/sec/Hz, which meets the scientific requirement by more than a
factor of 2.

1) Simulated Thermal and Coronal Plasma Spectra

Figure 2-10b also shows the source intensity>> for one of the few extrasolar EUV
sources known prior to launch, the hot white dwarf HZ43. This source is seen to be
approximately 200 times brighter than the instrument sensitivity. Indeed, the sensitivity
requirement was based on the conservative assumption that this is the brightest
continuum source in the sky. Given predicted space densities of hot white dwarfs, the
factor of 200 higher sensitivity than HZ43 was predicted to allow a fair sample of other
hot white dwarfs to produce spectra of good signal-to-noise.

Detailed raw count-rate spectra are simulated in Figure 2-11. These were obtained
by folding the source intensity through the effective area curve of Figure 2-10a, and

adding Poissonian noise due to the sky and instrument backgrounds. The source intensity
can be written as:

IA) =4 1 W) (Rx/B)? e [-Fo)Ny] (2-33)
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where W(1) is the intensity at the surface of the star of radius R, J is the distance to the

star, o(A) is the effective cross-section per neutral hydrogen atom in the interstellar
medium (ISM) and Ny is the column density of such hydrogen along the line of sight.

W(L) was calculated from a white dwarf model atmospheres code using temperature and
density parameters obtained from prior EUV observations3>. A small fraction (2 x 10-5)
of helium was included in the atmosphere to determine the spectrometer's ability to
detect it. The atomic cross sections were taken from Cruddace et al3® for cosmic
elemental abundances, and a value of Ny=2x 1017 cm™2 was used. The distance to

HZ43 is 65 parsecs (1 parsec ~ 3 x 1018 ¢m) and the stellar radius is 8.4 x 108 cm. After
a simulated 12 hours of observation, the raw count spectrum (Figure 16a) shows two
well-defined absorption edges in the white dwarf continuum, one at 228 Angstroms from
ionized helium (Hell) and the other at 504 Angstroms from neutral helium. A second
white dwarf (G191-B2B), believed to have a higher column density along the line of
sight, shows a stronger interstellar Hel edge (Figure 2-11b). In an actual spectrum, these
edges will allow the determination of the helium abundance in the stellar atmosphere and
ISM, respectively. In addition, after de-convolving the calibrated spectrometer effective
area, the continuum shape will allow accurate determinations of the temperature and
density of the stellar surface and the column density of neutral hydrogen in the ISM.

Hot plasmas also surround several types of star, producing strong line emissions in
the EUV and soft x-ray bands. Detailed extreme ultraviolet spectral measurements have
been made on the Solar corona®’. To provide a simple-minded source spectrum to fold
through the EUVE spectrometer for other stars, the measured Solar EUV spectrum was
scaled by the ratio of measured soft x-ray broadband luminosities, and factored by the
transmission of the intervening interstellar medium as before. In the case of Capella,
Figure 2-12 shows that a 50,000 second observation should allow intensity measurements
of multiple stages of ionizations from various metals in the stellar corona. From such
measurements in the short and medium wavelength spectrometer channels, stellar model
parameters of temperature and density can be determined and used to predict the
intensities of lines at other wavelengths. The ratio of observed to predicted intensities in
the long wavelength channel then allows an accurate determination of the extinction due
to the cooler circumsource and interstellar media.

1) Flight Spectra

The Extreme Ultraviolet Explorer was launched in 1992 and successfully performed
both its all-sky survey imaging mission and its spectroscopy phase of long-exposure
pointings on selected targets of particular interest.  Figure 2-13 is a set of spectra
obtained by Dupuis et al8 on six different hot white dwarfs. The exposure times varied
between 20,000 and 80,000 seconds per star. Due to overlap of the wavelength coverage
between the three grating channels (see Table I), these could be pieced together
contiguously and flux-calibrated in the first spectral order (m=-1) to obtain the spectra
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Fig. 2-13. EUVE spectra of hot white dwarfs as a composite
of all three grating channels. The edge at 504 R is due to

photo-absorption by helium in the interstellar medium.

This figure is from Dupuis, Vennes, Bowyer, Pradhan and Thejil
(BAps Js ~vol. 455, p+. 574, 1995).
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shown from 70 to 600 Angstroms. The intensity and shape of the dominant continuum
are functions of the effective temperature and metallic content of the star, and the
column density of hydrogen intervening along the line of sight in the ISM, while the
strength of the photoionization edge at 504 Angstrom depends upon the ISM column
density of helium. Figure 2-14 shows an example of the results obtained by model fitting
of the data, resulting in the determination of the stellar temperatures and ISM column
densities. Among the six targets, there 1s in excess of a factor of 4 range in the column
densities and factor 2 in the temperatures. This exemplifies the scientific results for
which the EUVE spectrometers were designed.

2.2 The X-Ray Multi-Mirror Spectrograph

As seen in equation (2-31), the sensitivity improves linearly with the effective
collecting area. However, large area telescopes of reasonable cost are of low spatial
resolution (~ arcminute). To obtain spectral resolution sufficient (A/AL ~ 100) for soft
x-ray astronomy (0.5-2 keV) thereby requires high dispersion. As shown in Sec. 2.1,
grazing incidence in-plane reflection gratings provide ‘the unique combination of high
dispersion and wide spectral coverage at high efficiency. They can therefore be coupled
to such large, low resolution telescopes to yield moderate resolution spectroscopy of faint
x-ray sources. This idea and a VLS grating stack concept became the basis for the X-Ray

Multi-Mirror Spectroscopy Observatory3%:40 now being constructed and calibrated for
flight.

The basic concept is the same as for the EUVE spectrometer (Sec. 2.2), using the
grazing incidence VLS grating design of the in-plane variety to obtain maximum
dispersion for a nearly stigmatic spectrum imaged by a flat detector surface oriented
normal to the beam. Also as in the case of EUVE, the grating is placed in the converging
beam from the secondary of a grazing incidence telescope. However, the higher energy
photons for which XMM is targeted (in a two octave region centered near 1 keV ~ 12
Angstroms) requires shallower graze angles for both the telescope mirrors and for the
grating. This causes a single grating of practical length to intercept only a small fraction
of the large aperture beam from a nested array of telescope mirrors. Therefore, high

throughput spectroscopy requires that multiple gratings be stacked in order to fill the

aperture (Figure 2-15). This provides several hundred cm? in effective area’?,

A useful feature of the XMM spectrograph design is that identical VLS gratings can
be used for all levels, provided either the incidence angle or the distance to the individual
gratings varies slightly3®. This results in individual grating spectra which coincide at the
detector surface, and allows for the cost-effective production of the grating array as a
stack of identical replicas from a single master design.

To determine the spectral resolution limited by the telescope and detector imaging,

one differentiates the grating equation relative to both the angles of incidence and
diffraction:
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m AL/ d=(AB cos B — Ao cos o) (2-34)

Because both the telescope image and detector response profiles can be well
approximated by normal (Gaussian) distributions and Ac is does not depend upon A, the
widths should be summed in quadrature:

AL = (d/m) [ (AB cos B)? + (Aa cos o)? 1172 (2-35)

Dividing this by the blazed wavelength [equation (2-27)], making the sine
approximations valid for grazing angles o* and 3*, and substituting Ao = TAt/r and AB =
Ax4/r', where the terms have been previously defined (Sec. 2.1), the resolving power can

be expressed in convenient input parameters:
(M ANyjaze = T T Epjaze-1)SINY /[(Ep1aze AT + (AXge/T2M21V2 (2:36)

where the absolute value 1s taken in the event of a negative value. Typically, we have a
magnitude for n = r'/r which is very close to unity for the VLS grating. Equation (2-36)
reveals that there is a trade-off between spectral resolution and blaze efficiency (€y,,e)

in that low efficiency reduces the effect of the telescope blur through its demagnification
[also see equation (2-17)].

In the case of the XMM spectrometer, the original design parameters were T = 8000
mm, 1 = 7500 mm, g,,. = 0.5,y=2°% A1 =29 x 10-4 radians (1 arcminute) and AX 4ot =

0.5 mm. Using equation (2-36), the resolving power is calculated to be ~ 100 at the
blazed wavelengths (15 Angstroms in first order and 7.5 Angstroms in second order).
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2.3 Laboratory High Resolution Erect Field Spectrometers (HIREFS)

a) Scanning Concept and Fermat Analysis

The spectrograph presented above delivers a fixed spectrum onto an imaging
detector. This is adequate for astronomical observations, as the low signal flux from
distant sources requires extremely long exposure times to accumulate the spectrum. The
price paid for this multiplexing advantage and for the high throughput of a slitless
astronomical spectrograph is a resolution limited by the image quality of the collecting
mirror and the detector. Such resolution is often sufficient for the initial spectroscopic
analysis of most astrophysical sources, whose spectral content is dominated by the
cosmic abundance of hydrogen and helium (as exemplified in Figure 2-13).

However, laboratory sources of soft x-ray and extreme ultraviolet radiation contain a
larger variety of elements, and such sources are also much more intense. The former
condition requires higher spectral resolution to separate the large number of emission
lines and other spectral features present, and the latter provides a means for doing this. If
an exit slit of narrow width 1s used as the resolving element at the focal surface, then the
dispersive contribution from the detector pixel width is eliminated. Use of an entrance
slit similarly removes the contribution from the large, relatively low resolution telescope.
The spectral resolution is limited only by the optical aberrations, with the dispersive
contributions [equation (2-17)] made small by use of sufficiently narrow slit widths.

However, construction of a wavelength spectrum using a monochromator requires
some means of adjusting the value in wavelength which passes through the exit slit. This
slit could be translated along the focal surface or the grating could be rotated and the slits
moved only along the fixed principal rays to compensate for any change in the focal
length of the grating. Unfortunately, in either case, the distances over which the slits
must move are enormous in the case of a conventional grating, due to the grazing
incidence focal surface [equations (1-12) and (1-13), respectively].

The normal incidence focal surface of the VLS plane grating geometry, as shown for
the example in Figure 2-5, provides a convenient solution to this problem. Consider
placing an exit slit at the first order focus of the grating. As the focal lengths are the
same in zero and first order, and as the plane grating surface provides no focusing power
in the zero order image, it can be simply rotated about its central groove to bring the
point-focused zero order image through this fixed exit slit. Due to the fact that the
spectrographic focal lengths do not vary significantly between first and zero order, it is
intuitively clear that the amount of defocusing present at the fixed exit slit for
intermediate grating rotations must be small. For example, using the same focal length
and groove density as for the classical concave grating (solid curve reproduced on this
logarithmic scale from Figure 1-2b), the long-dashed curve of Figure 2-16 shows the
defocusing (calculated from the light-path function) caused by rotation of a plane VLS
grating in converging light. The dramatic reduction (a factor of ~100) in the optical
aberration 1s "astronomical" in nature. Thus, while not originally intended with this
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Fig. 2-16. Geometrical de-focusing aberration resulting from grating rotation using
stationary slits. Solid curve is a conventional grating and dashed curves are

different optimizations of a varied line-space plane grating.
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capability in mind, the plane VLS grating has enormous potential as a scanning
monochromator, or to change the bandpass of the spectrum imaged by a stationary
imaging detector. [The magnitude of such rotational aberrations was also found to be
quite small during an error analysis done to determine the misalignment tolerances3? in
the mechanical design of the mounting structures for the EUVE spectrometers. It was
found that the wavelength striking a fixed point on the detector would change without a
significant broadening of the spectral width.]

One can minimize the spectral aberrations in the first order spectrum by moving the
second correction point from zero order to a finite wavelength. Because of the normal
incidence focal surface shown in Figure 2-5, this requires only a slight change in the
focal distance. From Fermat's equations (1-1) and (1-5), the defocusing for a plane VLS
grating at a wavelength other than A is:

Fpo = 1/2(cos?o /r + cos?B /') - 12(MA)(cos2or, /r + cos?B, /') (2-37)

where the focal distance r' is constant with wavelength. The second term of this equation
results from choosing N, to cancel defocusing at the correction wavelength. Allowing

the magnitudes of r' and r to be different provides the degree of freedom necessary to
eliminate F, at a second wavelength, by specifying*1-42;

n=ryr=- [0052[32 - (?&2/7&1)0052[31] / [coszocz-(Kzlkl)coszal] (2-38)

where A is the original correction wavelength (1) and where A, is the new non-zero
correction wavelength.

Now consider a simple rotational mounting, where the angle included between the
incident and diffracted rays at the grating pole is constant (20 = a. + ). The incident and
diffracted angles are determined by the grating equation more conveniently written as
follows:

o =6 — arcsin[mA / (2d ,c0s6)] (2-39)
=6+ arcsin[mA / (2d,c0s0)] (2-40)

With this condition on o and f, one finds through numerical calculations of equation (2-
38) that m is very close to minus unity for any included angle 20. This is a uniquely
useful result, as it holds equally well for both normal incidence (20 ~ 0) and grazing
incidence (20 ~ w) mountings. This is interpreted geometrically as simply re-affirming
that the optimal spectral focal surface is at normal incidence to the diffracted beam
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regardless of the angle of incidence to the grating (a condition initially forced by the use
of varied spacings to provide nearly equal distances r' and r).

In the case of an inside spectral order (m<0), equation (2-38) results in the virtual
distance -1 being less than the focal distance r', that is abs(n) > 1. In the outside order
(m>0), abs(n) < 1. Using the 1500 g/mm grating as before in the inside order with \y =
1640, the required value of 1 is - 1.019.  Such small differences required in the object
and image distances have no deleterious effect upon the shape of the focal curve
[equation (2-20), allowing the spectrometer to retain its use as an erect field
spectrograph. ~ Using Fermat's principle, the defocusing aberration of the optimized
grating (with n = -1.019) is shown by the short-dashed curve in Figure 2-16. While the
spectral aberration no longer vanishes at a wavelength of zero, this is a spectroscopically
useless wavelength undeserved of such correction.

The scanning concept of the VLS plane grating monochromator is illustrated in
Figure 2-17 taken from the author's patent®2. Rotation of the grating about its central
groove, denoted here by the symbol G, results in a change of the (principal) wavelength
directed along principal diffracted ray 90 through the fixed image position I. Either a slit
X may be provided at this location, or the spectrum may be recorded on a normal
incidence detector 178 which approximates the meridional curve 212. This curve is still
given by equation (2-20) which permits input of m values other than -1. The image
denoted O is for a generic wavelength (non-principal wavelength) in the dispersed
spectrum The incident object point V is virtual (negative object distance is denoted by
the dashed line), and is either slightly less than the focal distance (m<0) or slightly
greater (m>0). The sagittal focal circle 214 is drawn for the original case of equal object
and image distances.

The top panel of Figure 2-17 is a plot of the Fermat-calculated resolving power at
the fixed image point as a function of scanned wavelength, for the case of a 1200 g/mm
grating at an included angle of 164° in a simple rotational mount. The classical concave
grating in divergent incident light is shown by the curve labelled 200 (PRIOR ART), and
the two convergent beam plane VLS grating designs discussed above yield the curves
labelled 204 (n = -1) and 202 [optimized m per equation (2-38)]. These curves include
the higher-order aberrations of coma and spherical aberration, hence the resolving power
does not become infinite at the correction points where defocusing is in fact exactly zero.

The ability to maintain the erect spectrographic field while changing the principal
wavelength results in performance (e.g. resolution and efficiency) which is a function of
both the principal wavelength ?Lp setting determined by the rotation angle of the grating

and the spectrum wavelength ). along the detection curve. Figure 2-18a is a three-
dimensional plot of the Fermat-calculated optical resolution as a function of both the
principal and spectrum wavelengths for a commercial Model HIREFS-164. The outside
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Fig. 2-17. Scanning concept of VLS plane or large radius grating

monochromator. Fermat calculations plotted in the top panel.
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(through fixed image position) wavelength and measured wavelength
in the focal plane: a) limited by theoretical grating aberrations;
b) measured using 5 micron entrance slit and film.
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Fig. 2~19.
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spectral order is used for an active grating ruled width of 62.5 mm and the detection
surface is the plane oriented perpendicular to the principal diffracted ray. The plane 23 is
for ?L:?Lp, corresponding to the fixed image position along the principal axis. The high

resolution ridge 22 intersects this plane at two points corresponding to the two correction
wavelengths in kp for which defocusing is eliminated through use of equation (2-38).

The correction wavelengths for this model are 180 and 520 Angstroms. At any one
principal wavelength, the surface 24 of Figure 2-18a becomes a curve of resolving power
versus wavelength in the dispersed spectrum. The decline in resolution away from the
ridge corresponds to the flat and normal incidence detection surface deviating from the
meridional focal curve. The abrupt drop to the right of the ridge corresponds to the long
wavelength limit of the dispersed spectrum at the horizon wavelength which diffracts
along the tangent of the grating surface. Measurements of the resolving power obtained
with this spectrometer using a 5 micron entrance slit and film to minimize the dispersive
aberrations, are shown in Figure 2-18b. The source of extreme ultraviolet radiation in
this experiment was a capacitor discharge (Garton ) tube, believed to yield emission lines
narrower than the spectrometer resolution.

Figure 2-19 is a three-dimensional plot of the relative blaze efficiency as a function
of the principal and spectrum wavelengths. The calculations used the unnormalized
method described in Sec. 2.1g). As in Figure 2-18a, curves of intersection with constant
principal wavelengths represent the efficiency as a function of dispersed wavelength,
while the curve of intersection with the plane l:hp represents the efficiency profile of

the monochromator configuration at the wavelength diffracted to the fixed exit slit.
While no such three-dimensional array of measurements were feasible to perform in the
laboratory, the spectra obtained from this instrument showed the general trend of the
more intense spectral lines occurring near the wavelengths predicted by these
calculations.

b) Variations on a Theme, and Ultra-Large Radii of Curvature

While maintaining the fundamental concept of this design, equation (2-38) can
obviously be replaced by other aberration criteria tailored for optimum performance in
specific high resolution applications. For example, if the highest possible spectral
resolution must be maintained over a moderate wavelength centered on a single spectral
feature, then one would seek to set F, and its first derivative with respect to wavelength

(8F,/01) equal to zero at that wavelength. In this case, a slightly different value of n

results?2:

1 = - [cosZB(cosot+cosP) + 2cosBsinB(sinP-sinat)] /
[cosZai(cosatcosp) - 2cosasinou(sinf-sinc) | (2-41)
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The curve labelled 206 is the Fermat-calculated resolving power for this case, exhibiting
the designed stationary value at the single correction wavelength of 150 Angstroms near
which defocusing remains negligible.

The high resolution plateau may be widened further by gaining an additional
degree of freedom through use of a finite radius of curvature (R) chosen to remove the
defocusing term at a second wavelength while maintaining removing of defocusing and
its first derivative at the first correction wavelength. Using the light-path function, this
results in a set of three equations in three unknowns (r, r'y, R). These are solved by hand,

which after extensive algebraic manipulation yield*?:

-1/R = (b,a,-b,a,)/(b,c,-b;c,) (2-42)
r'y/R =b,/(¢c,+a,R/-1) (2-43)
where

a, = -cosa,(coso+cosB,) + 2cosa, sinat, (sinf -sinor, ) (2-44)

a, = —cosza[(sinﬁz—sinaz) + coszaz(sin[?w]—sina]) (2-45)

b, = -cos2B,(cosoL,+cosB;) - 2cosfsinf,(sinP,-sina,) (2-46)

b, = -cos2B(sinB,-sinoL,) + cos2B,(sinp,-sina,) (2-47)

¢, = -2(1-sinf;sina; + cosf;cosa,) (2-48)

¢y = (coso,cosP,)(sinf-sina, ) - (coscr,+cosP,)(sinP,-sina,)  (2-49)

The resulting resolving power curve is shown by curve 208 in Figure 2-17, displaying the
very broad plateau intended by this optimization procedure. For outside spectral orders,
the radius of curvature is negative (convex), while for inside orders it is positive
(concave). The magnitude of the radius is extremely large, in the example used to
generate curve 208 it was 300 times larger than the focal length of the grating. Such an
ultra-large radius of curvature grating surface is nearly flat.

Because of the finite radius of curvature, the focal curve deviates from that given in
equation (2-20) for a plane surface, and is found by solving for F,,=0 at all wavelengths

from equations (1-1) and (1-5) while substituting the above quantities and the value of
N, obtained by forcing F,, = 0 at &;. The result is:
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r'/R = cos?p/[c(sinB-sinay)+cos2ou/(-1/R) + coso + cosBy) (2-50)
where

¢ = [-cos2o,/(-1/R)+c0s2B /(I'/R) - (cosa,+cosP,)]/(sinf-sina,) (2-51)

¢) VLS Correction of Geometrical Mirror Aberrations

For an object of infinitesimal or randomized width, equations (1-1) and (1-8) are
used to determine the varied-space parameter N5, which eliminates grating coma at one

wavelength of choice. Similarly, equations (1-1) and (1-9) allow the elimination of
grating spherical aberration through use of a non-zero value for Nyo- The Fermat
calculations given in the preceding sections, including Figures 2-17 and 2-18 removed
these higher order aberrations at a wavelength chosen near the center of the scanned
wavelength spectrum. This procedure is optimum when the mirror which provides
convergent radiation onto the grating is free of aberrations, or has aberrations which are
not precisely correlated with meridional aperture by a smooth analytical function.

However, the mirror used to provide the converging beam to the grating resolution
is often a simple spherical section. Even at unit magnification (r'y; = ry,), such a mirror
exhibits some spherical aberration, which can be calculated using equation (1-8) with o =
B = ¢ for a mirror. This aberration can be negated at one wavelength by offsetting the
value of Ny, from that given above:

ANy =-1/4 (ry/r*)costol tan% /(mA) (2-52)

Numerical raytracings of Figure 2-20 confirm the removal of spherical aberration at the
chosen wavelength of 180 Angstroms, and a significant reduction in spherical aberration
across the spectrum (e.g. the factor of ~ 4 reduction at 520 Angstroms), due to the slow
variation of the optimum correction as the angle of incidence changes in the rotational
mount to change the wavelength. These VLS corrections to the mirror aberrations were
made to the commercial HIREFS beginning with the first units manufactured in 1987,

In addition to allowing for correction of mirror spherical aberration, the author's

patent*? also indicated that correction of mirror coma can be provided by the same
procedure of adjusting the corresponding ruling coefficient, and that such coma is
significant for mirror magnifications away from unity. This aberration is contained in
the Ly term of the light-path function of a spherical mirror [see equation (1-8) with o =

B = ¢], requiring a balancing by use of a AN;, term in the varied spacings, the magnitude
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of which depends upon the magnification of the mirror and the spectral correction
wavelength desired for the grating.

There are other such corrections possible, by using the ruling coefficients to
balance the aberrations of other optics in the system. The magnitude of these corrections
depends upon the detailed parameters of the optics. Adjustment of the ruling parameters
can even be employed to correct for unintended imperfections in the shape of the other
optical elements, provided they can be accurately characterized. The salient point is that
such aberration correction is provided by the additional degrees of freedom inherent in
this grating design.

d) Stigmatic Configurations for Spatial Imaging

The above analysis has so far been restricted to spectral aberrations, that is those
occurring in the meridional plane of incidence. However, as discussed in Sec. 1.3 b),
removal of astigmatism is also often required in order to provide spatial resolution in the
non-dispersive sagittal direction. In the case of the EUVE spectrometer, this was
accomplished by use of a point object for the grating produced by a telescope mirror
system comprised of surfaces of revolution. However, in the laboratory a simpler
spherical mirror surface is advantageous in order to obtain the highest possible
resolution. The meridional and sagittal focusing conditions for a spherical mirror are the
same as those for a spherical grating [equations (1-5) and (1-6), respectively] where the
angles of incidence and diffraction are replaced by the angle of incidence ¢ (equal to the
angle of reflection). This results in the Coddington equations for a mirror:

Meridional Focusing: 1/ny+1/1y=2/(Rycosd) (2-53)

Sagittal Focusing: 1/ py+1/1y=2cos ¢ /Ry (2-54)
where the underlined quantities signify the values in the sagittal direction.

In the case of a near normal incidence mirror, the sagittal focal length is slightly
longer than the meridional focal length. This can be exploited to provide a stigmatic
spectrum by matching the offset between the image distance and the meridional object
distance of the grating (n not equal to 1). For example, to minimize the mirror
aberrations, consider the case of unit magnification in the meridional direction (though
other choices are possible due to the freedom to partially correct for mirror aberrations as
shown above), and a point object for the mirror ( ry; = r,, =r,). Then dividing equation

(2-54) by equation (2-53) yields:

=ty Iy =2 0032¢ -1 (2-55)
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As the plane grating provides no focusing in its sagittal direction, removal of astigmatism
at the meridional focus of the grating requires that the mirror focus in the grating
dispersion direction at a distance of r behind the grating, and focus in the grating non-
dispersive direction at a distance r' behind the grating. If the mirror and grating reflect in
the same plane, then this stigmatic condition becomes:

(1 -1)= [1 - 1/abs(m)] r' /1y, (2-56)

where m =r'/-r. As discussed previously, abs(n) > 1 when the spectral order is negative.
In this case, the bracketed term is a small positive number, and there is always a positive
solution for k < 1, enabling choice of a finite incidence angle from equation (2-55).
However if a positive spectral order is used then abs(n) < 1, resulting in no stigmatic
solution in this configuration. A solution is obtained in this case if the mirror and grating
are crossed, so that the meridional plane of the mirror is the sagittal plane of the grating,
and vice-versa. Equation (2-56) then changes to:

(1-1/x)=[1 -1 /abs(m)] r'/r'y, (2-57)

The required angle of incidence ¢ is generally quite small, due to the value of abs(n)
always being near 1. For example, consider the grating of Figure 2-16 where n = 1.019
Using a value of r'/r'y; = 0.9 to account for the fact that the mirror precedes the grating,

equation (2-56) results in ¢ = 5.2°. This provides a stigmatic point at the correction
wavelength. The astigmatism remains zero on the anastigmatic focal curve equal to the
circle of radius r' centered on the grating, and is very small along the meridional focal
curve. In the case of a monochromator, the astigmatism is zero at all wavelengths
passing through the fixed exit slit.

This combination of a near-normal incidence spherical mirror and a grazing
incidence VLS plane grating was constructed as a spectrograph to analyze a laser-
produced plasma®3. The mirror was coated with a Mo/Si multilayer® in order to provide
normal incidence reflectivity for ionized aluminum lines near 160 Angstroms. The
removal of astigmatism in the spectra provided spatial information on the dynamically
expanding laser-plasma sphere which appeared spread out in the non-dispersive direction
by an amount which depended on the level of ionization. Such spatial resolution
provided by a stigmatic configuration is useful in studying the dynamics and cooling
times of pulsed sources, and is useful in studying the steady-state condition of spatial
variations within stable plasmas such as those provided by magnetic confinement.

Unfortunately, this simple configuration does not provide efficient results over
broad spectral ranges, due to the narrow bandpass of the multilayer and its use at near-
normal incidence for which access to wavelengths below approximately C-K (44
Angstroms) are problematic. A more general solution to the problem of providing a
stigmatic spectrum is obtained by use of a grazing incidence mirror.  Unfortunately,
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equations (2-53) to (2-55) reveal that the ratio of sagittal to meridional focal length goes
towards infinity as the angle of incidence approaches 90° for a spherical mirror. At an

85 angle (5° graze), the sagittal focal length is two orders of magnitude longer than the
meridional, resulting in no practical reduction of astigmatism. In principle, this could be
corrected by use of an ellipsoidal or toroidal mirror, however, the surface accuracy
obtained at reasonable expense for such shapes are not sufficient to obtain the arcsecond
image quality needed when limited by slits of narrow width.

The solution to this problem is shown in Figure 2-21, consisting of the insertion of
an additional mirror 12 which is crossed relative to the converging mirror 108. Mirror 12
has as its object the soft x-ray source 174 and focuses only in the non-dispersive
(astigmatism) direction of the grating. Mirror 108 has as its object the narrow width of
an entrance slit 92 and focuses only in the dispersive direction to provide the virtual
object in the spectral direction. The two mirrors in combination form a Kirkpatrick-
Baez mirror system®’, in which the focusing in the two directions is almost completely
de-coupled at grazing incidence. In its application to providing a stigmatic spectrum, this
de-coupling 1s exploited in two ways. First, the image quality in the non-dispersive
direction need not be to the level of arcseconds, which allows the astigmatism mirror to
be a moderate resolution bent mirror. Such a mirror can be inexpensively fabricated with
a large aperture and thus provide a high collection angle for the spectrometer. Secondly,
such a bent mirror can be adjusted in shape to provide adjustment of astigmatism
independent of the spectral resolution. Therefore, this mirror will hereinafter be referred
to as the astigmatism control mirror. By appropriate choice of the mirror shape, the
astigmatism can be made to vanish, to be large or to be of any desired intermediate value
useful for a particular experiment.

Figure 2-22 is a photograph showing a manufactured unit in accordance with the
optical schematic of Figure 2-21. The incident beam passes through an entrance slit
which is out of view to the right, strikes the astigmatism control mirror shown as the long
assembly mounted to a large rotary bearing, proceeds to the meridional focusing mirror
(covered by the circular protective metal plate) and then to the grating (underneath the
rectangular metal piece which is attached to a sine-bar located along the bottom edge of
the vacuum chamber. Vacuum feedthroughs allow selection of the slit width (5, 10, 20,
50, 100 or 200 microns), the bent mirror radius and radius gradient, the meridional mirror
angle of incidence (fine tuning), the grating (4 positions) and the grating rotation angle
(center wavelength), while under vacuum.

This grazing incidence system, composed of a rotatable VLS plane grating and a
crossed grazing incidence mirror system, is a spectrograph/monochromator device which
has been designed and manufactured as a commercial instrument by Hettrick Scientific
Inc. under the tradename HIREFS. Models ranging in graze angle from 8° for use at
extreme ultraviolet wavelengths to 2° for coverage down to the soft x-ray, have been
tested using many different sources and detectors. The unique combination of an erect
spectrographic field, a tunable wavelength at high resolution to a fixed image point,
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Hettrick Scientific, Inc.

SOFT X-RAY OPTICAL SYSTEMS
904 WRIGHT AVENUE  UNIT %8
RICHMOND, CALIFORNIA 94804
(415) 234-3996
FAX (415) 234-3997

Fig. 2-22. b) Photograph of ultra-high vacuum stainless HIREFS
monochromator, constructed and tested by the author (1989)
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stigmatism (or adjustable astigmatism) and the use of only simple optical surfaces,
allowed the HIREFS to become a versatile instrument in a wide variety of applications.
A few of the experimental results obtained during calibration of the HIREFS by the

author, and in the use of the instrument at customer facilities*®-37 are next presented.

e) Stigmatic Plasma Focal Plane Spectra

Figure 2-23 1s a set of spectra taken using HIREFS model SXR (2° graze angles) in
spectrographic mode, with a flat strip of high resolution x-ray film (Kodac T-grain) at
normal incidence to the diffracted beam near the center of the spectrum. To calibrate the
settings of the bent mirror which remove astigmatism, successive spectra were taken with
different feedthrough settings for the radius of curvature of this mirror, while offsetting
the spectra in both directions to prevent overlap. The nominal groove density of the

grating was 160 mm™! and all optical surfaces were coated with gold. The source was an
aluminum plasma produced by a Q-switched Nd: YAG laser of 1.064 microns wavelength
pulsed at 10 Hz with a pulse width of approximately 2.5 nsec and pulse energy of
approximately 300 mJ. The source target was a solid aluminum rod, upon which the
laser was focused to 25-50 microns in diameter using a beam expander and aplanatic
lense. The resulting point source was refocused by a pre-mirror through the 5 micron
entrance slit of the spectrograph and spectrum exposures of 2 minutes were made on the
film. The enlargement of the directly exposed 35 mm film shows the zero order images
to the left of each spectrum, and a dark absorption region near the center of the spectrum
at approximately 100 Angstroms in wavelength. The most stigmatic spectrum is ~ 25
microns in image height (~ 0.025 mrad = 5 arcseconds), while maintaining spectral
image widths of approximately 15 microns. This meridional imaging yields spectral
resolving powers of approximately 2,000. Similar gratings at higher and lower groove
densities (1440, 480 and 65 grooves/mm) yields the same resolving powers at
wavelengths in the region from below 10 Angstroms to several hundred Angstroms.

Figure 2-24 shows how this spatial resolution was exploited by a customer (Sandia

National Laboratory) to analyze a plasma produced by a z-pinch source?®. The imaging
spectrum shows the outline of the 3 mm hollow parylene straw imploded by the pinch.
The continuum and emission lines from the straw material are seen at the edges of the
straw, including the broad helium-like carbon line at ~ 44 Angstroms. The narrow lines
from the neon gas surrounding and imploding the straw are seen spatially extended.
These full-time integrated "spectral photos" were followed by multiple time-gated results
to allow investigation of the dynamics of the plasma during and after the implosion.

Some of the most interesting results obtained with the HIREFS were done in
combination with a CCD detector developed by MIT>*.  This configuration provides
high dispersive spectral resolution on the small flat CCD operating at a normal
orientation to the beam, and separation of spectral orders by use of the inherent energy
resolution of the CCD. The two-dimensional spectra produced by this arrangement
allows both the spectrograph and the CCD to be calibrated. For example, Figure 2-25

76



"aueTd Te20F @y3 3e g0D IIW Aq apou

OTydexboxldads UT PaOpPIODSI 90INOS Weaq uox3dosTe o unxioads 9.7 Tepow SAFNIH °Gz-z *BTd

Data taken at Hettrick Scientific Inc. by Dr. Mark Bautz
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Fig. 2-26. XAFS spectra taken by Prigozhin, Bautz, Gendreau and
Ricker, using the HIREFS in spectrographic mode.
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shows a short wavelength spectrum of an electron impact source operating at 5 kV
accelerating voltage, taken using a high density (1440 g/mm) grating in the spectrograph.
Bremsstrahlung from the high-z target material (gold) is clearly evident, as are the
characteristic x-ray lines from gold and contaminants such as tungsten (and oxygen and
carbon at longer wavelengths) coating the anode surface. In addition, the aluminum filter
inserted in front of the CCD to eliminate visible background, and the SiO, contained in

the CCD structure itself produced absorption edges in the continuum. These edges
allowed analysis of the thickness of these films.  The gold M-shell line at 5.84
Angstroms is the shortest wavelength detected with this spectrometer. Figure 2-26 is a
high resolution spectrum showing X-ray Atomic Fine Structure (XAFS) at the oxygen
edge originating primarily from the SiO, in the CCD. The known position of the lines

and edges allows an accurate calibration of the dispersed wavelength, from which
measurement of the linearity of the CCD gain is made at all wavelengths in the
continuum.

Using electronic detectors (microchannel plates and CCDs) of resolution 25-50
microns, one obtains spectral resolving powers of 500-1000 (up to 3000 using film) with
the 1.75 meter long HIREFS with 2° graze angles. To obtain significantly higher
resolving power requires increasing the linear dispersion per fractional wavelength,
which is realized by an increase in the system length or the graze angle (and thus
wavelength at a given efficiency). This can be seen in equation (2-36) by the linear
dependance of resolving power on the focal length r and the graze angle y. For example,
a system length of 6 meters and a graze angle of 9° resulted in a resolving power of
35,000 at a wavelength of 160 Angstroms*!, and a commercial HIREFS Model 170.5-
XUV-5.5 with 5.5 meter length and 4.75° graze angle obtained a resolving power of

16,000 at a wavelength of 236 Angstroms. An initial line profile?” taken with the latter
spectrograph is shown in Figure 2-27a, tuned to a high gain lasing line of Ne-like Ge for
which the intensity was sufficient to overexpose the Airy disc of the image and make the
diffraction pattern visible. This diffraction pattern is modelled by including the physical
optics effect of finite illuminated aperture to a 2-D raytracing of the grating focusing.
The calculated result shown in Figure 2-27b shows excellent agreement between the
observed fringe spacing of 28.2 microns and the spacing of 26.5 microns calculated from
the predicted illuminated aperture based upon the instrument mechanical parameters. As
physical optics (and not geometrical aberrations) was limiting the resolution, the
optimum grating width is larger than the illuminated width in that initial experiment..
Removal of an aperture limiting beam directing mirror allowed a larger grating aperture
to be illuminated in subsequent experiments>! for which the spectral resolution should be
close to the theoretical value. This value equals the number of grooves on the grating
surface (375 g/mm x 62.5 mm = 23,500) for infinitesimal width entrance slits and
detector resol and in the absence of geometrical aberrations, and decreases to
approximately 16,000 using 10 micron slit and detector resol.

The geometrical aberrations of the grating used in the above ultra-high resolution
HIREFS was corrected (during its manufacture in 1990) for coma of the mirror which
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Fig. 2-29. Scanning tunneling micrographs (STMs) of grating
grooves for HIREFS model 170.5: a) nominal 375 g/mm grating;
b) nominal 750 g/mm grating and c) nominal 1500 g/mm grating.
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provided the converging beam to the grating, as explained in Sec. 2.3 c¢) above. The
mirror coma was not zero because it was operated at a magnification of 3 to minimize the
distance from this mirror to the entrance slit. Figures 2-28a-c show the first order line
profile which would result at three different scan wavelengths from use of the ruling
coefficient Ny, derived from the light-path function for the grating alone [equations (1-1)

and (1-8)], while Figures 2-28d-f show the profiles calculated from the non-zero coma
correction term AN5 used in the optimized grating. The optimum coma correction is not

the same for all wavelengths, thus a value was chosen to minimize the largest coma (in
microns) as a function of scan wavelength.

This tunable spectrograph also contains gratings of nominal groove density 750
g/mm and 1500 g/mm, allowing coverage to wavelengths as short as 35 Angstroms at
high resolution. The 4.75° graze angle and the nearly perfect blazed groove profiles
shown by the scanning tunneling micrographs of Figure 2-29 should provide high
efficiency for all gratings.

f) AXAF Monochromator and Test Scans of Plasmas

As discussed in Sec. 2.3 a) above, the tunable spectrograph design is converted into
a monochromator by insertion of a stationary exit slit at the focal plane. Several such
HIREFS monochromators were designed and fabricated for applications which included
the testing of multilayers®47 and detectors, the spectral analysis of femtosecond laser-
produced plasmas33-5¢ and the characterization of large astronomical x-ray telescopes®’.
A photograph of one such HIREFS monochromator is shown in Figure 2-30. The
entrance slit is located to the far right, the optics chamber (housing the astigmatism
control mirror, meridional focusing mirror and gratings) in the center and the exit slit to
the left. All chambers are mounted to a breadboard which can be aimed both vertically
and horizontally to illuminate the Advanced X-ray Astrophysics Facility (AXAF)
telescope located at a distance of approximately 500 meters. The object point for the
telescope is a monochromatic stigmatic image at the exit slit of the monochromator. The

29 graze angles for the optics and the ability to select any one of four gratings (po =

1440, 480, 160 or 65 mm-1) provides access to first order wavelengths from
approximately 6 Angstroms to 300 Angstroms at a resolving power up to approximately
2000.

Calibration of this monochromator was performed using a laser-produced aluminum
plasma as described in the preceding section. The monochromatic radiation transmitted
through the exit slit was detected using a silicon photodiode. As the photo-electron yield
of silicon is known (1 e per 3.63 eV incident photon energy) and the diode surface had
only a thin stable oxide layer, the current read out by an electrometer could be converted
into photons/sec emerging the monochromator exit slit. ~ Figure 2-31 is a plot of the
spectrum, intensity calibrated for the first order lines. The 160 g/mm grating, 20 micron
entrance slit and 10 micron exit slit were selected. The spectral resolving power was
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Fig. 2-30. HIREFS monochromator for use in calibrating the Advanced X- Ray
Astrophysics Facility (AXAF) at Marshall Space F light Center's long beam facility.




Fig. 2-31. HIREFS monochromator spectrum of aluminum laser-produced plasma.
Entrance slit was 20" microns in width and exit slit 10 microns.
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Fig. 2-32. High resolution profile taken of Aluminum XI line using 10 micron
entrance slit and 5 micron exit slit of HIREFS monochromator: a) experimental
result; b) numerical raytrace simulation.
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Fig.

2-34.

Strong continuum from gold target laser-prod

used as a point source in place of the entrance slit to
through a stigmatic HIREFS monochromator.
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measured to be approximately 1000 across this spectrum. To test the limit of the
instrument resolution, narrower slits (10 micron entrance and 5 micron exit) were
selected, and the profile of the Al XI line at 52.299 Angstroms scanned (Figure 2-32a).
The measured FWHM of ~ 0.023 Angstroms compares well with the numerical raytrace
(Figure 2-32b) which shows a FWHM of approximately 4.8 microns at exit slit plane.
Convolving this with a 5 micron exit slit should yield a transmitted FWHM of ~ 7.4
microns. Dividing this by the linear dispersion of 0.264 mm/Angstrom results in a
predicted FWHM of 0.028 Angstroms. Measurements made at other wavelengths and
slit settings are plotted in Figure 2-33 and compared to the resolving power curves
generated from including the effect of slit widths assuming negligible contribution from
optical aberrations. Deviations of the measurements from the theory can be due to
optical aberrations, figure error aberrations, misalignment errors, signal noise and
unidentified spectral components causing line blends. While higher resolutions have
been obtained in particular measurements, the resolving power appears to typically level
off at a value near 2000 for this spectrograph of 2° graze angles and 1.76 meters length
from slit to slit.  This monochromator was coupled to a Rigaku water-cooled rotating
anode light source to obtain strong continua using a tungsten anode.

The application of this monochromator as a high intensity continuum light source at
high spectral resolution is illustrated in Figure 2-34. Using a gold target in the laser-
plasma source, and placing this point source at the entrance slit plane of the
monochromator, strong continua are shown using the 160 mm-! and 65 mm™! gratings
and a 20 micron exit slit. The continua are augmented by both broad and narrow
emission features from gold and a carbon-k absorption edge which appears in both first
order (43.6 Angstroms) and second order (87.2 Angstroms). In the region near 100 eV
photon energy, the detected flux at this resolving power of ~ 500 is over 108 photons/sec.
This compares well with fluxes achieved using much more inherently powerful light
sources such as synchrotrons.

g) Measured Soft X-Ray Efficiencies

The absolute efficiency of a 480 g/mm HIREFS grating and meridional mirror was
measured using an electron beam source with various anodes to obtain 10 different
calibration wavelengths. The angle of incidence to the gold grating was fixed at 89° and
the diffracted angle was 88.1° at AI-K to 85.3° at B-K. The grating efficiency in first
order as plotted in Figure 2-35a is seen to be approximately 10% in this short wavelength
region.  The gold mirror reflectivity (at an 88° angle of incidence) is shown to be
approximately 60%. The values are consistent with the theoretical reflectivity of gold
and a relative grating efficiency of ~ 16% in first order.

A 16% relative grating efficiency equals half of the theoretical peak relative

efficiency of 33% calculated from equation (2-28) using o* = 1° and B* ~ 3°. As this
peak is calculated at the blazed wavelength, the average efficiency over such a broad
band as measured here must be reduced by at least a factor of two. Thus, while the
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Fig.

2-36.

The change in geometrical aperture incident and diffracted from the
HIREFS grating due to rotation of the grating as a function of wavelength.
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measurements do not result in as high a peak efficiency as predicted, the average
efficiency over a broad wavelength region is at least as high as predicted on the basis of
perfectly blazed grooves.

One expects that the observed broadening of the diffraction efficiency curve,
combined with a lowering of the peak, is a result of deviations in the groove forms from
triangular profiles. This is consistent with second order measurements of the grating
efficiency (Figure 2-35b) which were a factor of two lower than first order even though
the reflectivities were comparable. Distortions from a perfectly flat groove will distort
the local wavefront and thus lower the diffraction efficiency in higher orders before
having a substantial effect upon the first order. Thus, provided such deviations are not
dramatic, they can actually be desirable for use in a spectrometer which is to cover a
spectral range of at least one octave, or in which higher order spectra must be minimized
in intensity. Therefore, a sinusoidal or rectangular (laminar) groove profile is also
acceptable, especially given that shadowing of triangular profiles brings the theoretical
relative efficiency to below 50% in most grazing incidence applications.

h) Spatial Uniformity

The meridional aperture of the incident beam converging to the grating is given
approximately as:

O, = V/f, =[W/abs(r)] cos o (2-58)

where o is given by equation (2-39) as a function of wavelength. The meridional
aperture of the diffracted beam converging to the exit slit is given approximately as:

O '= 1/f'=[W/h'] cos B (2-59)

where f is given by equation (2-40) as a function of the wavelength. In these equations,
W s the illuminated width of the grating. In the limit of small graze angles o* and B*,
the sine approximation leads to:

O, =[W/abs(n)] [y + mA/(2dy)] (2-60)

@, = [Wi'] [y -mM(2d,y)] (2-61)

where v = (o* + B*)/2 = (n — y)/2 is the effective graze angle in the constant angular
deviation mounting. Thus, the incident and diffracted meridional apertures vary linearly
upon wavelength, as plotted in Figure 2-36 using the parameters for the HIREFS

discussed above. Thus, y = 0.0349 radians (2°), W = 62.5 mm, r' ~ -r ~ 775 mm and ds=
1/160 mm.  The choice of the inside spectral order (m = -1) minimizes the percentage

03



variation of the diffracted aperture, while resulting in a large percentage change in the
incident aperture. This choice was made due to the customer's application of feeding the
exit beam to a fixed size telescope for diagnosis.

Within these apertures, spatial variation of intensity can occur due to a number of
causes, including 1) unintentional variation in groove profile across the ruled grating, 2)
designed variation in groove density and angles of incidence in the ruled width, 3)
overillumination of the exit slit due to geometrical aberrations, 4) variation in source
intensity as a function of angle and 5) intensity distortion due to finite size optics at
grazing incidence. As illustrated in Figure 2-37, the latter effect causes an intensity
variation even if the incident source illumination is uniform with aperture. This is due to
the intensity per unit angular aperture scaling poportional to the local magnification r'/r
along the mirror surface, resulting in an intensity variation:

Intensity Variation ~2 W /1~ (2/y) ® (2-62)

in the case whenr', ~r, The raytraced exit aperture shown in Figure 2-38a shows Dy 2

7 mrad, revealing an intensity variation of ~ 40% in the non-dispersive direction of the
spectrometer due to the long astigmatism control mirror (W = 234 mm, r ~ 1000 mm).
In the dispersive direction, the meridional focusing mirror also produces some variation
in combination with the pre-mirror used in both these raytracings and in the experiment.
However, due to the smaller aperture in this direction, the variation due to this effect is
only ~ 6% as shown in Figure 2-38b. The experimental result (Figure 2-38¢c) shows a
larger variation (~ 20%) which is believed due mostly to practical effects such as a)
temporal stability of the source (e.g. laser window contamination and target run-out) over
the finite time during which the measurements were made, b) variable surface
contamination on the pre-mirror by plasma debris and ¢) detector noise.

However, the fact that the experimental result shown in Figure 2-38¢c measures the
full predicted aperture of @ ' = 4.2 mrad (ref. Figure 2-36) demonstrates that the

diffracted beam is essentially in perfect focus through the 10 micron exit slit used to
obtain this data.
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3. In-Focus Monochromators (IFM)

3.1 Geometrical Concept and Fermat Analysis

While a significant improvement over previous grazing incidence designs, the
varied line-space plane grating spectrometers described above are not self-focusing. The
radiation diverging from the source or entrance slit must be focused by use of an
auxiliary mirror to provide a converging beam to the grating. This mirror introduces
some aberration due to geometrical optics, figuring and alignment errors, and some loss
in throughput due to its finite reflectivity and scatter. In addition, the focal condition is
met at only two wavelengths in the spectrum when using stationary slits, and coma is
corrected at only one wavelength. A self-focusing grating which maintains fixed slits
and provides images absent of all low order aberrations is the next step in the
development of an ideal spectrometer.

If the erect spectral field of the above design is not required, then higher throughput

and resolution can be obtained by a new monochromator>%:5% employing a self-focusing
grating as illustrated in Figure 3-1. The slits are again fixed in space, and the grating
rotates to select the wavelength. However, in order to remove the defocusing which
occurs at all but one or two correction wavelengths, the grating is also translated in the
direction of its surface tangent. If the grating has varied groove spacings, such
translation has the effect of changing the groove spacing and all its derivatives at the
position where the fixed principal ray strikes the grating surface. Defocusing is thereby
eliminated at all wavelengths in the continuum, rather than at one or two wavelengths.
This in-focus monochromator (IFM) design is not specific to the angle of incidence, so
can be used at grazing incidence without the aberrations inherent of other self-focusing
grazing incidence geometries adapted from classical normal incidence designs. The
combined rotation and translation of a varied space grating is a new mounting not
anticipated in classical optics.

There are a limitless variety of parameterizations of this design. However, one
particularly useful solution is presented here in closed form. To minimize the amount of
translation required, consider removal of the lowest order aberrations at two wavelengths
through rotation alone. Fermat's equations for defocusing and coma [(1-1), (1-5) and (1-
8)] at two such correction points (A, and ,) are given by:

cos?a; /r - cosa; /R + cos2B, /' - cosP, /R
2 (Slnﬁl " SinO‘,]) NZO/NIO ={ (3-1)

cos?a, /r - cosa, /R + cos2B, /' - cosB, /R
+2 (SiﬂBz o Sin()lz) NZO/NIO =0 (3-2)
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~(sinor, /r)(cos?ou, /r - cosol, /R) + (sinB, /r')(cos2B, /i’ - cosP, /R)
+id (SinBI - SiI]O'.l) N3O/NIO =0 (3-3)

-(sino, /r)(coszot2 It - cosat, /R) + (sin, /r')(cos2B, /' - cosf3, /R)
+ 2 (sinf, - sina,) N3g/Nyp =0 (3-4)

where o and f3 are determined from the wavelength according to equations (2-39) and (2-
40), respectively. Equations (3-1) to (3-4) are four equations in four unknowns (r, ',
N,y=p,/2 and N3,=p,/3), where the fixed parameters are the radius of grating curvature
(R), the included angle (26) and the central groove density (Nyg=p,)- Both defocusing
(F,) and coma (F;) are made to vanish at each of A, and A, by solving the above
equations simultaneously, which is possible if the grating is concave (R > 0), resulting in:

1/r={[b?-4ac]?-b}/(2aR) (3-5)
I'=¢/r-E/R (3-6)
py = [(cos?a, /r - cosay /R) + (cos?B, /' + cosB, /R)] / (mh,) (3-7)

Py = 312 [((:052(1I Jr - cosa; /R) sinat, /r -
(0052B1 /t' - cosPB, /R) sinf3, /'] / (mA,) (3-8)

where the dimensionless parameters are:

a = ysino, cos?at, - sinaL,cos2a, - x&2sinp, cos?B, + &2sinp,cosB, (3-9)

b= -ysino,cosat; + sina,cosar, + 2xLEsinB cos?B,
- 2 LEsinp,c0s2B, + xCsinB,cosP, - Lsinf,cosP, (3-10)

g —xézsinBlcoszﬁ] + ézsin[izcosz[i2 - xEsinfcosPB, + EsinPycosB,  (3-11)
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& = (xcos?a, - cos2aL,) / (cos2P, - ycos2B,) (3-12)
&€ = [x(cosa; + cosP;) - (cosar, + cosB,)] / (cos?B, - xcos2B,) (3-13)
%= Mofhy (3-14)

With input parameters of p, = 1500 mm~!, R = 10 m and 26 = 164°, one finds the
solution results in design parameters of r = 1011.488 mm, r' = 964.542 mm, P =~
1.63766 mm™2 and py = +0.00267255 mm=. These differ significantly from those of the
conventional design (r = 624.23 mm, r' = 2304.24 mm, py = 0, py = 0), in particular the

more nearly equal values for object and image distances in the VLS design. While the
resulting defocusing shown by curve 200 in Figure 3-2a is comparable to that obtained
for the conventional grating (curve 100) previously plotted in Figure 1-2b, the coma
shown by curve 202 in Figure 3-2b is significantly lower than that of the conventional
grating (curve 102). This indicates that a removal of defocusing would allow high
spectral resolution at all wavelengths. The non-zero value of p; obtained above allows

for such removal at all wavelengths in the continuum by a surface translation (Aw) of the
grating. Fermat's equations still hold provided w, p_, p;, ps, p3, etc. are replaced by the

adjusted values relative to the new grating pole. These are w*, P.™> P15 P, p3*, etc.

as follows:

w* =w - Aw (3-15)
Po* = Po(1-12 92) + p1(1-2/3 9H)AW + prAw? + psAw3 (3-16)
p1* = -p,0/R + pl(l—?_q)z) +2p,Aw + 3p3Aw2 (3-17)
Py* = -p,@2/(4R2) - 312 py (1429 92)p/R (3-18)

+ py(1+122 02) + 3p3(1+1/6 02)Aw

p3* = -2/3 p@/R3 - 4/3 p(9/R)? + 4/3 py /R + p3(1+202) (3-19)
where

¢ = arcsin(Aw/R) (3-20)
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Fig. 3-2. Fermat calculations of the geometrical aberrations of
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rotation of classical grating (curves 10X).
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The fixed principal ray now strikes ruled width coordinate w = Aw, and w* is measured
relative to this new pole. This degree of freedom for aberration elimination is not
present for a classical (equally-spaced) grating, as translation parallel to its surface
would have no first order effect.

The amount of translation 1s obtained by numerically iterating equations (3-16) to
(3-18) at each wavelength to force F,, = 0. Setting the last free parameter p; to zero

results in the curve 302 for coma of only ~ .001 Angstroms as shown in Figure 3-2b.
While this is already below the physical diffraction limit, it can be reduced even further
by taking advantage of the dependence of p,* upon p; indicated in equation (3-18). For

example, setting p; = -7 x 1077 mm™ results in the elimination of coma at a third

wavelength near the center of the spectral range, as shown by curve 402 in Figure 3-2c.
All wavelengths are now sharply in focus, the limit to the optical resolution being
spherical aberration (curve 404 in Figure 3-2¢). The extremum spherical aberration of ~
.01 Angstroms corresponds to a FWHM of ~ .0025 Angstroms, and is thus a factor of 250
improvement over the 0.7 Angstrom resolution obtained with the conventional design.
The translation required to accomplish this dramatic reduction in aberrations is shown by
curve 406 in Figure 3-2d. Because the grating rotation provides for the broad selection of
wavelength, the amount of translation required is small (~ 25 mm) and easily obtained
with a simple stage. As the translation functions only to remove a small residual amount
of defocusing, the translational accuracy required is low. For example, since 25 mm
corrects for 0.5 mm defocusing, even a (large) 0.1 mm error in the translation will
introduce a defocusing aberration of only ~ 0.5/250 = 0.002 Angstroms. Secondly, the
small amount of translation results in the concave grating still intersecting the fixed
principal ray at nearly the same vertical position, allowing the translation to be in a
straight line.

The amount of space variation required is also modest, due to the use of a concave
grating surface to provide the main focusing power. In the above example, a space
variation of only ~ 7% is required across the 65 mm meridional width. Such variation is
easily obtained and causes little change in the diffraction efficiency across the grating
aperture.

3.2 UV Experimental Results at Grazing Incidence

The IFM exhibits its most advantageous performance at grazing incidence, where
the conventional designs suffer from highly degraded performance. Experimental
verification of the above IFM theory was made initially by construction of an

atmospheric monochromator having a 20° graze angle (20 = 140°). The grating
parameters were chosen to enable operation in the ultraviolet and visible, resulting in p
=200 mm~!, p; =-0.37169 mm2, py = +0.00257 mm™, p3 =+0.000001 mm™#, R = 1001

mm, r = 301.5 mm, r' = 316.6 mm and a grating ruled width of 45 mm. At each
wavelength tested, the translation was adjusted to maximize the power transmitted
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through the exit slit, then a high resolution scan across the spectral line was traced on a
chart recorder. Two light sources were used: a low pressure mercury lamp for lines at
2534, 3126, 3650, 4047, 4358 and 5461 Angstroms and a Helium-Neon laser for the red
line at 6328 Angstroms. The mercury discharge was ~ 5 mm in diameter and placed
behind the entrance slit whereas the pencil He-Ne beam ~ 0.6 mm in diameter was
diffracted by the narrow entrance slit to fully illuminate the grating.

Figure 3-3 shows the wavelength profiles obtained for three strong emission lines of
the Hg lamp and the red He-Ne line. These traces reveal a symmetrical in-focus image
at each wavelength. As listed in Table II which includes an additional three (weaker)
lines, all measured resolutions are attributed entirely to either the finite slit widths or the
physical diffraction-limited resolution (9000 grooves full aperture). In agreement with
both geometrical (Fermat) calculations and numerical raytracing of the line profiles, the
measured FWHM resolution of < 1 Angstrom is approximately 1/4 times the calculated
extremum spherical aberration of 3-5 Angstroms for wavelengths from 2534 to 6328
Angstroms. A few of the profiles shown in Figure 3-3 appear slightly asymmetrical, due
to the 9 mm grating translation which weights the aperture and thus the spherical
aberration to one side of the grating pole. This effect is removed by stopping down the
aperture slightly to maintain a symmetrically illuminated grating aperture, resulting in the
symmetrical profiles shown in the top and bottom traces. The diffraction-limited profile
at 6328 Angstroms is evidenced by the presence of subsidiary maxima. The measured
FWHM of these profiles, using slit widths of 5-10 microns, corresponds to resolving
powers of 5,000-12,000. Considering the grazing angle, the short length (~ 0.6 m) and
the large aperture (~ 50 mrad), this resolution is quite high, and is a factor of ~ 300
improvement over that attainable using a conventional rotating grating with fixed
slits and the same angular deviation.

Table II also demonstrates that the experimentally measured amount of translation is
within 0.2 mm of that calculated according to the above theory. This translation was
simple linear motion 1n the direction of the grating tangent at the rotation axis which was
fixed in space.

3.3 Compact Soft X-Ray IFM

The ability to maintain a perfect spectral focus at all wavelengths with fixed slits
and a large grating aperture provides a higher combination of resolution and throughput
than previous designs, making the IFM particularly advantageous when operated with
soft x-ray radiation. Reducing the graze angle from the 20° in the proof-of-concept IFM
to 2° in a commercial model IFM-SXR-0.5 provided a high throughput moderate
resolution monochromator for use throughput the soft x-ray region. A compact physical
envelope of 0.5 meters slit-to-slit was obtained by use of the following input parameters:
20 =176°, R =8 m , p, = 600 mm (A, = 11.5 Angstroms and A, = 22 Angstroms).
Longer wavelength gratings are of lower groove density as indicated in the advertisement
reproduced here as Figure 3-4.
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Fig. 3-

IN-FOCUS
MONOCHROMATOR

I

4.

IFM compact model specs.

HETTRICK SCIENTIFIC INC.

904 Wright Ave. #8
TEL (415) 234-3996

Richmond, CA 94804
FAX (415) 234-3997

U.S. PATENT 4,991,934

Self-Focusing Grating (High Throughput)
Grazing Incidence (Soft X-Ray Use)
Fixed Position Slits

No Defocusing Over Entire Spectrum
Highly Symmetrical Line Profiles

Five Grating Bands Available
Gratings/Slits Selected Under Vacuum

IR AR K> <D

Compact Affordable Design

= OPTICAL PRINCIPLE

The IFM is based on a new grazing incidence focusing condition®,
whose essential features are illustrated below. A reflection grating
consists of grooves whose spacings vary systematically along the
dispersion plane. Selection of the wavelength transmitted between
fixed entrance and exit slits is accomplished by rotation of the
grating combined with a simultaneous translation along its surface
tangent. Due to the varied spacing, the translation provides a new
set of grating parameters where the principal ray strikes the grating
surface. This new degree of freedom eliminates defocusing at every
wavelength. Second order (coma) aberration is also well corrected
by higher order terms in the varied-space function. This yields
symmetrical line shapes, and provides a physically compact
instrument having a large collection angle.

The optical aberrations of the IFM are typically a factor of 10-100
smaller than a conventional spherical or toroidal grating in a single-
element fixed slit mounting. Equivalently, the throughput gain is 10-
100 at that limiting spectral resolution.

The fixed slits permit practical use with immovable sources of light
and detection, and hence represent an attractive and cost-effective
alternative to the Rowland circle monochromator.

“In-focus monochromator: theory and experiment of
Appl. Opt. 29, 4531-4535

*M.C. Hettrick,
a new grazing incidence mounting,”
(1990).
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Optical systems based on the IFM are protected by U.S. Patent
4,991,934 and by other foreign patents pending. Licensing is available
from Hettrick Scientific Inc. for customers who wish to manufacture
special (e.g. UHV) IFM systems for in-house use.

COPYRIGHT @ 1991 HETTRICK SCIENTIFIC INC. ALL RIGHTS RESERVED.
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== CONSTRUCTION
The design philosophy for compact model IFM-SXR-0.5 is maximum

throughput at moderate spectral resolution. It employs an axis of
rotation fixed in space near the grating pole, and a spherical concave
grating surface located approximately midway between the slits. This
results in minimal required translation, and a nearly fixed direction for
the emerging ray.

The grating mounting plate is lapped optically flat to ensure accurate
co-alignment of up to five gratings interchangeable under vacuum. In
addition, six discrete slit widths are selectable under vacuum using a
feedthrough incorporating a centering adjustment which is factory
present for optimal resolution and wavelength calibration. The
wavelength scanning is accomplished by means of a double cam
residing under vacuum and machined to automatically correlate the
combined grating rotation and translation. This is driven by a single
cxternally mounted stepper motor, providing a linear wavelength
scale.

= SOFT X-RAY RESULTS

A laser-produced, (1.06 pm, 300 m], 2.5 nsec, 13 Hz) aluminum
plasma was focused through the entrance slit of the IFM-SXR-0O.5 by
means of a relay mirror. The spectrum recorded by a commercial
silicon soft x-ray photodiode is shown below. The peak line
intensities of 700 pico-Amps correspond to 6 x 107 photons/sec.
With 200 pum slits, 4x108 ph/sec are detected emerging the exit slit!
Because the internal drive cams have bilateral symmetry within the
spectral operating range of the gratings, the scan direction
automatically reverses as one scans passed the maximum
wavelength. This provides for an efficient accumulation of data, and
requires no limit switches. As evident in the experimental results
shown here, the two spectra are excellent mirror images of each
other, wavelength calibration being maintained. The [FM delivers
spectra coming and going!
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IFM-SXR-0.5 SPECIFICATIONS

Mounting Hettrick, U.S. Patent 4,991,934, Spherical Grating

Angular Deviation 4° (Fixed). Nominal graze angle of 2°

Grating Format Gold Surface. Active Aperture 62 mm Meridional x 15 mm Sagittal. 5 Positions Selectable Under Vacuum.

External Drive Single Micro-Stepped Motor with Compumotor $X57-51 Indexer/Drive w/RS232C interface port.

Scan Speeds 0.1 - 100 mA/sec (Grating A)

Wavelength Linearity +0.5%

Backlash <0.05 A (Grating A)

Reproducibility +0.01A (Grating A) Same Slits, per Pumpdown.

Slits Feedthrough Selectable Widths of 5, 10, 20, 50, 100 and 200 microns. Lengths Are All 15 mm.

Vacuum Chamber Weld-Free 6061 Aluminum, Electroless Nickel Plated, Captive Viton 0-Ring Sealed Lid. 1/4-20 Mtg. Inserts.
User Ports O-Ring Sealed. Bottom Port Accepts 4.5" Conflat Flange, Side Port Accepts 2.75" Conflat Flange.
(e.g. Pumping)

Total Weight 22 kg, Including Innards, Lid, Motor and Counter.

Length 0.47 meters (Slit-Slit), 0.5 meters (Flange-Flange)

Aperture 11.2-14.9 mrad (f/89 to f/67) at Entrance Slit

(vs. Wavelength) 7.2-3.5 mrad (f/139 to f/285) at Exit Slit

Aperture Center Shift vs. Wavelength <+ 6 % of Above Values

GRATING SPECIFICATIONS

Grating Code HX X A B G
Nominal g/mm 1200 600 300 150 75
Operating Range (A) 6*-12.5 8.75-25 17.5-50 35-100 70-200
Plate Scales (A/mm)

Entrance Slit 1.5-2.0 3.0-4.0 6.0-8.0 12.0-15.9 24.0-31.8
Exit Slit .96-.48 1.9-1.0 3.9-1.9 T.7-3.8 15.4-7.6
Nominal Resolution (A)

50 micron Slits 0.07 0.15 0.3 0.6 1.2

10 micron Slits 0.02 0.04 0.07 0.15 0.3

*Short wavelength limit depends upon source intensity.

ACCESSORIES

A monochromator system typically integrates some of the following accessories. During soft x-ray spectral testing at our facility, we
can align and test the completed assembly prior to shipment. In additon to this hardware, we encourage the customer to use our
consulting and installation services to facilitate a successful interfacing and operation at the customer’s facility.

RELAY MIRRORS can be used to focus point sources through the entrance slit, collimate or re-focus the exit slit onto the user’s
detector.

VISIBLE ALIGNMENT MODULES direct a He-Ne pencil beam through the monochromator from the entrance slit end, exit slit end, or
both. Particularly useful in conjunction with relay mirrors to back-aim the incident beam through the entrance slit under vacuum.

FILTER ASSEMBLIES increase the $/N ratio when the user’s detector is sensitive to a broad band of wavelengths. Model VSA-100 is
supplied with four filter holders, clear rectangular aperture 3.8 x 17.2 mm to match the acceptance aperture of the monchromator.,
Filters available on request.

APERTURE ASSEMBLIES are useful when a defined rectangular aperture at the output is needed (e.g. for feeding test optics), or when
the beam intensity must be decreased without changing slit size. Model VSA-200 is available with 6 apertures (various sizes)
selectable under vacuum.

MOUNTING BREADBOARDS are particularly important when co-aligning the monochromator to other optics (e.g. relay mirrors) or
when interfacing to sources or detectors which cannot be directly mounted to the monochromator. We offer rigid lightweight
custom breadboards containing either simple 4-point or precision 3-point adjustable screws. Stands, gate valves, and other
accessories are available on request, and may be integrated into the breadboard or other structure specified by the custormer.
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Fig. 3-5. In-Focus Monochromator compact model IFM-SXR-0.5. A double-cam drives
both the grating rotation and translation, providing a linear readout of wavelength
scanned by a single stepper motor residing outside vacuum. Gratings and slits can be
interchanged under vacuum using feedthroughs engaged to pre-loaded crossed-roller
slides. Distance from entrance slit to exit slit is only 0.47 meters.
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A convenient feature of the mechanical design, shown in Figure 3-5, is that the
grating rotation and translation are driven by a double-cam which automatically
correlates the two motions and provides a linear readout of wavelength from the rotation
of a stepper motor shaft residing outside the vacuum chamber. The required translation
as a function of wavelength is plotted in Figure 3-6. At the two correction wavelengths,
the translation is zero. Originally designed to cover the 10-25 Angstrom region, the 600
g/mm grating need only translate by ~ +/- 3.5 mm. Extension to shorter wavelengths
(8.75 Angstrom) required a maximum translation of -7.38 mm. In practice, this allowed
access to the important Al-K line at 8.34 Angstroms.

a) Raytrace Simulations (2-D and 3-D)

The line profiles shown in Figure 3-7 result from 2-D meridional raytraces of
Model IFM-SXR-0.5 at the exit slit plane, using an entrance slit of 5 microns width. The
horizontal scales have been converted to Angstrom units, revealing a nearly constant
FWHM resolution of ~ 0.02 Angstroms. When convolved with a 10 micron exit slit, the
This represents a typical resolving power is ~ 500 at the center of the band. Away from
the two correction wavelengths, the line profiles exhibit some asymmetry due to non-zero
coma. This asymmetry is small in comparison to the line width resulting from all but
these narrowest of slits.

Full 3-D raytraces are shown in Figure 3-8 at the same wavelengths. The sagittal
beam diverged by 30 mrad to simulate a full illumination of the 15 mm long exit slits
used in the actual monochromator.  This results in the small amount of sagittal coma
appearing as image curvature in the spot diagrams. The image width in the dispersion
(vertical) direction is dominated by the magnification of the 5 micron entrance slit by the
factor cos o / cos B which ranged from ~ 1.6 to 4.2 as a function of the wavelength, due
to use of the outside (+) spectral order.

b) Measured Soft X-Ray Efficiencies

Due to the use of only a single optical element, the efficiency of this soft X-ray
monochromator is the efficiency of the grating. To determine this efficiency, absolute
reflectometry measurements were made on four IFM gratings [X(600 g/mm), A(300
g/mm), B(150 g/mm) and C(75 g/mm)] ruled according to the author's specifications by
Dr. George Hirst and Stan Coles (Perkin Elmer Corp.). The spectral bands are denoted .
Each grating was mounted to allow rotation to the desired angle of incidence and
translation to center the grating in the monochromatic beam provided by an IFM-SXR-
0.5 monochromator used to select spectral lines from a laser-produced plasma light
source. The angle of incidence was adjusted at each wavelength to simulate the constant
angular deviation mount of 20 = 176° used in the monochromator, and a silicon
photodiode detector translated into the beam diffracted from the test grating to measure
its intensity. This was converted to absolute efficiency by also measuring the incident
intensity after translating the grating sample out of the beam.
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The required translation at each wavelength is given in Fig. 3-7.
at 11.5 and 22 Angstroms where translation and therefore coma aberration is forced to zero.

Entrance slit was 5 microns, and only the meridional rays were traced (no sagittal aperture).
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The measured results are plotted in Figures 3-9 for the four gratings, and fit to third
degree polynomials. The first order absolute efficiencies peak at ~ 20% for the short
wavelength gratings (X and A), rise to 25% for the medium wavelength grating (B) and
further increase to ~ 40% for the long wavelength grating (C). These results are
essentially equal to the theoretical values at the blazed wavelength. These theoretical
values equal the shadow factor Q (see Sec. 2.1f) which is ~ 50% in this case, times the
reflectance of gold which ranges from ~ 50% at the short wavelengths to ~ 70% at the
long wavelengths.

The angular acceptance of the monochromator in the meridional direction is due to
the 62.5 mm grating width, resulting in 11.2 mrad to 14.9 mrad as a function of
wavelength as the grating rotates. In the sagittal direction, the 15 mm long exit slit limits
the acceptance angle to ~ 30 mrad for sources placed near the entrance slit. The resulting
solid angle of acceptance is the product of these, or ~ 400 prad. Multiplying this
geometrical value times a typical measured efficiency of 25% results in en effective solid
angle of ~ 100 urad. This value can be multiplied by the intensity of a narrow source
located at the entrance slit plane to determine the approximate intensity emerging the exit
slit. However, if a diffuse source is located behind the entrance slit, the solid angle must
be diminished by the ratio of the entrance slit width to the source size. This assumes the
source is placed at the optimum distance from the slit, resulting in full illumination of the
grating.

c) First Soft X-Ray Results

Figure 3-10 shows laboratory photographs and a chart recorder trace of the first soft
x-ray results obtained with Model IFM-SXR-0.5 on February 28, 1991. The spectral
lines arise from various ionization states of the aluminum laser-produced plasma, and the
instrument resolution is determined by analysis of only the narrowest of these lines, to
avoid including multiple component line blends.

The predicted resolution is determined by assuming the optical aberrations are
negligible and considering only the dispersive resolution at the two slits. As shown by
the raytraces above, this is a good approximation when the slit widths are 10 microns or
larger. As each slit contributes a square profile to the line shape (unlike the Gaussian

profiles of the space astronomy spectrograph of Sec. 2.2), the convolution of both slits is
a trapezoidal profile with a FWHM equal to:

AL =MAX (A,B) + 1/2 MIN (A,B) (3-21)
where

A =(d,/m) (Ax,, /1) sin{n/2 - O + arcsin[mA/2/d /sin(m/2-0)]} (3-22)
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Fig. 3-11. Soft x-ray tunable system consisting of the In-Focus Monochromator (1IFM)
model SXR-0.5 and an electron beam source (Manson model 2). Due to the single
grazing incidence reflection and the large collection angle provided by the short focal
length, this system has extremely high throughput, allowing spectral filtering of the
bremsstrahlung continuum. System was delivered to MIT Center for Space Research for
calibration of CCD detectors to 1.5 keV photon energy.




B =(dy/m) (Ax,/r") sin{r/2 - 6 - arcsin[mA/2/d_/sin(n/2-0)]} (3-23)

and where Ax,, i1s the width of the entrance slit and Ax,, 1s the width of the exit slit.

Substituting d | = 66,667 Angstroms (grating B), m = +1, 6 = 88° and r = r' = 236 mm,
and using the sine approximation for small angles, the above equations become:

A= Ax,, (00986 +.0000607 1) (3-24)

B= Ax, (.00986 - .0000607 i) (325)

where Ax are in micron units and A is in Angstrom units. Using Ax = 10 microns results

in AA = 0.16-0.18 Angstroms over the 35-100 Angstroms band. This is in good
agreement with the measured resolution of ~ 0.2 Angstroms.

This spectrum represents the first grazing incidence fixed slit spectrometer which
recorded in-focus spectral images at all scanned wavelengths using a single optical
element. This first IFM is in operation at the Los Alamos National Laboratory using an
electron beam light source. An additional five IFMs were manufactured and are in
operation at various laboratories using e-beam, laser-plasma and other sources in the
wavelength region from ~ 8 Angstroms to ~ 400 Angstroms. Two such IFM
configurations are next presented, including the results from tests made at Hettrick
Scientific Inc.

d) Calibration of E-Beam Source Line Spectra

The calibration of single-photon counting detectors, such as micro-channel plates
and CCDs, requires a low intensity stable source which emits both line and continua
throughout the soft x-ray region. This is provided by an electron beam source which is
placed near the entrance slit in order to fill the grating aperture. As astigmatism is not
only tolerable but actually preferred in order to fill the detector aperture, a single-
element IFM may be used. Figure 3-11 is a photograph of such a system configured with
a Manson Model 2 soft x-ray source attached to an adjustment feedthrough and compact
triangular chamber near the entrance slit assembly. A turbo-molecular pump attached

directly to the source chamber maintains a pressure below 1077 torr in order to minimize
the accumulation of hydrocarbons on the source anode.

The spectra obtained using gratings X and A and detected by current readings
through a silicon photodiode are plotted in Figure 3-12a. The slit widths were 100
microns, and the K-lines of neutral Aluminum, Magnesium, Oxygen and Carbon readily
appear from the aluminum anode. The magnesium is due to the alloy of aluminum used,
and the oxygen and carbon are due to hydrocarbons accumulated on the anode surface
after an extended period of operation. The known wavelengths of these lines allow an
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Fig. 3-13. High resolution profile of the narrow Al-K alpha line from e-beam source
diffracted in second spectral order by the IFM using an entrance slit of 5 microns
and an exit slit of 10 microns. The measured resolving power is approximately 500.
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absolute calibration of the wavelength scale. The cam wavelength drive allows for a
precise linear fit to the data, as plotted in Figure 3-12b, with residual errors less than
0.5% in wavelength.

The FWHM of the line profiles in Figure 3-12a corresponds to a resolving power of
~ 50-100 as a function of wavelength, consistent with equation (3-21). The low-z lines
of aluminum and magnesium are inherently narrow, and therefore serve as probes of the
instrument resolution. Selecting an entrance slit of 5 microns and exit slit of 10 microns,
Figure 3-13 plots a higher resolution profile taken of the second order Al-K line. The
measured FWHM of ~ 0.035 Angstroms corresponds to a resolving power of ~ 500 at this
spectral wavelength.

By insertion of other anodes and attachment of foils on Copper or Aluminum based
anodes, the astigmatic IFM has provided lines to wavelengths as short as P-K (6.1
Angstroms) and has discovered intense Ti-L lines at 27.42 Angstroms and 31.36
Angstroms, the latter being in near wavelength coincidence with the elusive N-K line.
Such additional lines have provided a useful tunable ‘monochromatic light source for
calibration of CCD detectors and other optical components.

e) Bremsstrahlung Spectra and Laminar Grating

The electron beam source also emits bremsstrahlung easily detected with single-
photon counting devices following the exit slit of the monochromator.  Even the
uncooled silicon photodiode detector used to calibrate the IFM showed measurable
bremsstrahlung continuum at all wavelengths. Figure 3-14a shows one such spectrum at
long wavelengths using grating C and an aluminum anode. Unfortunately, the blazed
grating has triangular groove profiles which produce good efficiency in high spectral
orders. Thus, any features in the continuum are overwhelmed by the presence of
multiple order lines of aluminum from the anode. This spectrum, taken using a 50
micron entrance slit and 100 micron exit slit, shows the aluminum-K line at 8.34
Angstrom reproduced all the way through spectral order m ~ 20!

To reduce the intensity of these higher order lines, and thus provide a spectrum
dominated by the first order continuum, a laminar profile VLS grating model D was
made for the IFM by the author using a new grating fabrication technique developed by
Hettrick Scientific Inc. Figure 3-14b, taken using a 20 micron entrance slit and a 50
micron exit slit, shows the self-absorption edge of the aluminum anode at Al-L, clearly
measurable due to the removal of the higher order lines by the laminar groove profile.
The correct fabrication of the designed groove density variation is also confirmed by the
measured sharpness of the absorption edge.

f) Stigmatic IFM for Plasma Spectra

With the addition of a mirror to remove the astigmatism, the IFM provides a point-
like monochromatic image of extremely high brightness. Figure 3-15 is a sketch of such
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Hettrick Sclentifie, Ine.

: SOFT X-RAY OPTICAL SYSTEMS
S04 WRIGHT AVENUE UNIT #8 RICHMOND, CALIFORNIA 94804
TEL (510) 234-3996 FAX (510) 234-3597

IFM-TYPE II-SXR-0.5 end-to-end system.

Fig. 3-15. b) Photographs of stigmatic [FM system drawn in Fig. 3-15 during
laser-plasma testing of resolution and efficiency at author's company.
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Fig. 3-18. a) Indication of Carbon-K edge in IFM spectrum.
b) Verification of Carbon contamination of pre-mirror from
laser-produced plasma source.
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a stigmatic [FM constructed for use with a laser-produced plasma light source. The
astigmatism control mirror has a large angular acceptance (30 mrad) and is oriented with
its surface normal at right angles to the dispersion plane. The exiting monochromatic
beam was refocused by a post-mirror to provide a point image at the user's target. The
magnification factors derived from Figure 3-15 are 3.2 relative to the exit slit width in the
dispersion direction and 4.3 relative to the source in the non-dispersive direction. Thus,
for a 0.1 mm source and 0.05 mm exit slit, the image focused onto the target is
approximately 0.5 mm x 0.2 mm. The resulting intensity per unit area at the target was
sufficient to produce photo-electrons subsequently analyzed to study the chemistry and

structure of the target surface®®. To minimize contamination of the target surface, the

monochromator is maintained at near UHV pressures (102 torr region). This is made
possible by clean construction practices and choice of materials.

Figure 3-16 is a full-range spectrum of a laser-produced aluminum plasma taken
with the stigmatic IFM grating. Grating band C was used and the slits were 5 microns
and 10 microns. The ionization species identified for some of the multitude of lines is
given in the expanded horizontal scales of Fig. 3-17. The lines which are not obviously
blends have measured FWHMs in the range of 0.18 to 0.22 Angstroms, corresponding to
a resolving power of ~ 650 at the band center. This is exactly the amount of aberration
predicted using the above dispersion equations (3-21) to (3-23). This clearly
demonstrates that the geometrical aberrations are small even in comparison to the 5
micron slit. The calibration of absolute wavelength using the known wavelengths of the
identified lines resulted in linearity to within 0.5%.

g) Diagnosis of Laser Plasma Contamination

While the testing of spectrographs and monochromators at Hettrick Scientific Inc.
was mainly for the purpose of performance verification and calibration, this also
provided information on the laser-produced plasma source used for some of these
measurements. It is well known that such sources eject both gaseous and particulate
debris which contaminate the surface of windows and other optics in view of the source.
However, the pre-mirror used to refocus the plasma point source through the entrance slit

of the IFM 1s at a 2° graze angle relative to the line-of-sight to the plasma. This results in
a very slow accumulation of such debris and thus a sensitive means of monitoring the
different phases of the coating of a mirror by the plasma. For example, Figure 3-18a
reveals the presence of a Carbon-K edge, whose strength was correlated with the visual
appearance of a brownish-gold discoloration coating a bare pre-mirror. Indeed, cleaning
the mirror removed this edge, as shown in Figure 3-18b. This carbon contamination
apparently precedes the deposition of the heavier metallic component of the plasma
debris. A precise monitoring of the deposition rate of such films can be obtained by use
of the numerous lines and edges available in the soft x-ray region, combined with the
high throughput and resolution provided by a monochromator such as described here.
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4. Surface Normal Rotation (SNR) Monochromators

In further development of the ideal monochromator, one can list the limitations of
the above VLS designs as follows: 1) a large variation in the aperture size as a function of
wavelength, 2) a high required precision of grating rotation to obtain an accurate
selection of wavelength and 3) a narrow range in wavelength efficiently diffracted by a
blazed grating, due to the change in the angles of incidence and diffraction upon grating
rotation. ~ Conventional designs exhibit additional problems including the defocusing of
the image or the need to scan auxiliary mirrors or the slits. All these limitations arise
from the fact that scanning is performed within the dispersion plane normal to the
grooves and the grating surface. This scanning has comprised rotation of the grating
about an axis parallel to its grooves, sometimes accompanied by translation of the grating
or rotation and translation of mirrors within the dispersion plane. This limited range of
scanning motions has been honored by all grating spectroscopy instruments, whether they
be used at normal or grazing incidence, for in-plane or off-plane diffraction, in reflection
or transmission, and even when the groove spacings have been varied by holographic or
mechanical means.

Unfortunately, such motions within the dispersion plane alter the focusing properties
of the grating, a detrimental effect which is most pronounced at grazing incidence. This
has historically been corrected by the introduction of auxiliary mirrors and complicated
scanning motions for the optics and slits to maintain a well-focused image. Even with
the use of varied spacings to provide this correction, the grating has still been rotated
about an axis parallel to its grooves, leaving the three limitations listed above. In
particular, the resulting wavelength-dependent numerical aperture causes a non-ideal
illumination of targets to which the monochromatic radiation is directed. In the past, a
constant numerical aperture and fixed beam direction could only be obtained by resorting
to the even less desirable condition of huge translations of both the entrance and exit slits
to maintain adherence to the Rowland circle.

4.1 Geometrical Concept

As a new alternative®!.2, consider the rotation of a diffraction grating about an axis
normal to its surface as shown in Figure 4-1a. The optical surface of the grating 1s
unchanged in position and orientation during such a motion, and should therefore
maintain its focusing properties through fixed slits. The only change is the orientation of
the grooves, which are now tilted by an angle ®. An incident light ray therefore views a
groove spacing within the plane of incidence which has in effect increased by 1/cos®.
This results in a corresponding increase in the wavelength diffracted to a fixed image
position within this plane:

A=2A,/cos® 4-1

where
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is oriented to diffract the minimum wavelength through the exit slit. 1n
(b), a top view of the rotated grooves shows 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 where the elit(s) may move.
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Ay=(sinB —sinc)d,;/ m (4-2)

1s the wavelength diffracted to this position at a rotation angle of zero wherein the
grooves are normal to the dispersion plane.  The wavelength A is the minimum

accessible wavelength in spectral order m. Since a and 8 are unchanged during rotation
of the grating, the focal length and numerical aperture of the grating are also fixed in this
Surface Normal 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 {:

N =(wf) = (v/d,) cos © + (l/d,) sin® (4-3)

Thus, N, = (1/do) cos ® and Ny; = (1/do) cos ®. From equations (1-1) and (1-4), the
grating equation now reads:

sina - sinf3 + mAN; o = sina - sinf} + (mA/d,) cos® =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 wavelength for conventional rotation of a
grating about an axis parallel to its grooves. This is for a constant included angle of
20=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 Ny, 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/6=r mA 6N/l =r (mA/d,) sin ® =r' (mA /d;) tan © (4-5)
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From equation (4-2) it can be seen that the factor (mA_/d,) is small at grazing incidence

where angles o and B approach n/2. At such angles, the movement of the image in the
y'-direction is therefore small. However, at normal incidence this movement would be
large and typically disadvantageous. This is perhaps the only known case in grating
design where the performance becomes better towards grazing incidence. The residual
aberrations in this case are dependent upon the geometry of the incident beam as given in
Secs. 4.2 and 4.3.

4.2 Diverging Beam SNR Geometries
a) Simple Rotation SNR and Aberration Computations

In the simplest configuration where the single grating accepts the radiation diverging
from a source or entrance slit, Figure 4-1b indicates that opposite ends of a grating
groove present slightly different effective spacings as viewed by the incident ray. This is
due to the finite numerical aperture, @, in the sagittal direction, resulting in a contracted

effective spacing d;, = d /cos(®—D/2) at the top of the grating groove and an elongated
effective spacing d, .. = d /cos(®+d/2) at the bottom. The relative difference between
these spacings results in a relative difference in the diffracted wavelengths as follows:

AMA = Ad/d = A[do/cos(®+€Dy/2)-d0/cos(®—tby/2)]/(dolcos(E))
= (c0s®) (sin®/cos2@) [@y/2 - (-Dy/2)]

= @, tan © (4-6)

This result also results from application of the light-path function. Consider the sagittal
position y' given in equation (4-5). From Figure 1-1, the geometrical light-path distance
from the in-plane object to this image can be written as

L& {[r’(mKO/dO)tan(D-€]2+[r'sin]3—w-]2+[r'cosB—(;;2/(2R)—p/(2R)]2} iz

+ {P+[rsinatw ]2 +Hrcoso-w2/(2R)-2/(2R) ]2} 112 (4-7)

By expanding this as a series in w ! {J, the new term of lowest order is the mixed term
which produces image tilt:
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Ly, = - (m\/d,) tan® sinp / (4-8)
which from equation (1-11) yields

ANy, /2= di(mh) §F/Sw = (d/m) SL/ow

=d/(mA) Ly, [

Il

CDy tan ® sin 3

which at grazing incidence = (I)}, tan ® (4-9)

b) First Soft X-Ray Results

To test the above theory, a soft x-ray SNR monochromator was constructed,
consisting of a slitless laser-produced plasma source, a selectable series of sagittal
apertures, a palladium coated concave grating of radius R = 20 m and ruled area 32 x 32
mm? and a selectable series of exit slit widths. The instrument length from source to exit
shit was ~ 1.5 m, the angular deviation was 26 = 176° and the minimum wavelength was
Amin ~ 10.4 Angstroms. To minimize the meridional aberrations, the source and exit slit
were located on the Rowland circle of the grating. A silicon photodiode detector
measured the intensity of the beam transmitted through the exit slit as the grating rotation
angle © was scanned by a stepper motor. The rotation angles were converted to absolute
wavelength values by use of equation (4-1) and one known line in the spectrum.

Figure 4-3 presents the resulting spectrum of a stainless steel target taken by the test
SNR monochromator. A sagittal aperture of 1 mrad was selected. Equation (4-6) thus
predicts a geometrical aberration of 1/730 at 17 Angstroms, 1/250 at 41 Angstroms,
1/140 at 71 Angstroms and 1/66 at 158 Angstroms. When the blur of ~ 1/360 is added
due to the dispersive aberration from the 20 mm exit slit and comparable size slitless
source, the predicted net aberration is 1/290, 1/185, 1/117 and 1/60 respectively. These
are in good agreement with the measured FWHM values from Figure 63 of 1/335, 1/149,
1/118 and 1/66.

¢) High Energy SNR Monochromator for Astro-D Calibration

Figure 1-5 reveals that a 1° graze angle provides usable reflectivity to wavelengths
as short as ~ 3 Angstroms (4 keV photon energy). A SNR monochromator with 20 =

178° was built for high energy calibration of an astronomical telescope and focal plane
CCD detector.  One of the main goals of the calibration was to measure the spectral
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variations in the reflectivity of the telescope due to its gold coating. The radiation was
bremsstrahlung provided by an electron beam source, and the both the source anode and
grating coating were palladium to prevent instrumental gold M-shell edges being present
in the spectrum emerging the monochromator.

Figure 4-4a is a low resolution scan of the spectrum produced by the
monochromator and source in the 0.5-4 keV region, using 100 micron entrance and exit
slits. A smooth level of continuum is present at the position of the gold M-shell edges at
2.2 and 2.3 keV. The bremsstrahlung extends all the way to ~ 4 keV, as seen from the
confirming CCD pulse-height results plotted in Figure 4-4b. These energies were
previously the exclusive domain of crystal spectrometers. Such spectrometers require the
accurate rotation of two crystals and the translation of one in order to maintain fixed
position slits and beam directions, and thus was experimentally attempted but found to
provide inadequate performance for use in the calibration task.

To direct the exiting beam at the fixed position telescope ~ 300 meters distant, the
source was intermittently translated in the non-dispersive direction to correct for the
movement which would otherwise occur in the exiting beam according to equation (4-5).
The results of the telescope calibration are shown in Figure 4-5, clearly revealing the
strength of two gold M-shell edges at a resolution of ~ 100 eV (A/AL ~ 200). These flux
data were used to remove the telescope response from the in-flight data obtained by
ASCA (the flight mission of ASTRO-D).

d) Double Rotation Geometrical Concept and Raytracings

The limit to the spectral resolution of the simple rotation SNR, as shown in Figure
4-1b, is due to the change in wavelength due to rays striking the grating in the sagittal
direction. Equation (4-6) shows that this change is linear with the sagittal aperture
coordinate, hence yields a tilted image at the exit slit plane. If the exit slit is tilted an
equal amount:

Y = (mk/d,) tan® / (1+r,/r') / cosP (4-10)

then this limit to the spectral resolution is eliminated. In this equation, r, is the distance

from the source to the grating pole. Returning to the test SNR described in Sec. b)
above, the inset to Figure 4-4 shows that a tilt of the exit slit by the predicted amount of

6° results in a factor 6 reduction in the spectral aberration at a sagittal aperture of @, =4
mrad.

However, for sources extended by a distance Ay in the sagittal direction of the
entrance slit, there will remain an effective AD, = Ay / r, which enters into equation (4-

6) as follows:
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AMA = (Ay / ry) tan ® (4-11)

For example, a 2 mm source size would contribute an effective sagittal blur of 4 mrad at
a grating 500 mm away, resulting in a spectral aberration of 1/50 at a rotation angle of ®
= 78.46° required to scan to A = 5 A;,. To eliminate this source of spectral aberration,

the grating is tilted instead of tilting the exit slit. This is equivalent to tilting both slits by
equal angles relative to the grating. The unit magnification from entrance slit to exit slit
on the Rowland circle grating means that an extended source has no significant effect
upon the resolution, due to the one-to-one mapping of the slits along their lengths. Such
a double-rotation SNR therefore provides high spectral resolution over a broad spectral
range.

The required grating tilt, ¥ is determined by considering the effect of rotation about
the w-axis upon the light path distances. This has the main effect of changing the u-value
of the grating coordinate by an amount { sin®, which must be added to the value u = ([?
+ w?)/(2R) used in equation (4-7). With this substitution, expansion of this light-path

distances now results in an image tilt term:
L,, = cos¥g [(mA/d )tan® sinf + (cosa + cosf)tan'¥' ;] (4-12)
which at grazing incidence is removed by the following choice of grating tilt:

tan'¥'; ~ - (mA/d,)tan® / (coso + cosf)
(4-13)
~ - (mh/d )tan® / (2cos0)

Numerical raytracings confirm this, for example a grating tilt of ~ 2.7° at a wavelength of
50 Angstroms given an included angle 26 = 175.5° and a groove density of 750 g/mm.
Figure 4-6a plots the result of 3-D raytracing of monochromatic lines at the minimum
wavelength (10 Angstroms), at 30 Angstroms and at 50 Angstroms. The grating has a 20
meter radius of curvature and a 123 mm x 123 mm aperture (®, = 123/20,000 = 6 mrad).

The dispersive resolution for slits placed on the Rowland circle can be written as simply:

Mg/ M= 1.5 Ax (d, / A,) /R (4-14)

where Ax is the width of each slit. Using the 750 g/mm grating (d, = 13,333 Angstroms),

the fractional dispersive resolution is a constant 1/1,000 at all wavelengths using 10
micron slits. However, there is a small amount of broadening seen in the at the 50
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Fig. 4-8. Fizeau interferograms of two grating blanks, taken
using the transmission sphere lense of Fig. 4-7. The test

pieces showed asphericity less than 1/5 fringe (1/10 wave) and

were radius calibrated to enable knowledge of SNR monochromator
focal length.
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Angstrom line profile, due to the sagittal geometrical aberration appearing in the spot
diagram of Figure 4-6b.

The high spectral resolution made possible with this double-rotation grating motion
(© about the surface normal and ¥; about the w-axis) is necessary to calibrate the high

resolution spectrograph designed for the XMM satellite (see Sec. 2.2 above).
e) Fizeau Transmission Sphere Measurement of Grating Curvature

In order to obtain the theoretical resolution, the grating surface must be accurately
figured to a spherical shape over its large ruled aperture. To perform a precise
measurement of deviations from a sphere, and to calibrate the exact radius of curvature,
an interferometric fixture was devised based on a Fizeau interferometer. To
accommodate the need for collimated beams exiting and entering the interferometer, a
transmission sphere was designed to transform the collimated incident beam into one
diverging into the grating spherical surface from an effective point located at the center
of curvature. As shown in Figure 4-7a, the reference surface of the transmission sphere
must be concentric with the grating surface (the transmission sphere must be a retro-
reflector) so that phase differences between the light reflected from this surface and that
returning from the test grating surface are a measure of surface errors of the grating. This
geometry requires the following condition:

sinp=x/R, (4-15)

sin d)}’l:X/Rl -X/(Rz 't) (4-16)

which by substitution of Snell's law (n sin¢, = sin ¢) provides the following relation for
the radii of the two surfaces of the transmission sphere:

R;/Ry=(1-1/n)(1-t/Ry) 4-17)

Strictly speaking, this derivation ignored the spherical aberration of the two surfaces of
the transmission sphere, but such aberration was found to be negligible by raytracing
simulations such as displayed in Figure 4-7b, revealing a total distortion of less than
1/100 of a wave. The experimental result on the actual grating blank is shown in Figure
4-8, verifying the achievement of ~ 1/10 wave (1/5 fringe) on the grating surface. This
also provided a measurement of the grating radius of curvature to within approximately
20 mm, by calibrating the transmission sphere reference surface against a known radius
mirror. This allowed the design of the absolute object and image distances to place the
entrance and exit slits on the Rowland circle of the grating. The resulting length of the
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monochromator was 1.57 meters from entrance slit to exit slit, and the grating included
angle 26 was 175.5° resulting in a nominal graze angle of 2.25°.

f) Double-Rotation SNR for XMM Calibration

A photograph and description of the SNR constructed for this task is shown in
Figure 4-9. The soft x-ray source used by the experimenters was a water-cooled electron

beam. The emitted line radiation was viewed at a 6° angle relative to the anode surface
in order to maximize the soft x-ray intensity. However, for testing of the instrument
resolution, a laser-produced stainless steel plasma was used, and spectral scans made as
shown in Figure 4-10a. The nearly power-law fit of the continuum baseline all the way
to the shortest wavelengths suggests the absence of significant scatter in the
monochromator. This was confirmed by inserting thin-film filters to provide absorption
edges at various wavelengths throughout the spectrum. The resulting near elimination of
the signal to the high energy side of each edge indicates that the continuum was real and
not scattered white light.

Use of 10 microns slits and intrinsically narrow emission lines provided
experimental verification of the spectral resolution such as shown in Figure 4-10b.
Results at the longest wavelengths near 50 Angstroms showed a small degradation in
resolution (A/AA ~ 850) due to the sagittal aberration revealed in the raytracing of Figure
4-6b.

g) Soft X-Ray Efficiencies of SNR Grating

The surface normal rotation increases the groove spacing in proportion to the
diffracted wavelength. This maintains the blazed wavelength of equation (2-27) much
closer to the diffracted wavelength than in classical rotation. Secondly, the new scheme
rotates the groove facets out of the highly shadowed condition endemic to in-plane
diffraction, thus decreasing the shadow factor of equation (2-29) as the wavelength

increases. These two advantageous effects®? are plotted in Figure 4-11a. The net result
is a more gradual decline in the relative diffraction efficiency as a function of
wavelength, resulting in a wider bandpass at good efficiency. A witness sample grating
to the high resolution SNR described above was measured for absolute efficiency at 5
wavelengths, as the grating was rotated about its surface normal to select these
wavelengths in a reflectometer. The results plotted in Figure 4-11b show usable
efficiency over a factor of ~ 5 in wavelength, though details of the efficiency curve are
not available due to the limited number of test wavelengths. The efficiency of the actual
grating finally used in the monochromator is believed to have an even broader efficiency
curve due to the subsequent optimization (deepening) of the groove depth during the set-
up for its fabrication. -
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h) Spatial Uniformity

The single optical element and the use of equally-spaced grooves each minimize the
variation in efficiency across the diffracted aperture. The main variation occurs from the
geometrical aberrations which set in at the longest wavelengths due to the correcting tilt
of the grating. Figure 4-12 shows spot diagrams of 3-D raytracing results at the exit
aperture of the high resolution SNR described above. These were made of the
transmitted beam at the position of the XMM telescope ~ 160 meters from the exit slit.
The missing regions at 50 Angstroms shown in Figure 4-12¢ are due to the
overillumination of the exit slit displayed in the focal plane spot diagram of Figure 4-6b.

Measurements of the 1-D spatial profiles at 15 Angstroms and 44.3 Angstroms
shown in Figure 4-13 exhibit uniform intensities over the full 6 mrad meridional aperture
of the grating. It should be noted that temporal variations in the intensity of the laser-
plasma light source are significant in the measurement at 15 Angstroms, and thus an
average of the profiles made with the aperture slit traversing in opposite directions is
probably the most accurate measure of the inherent spatial non-uniformity in the beam.
Similar measurements on the central 1/3 of the meridional aperture were made at the
customer's facility using the stable electron beam source, and showed immeasurably
small variations (< 2%) over this limited aperture of ~ 2 mrad in first spectral order.
Higher spectral orders showed more significant variations, presumably due to the more
pronounced variations in diffraction efficiency expected.

4.3 Sagittally Collimated Beam SNR Monochromator

The most direct way of eliminating the image tilt of equation (4-6) is clearly to
provide a collimated beam in the sagittal direction, for which (I)y = 0. From Figure 4-1b,

this results in an equal effective spacing d /cos® regardless of the sagittal coordinate {

This collimation can be accomplished by a mirror preceding the grating. However, to
minimize the collimation uncertainty due to the finite source size, per equation (4-11),
the object distance r from the source to this mirror should be maximized. Thus, such a
mirror should be placed next to the grating. A source sagittal size of 0.15 mm and a
mirror object distance of 750 mm was adopted, resulting in a sagittal blur of 0.2 mrad.
From equation (4-6), this yields a resolving power limited to ~ 1000 at A = 5A . and to ~

3000 at A = 2A ;...

Figure 4-14 is the result of raytracing such a system employing the grating discussed
above and a collimating mirror with an acceptance of 5.2 mrad at a graze angle of 2.25°.
The mirror was spherical and oriented at a right angle to the grating, thus aberrations in
its plane of reflection are in the sagittal direction of the grating and hence contribute to
the spectral aberration. The coma-type second degree aberration from the collimating
mirror is found from equation (1-8):
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Fig. 4-15. FWHM spectral resolution of sagittally collimated SNR tracings shown in Fig. 4-14.
The labels a,b and c¢ correspond to the three cases given in the previous figure. These are
a: fixed mirror and fixed source b: rotating mirror and fixed source and c: fixed mirror

and translating source.
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AD, = (3/16) D tan ¢ (4-18)

where ¢ is the angle of incidence to the mirror, @, the collection aperture of the mirror

and ACI)y the aberration in the collimated beam. Given ¢ = 87.75° and C{)y = 0.0052

radians, the aberration is calculated to be 0.13 mrad which from equation (4-6) results in
a spectral aberration of 1/1500 after diffraction by the grating at a rotation angle of

78.46° (A = 5A_..). This is confirmed by the ~ 0.004 Angstrom curvature seen in the 50

Angstrom spot diagrams at the exit slit plane, and also confirmed from separate
raytracing of the mirror.

Figure 4-14a also confirms the numerical predictions of equation (4-5) for the image
deflection in the y' direction, given the fixed source and collimating mirror. This
deflection is corrected in Figure 4-14b by rotation of the collimating mirror and in Figure
4-14c by translation of the source. However, both of these remedies cause a change in
the angle of incidence to the mirror, and thus result in de-collimation at all but one
wavelength (50 Angstroms) for which the angle of incidence is collimated by the
assumed fixed radius mirror. This de-collimation can be corrected by changing the
radius of curvature of the mirror. A bent mirror, such as discussed in Sec. 2.3d can even
correct for the coma aberration by introducing a gradient in the radius along the mirror
length, so as to approximate a parabolic shape. This can allow a larger collection
aperture in this direction, yet will result in an increased amount of non-uniformity in the
beam intensity per Sec. 2.3h.

Figure 4-15 summarizes the spectral resolution as a function of wavelength for the

three cases raytraced in Figure 4-14. Using 5 microns slits, the resolving power exceeds
1000 over the entire range from 10 to 50 Angstroms.
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5. Spatial Imaging of Extended Plasmas

Magnetic fusion plasmas are confined to rather extended spatial regions (~ 0.5
meter in all directions). To study the electron temperature and density through spectral
analysis of impurity ions in such plasmas requires spectroscopy as a function of two-
dimensional position. The simplest way to accomplish this is by an adaptation of the
classical "pinhole camera" technique. In the present case, the monochromator grating
could view the extended plasma through the entrance slit. This provides a mapping of
plasma position and meridional aperture. A second slit for spatial resolution in the non-
dispersive direction can be crossed relative to the spectral slit, or the two slits combined
as a pinhole at the entrance slit plane. In this way, the beam emerging the exit slit is a
monochromatic 2-D image of the plasma. Different wavelengths are obtained by
scanning the monochromator grating and thereby taking "spectral snapshots" of the
plasma.

One might think that arbitrarily fine spatial resolution may be obtained in such an
approach, by simply reducing the size of the pinhole. However, physical diffraction of
the incident wavelength will add an uncertainty to the spatial position as illustrated in
Figure 5-1a. This uncertainty (or blurring of the spatial map) is in inverse proportion to
the slit width, hence as plotted in Figure 5-1b there is an optimum slit width which
balances the geometrical and physical effects:

Axopt ~(AL) 12 (5-1)

resulting in a minimum angular resolution which is a function of the wavelength and the
distance from slit to detector, L:

Adpin~1.5(A /L) 12 (5-2)

Figure 5-2 plots this minimum angular resolution as a function of wavelength for a 1-
meter long monochromator.  Clearly, the spatial resolution improves at shorter
wavelengths, due to the decreased slit broadening from physical diffraction. Thus,
resolutions are ~ 1 mrad in the far ultraviolet and ~ 0.1 mrad in the soft x-ray.

However, the narrow slit widths required for this optimum spatial resolution result
in low throughput due to the reduced angular acceptance viewed by the source. Thus,
using optics to spatially image the plasma will significantly increase the throughput due
to the large aperture of an imaging mirror compared to that presented by a narrow slit.
As shown in this thesis for both the plane VLS and self-focusing IFM spectrometers, such
high throughput imaging is clearly advantageous in that it provides stigmatic spectra of
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compact sources produced by pulsed-heating such as in laser-produced or z-pinched
plasmas.

However, spatial imaging of extended sources requires consideration of the off-axis
aberrations of the focusing optic. A (single-surface) focusing mirror at grazing incidence
suffers from a large amount of defocusing away from the incident angle for which the
radius of curvature was optimized. This is because the magnification varies linearly
along the length of the mirror, as evident from Fig. 2-37. Simple geometry or equation
(2-53) can be used to determine the field-of-view of the mirror as a function of its
collection aperture (®), graze angle (y) and the required angular resolution (A¢):

FOV ~ (A(Q/d) tan y (5-3)

For example, a collection aperture of @ = 2.5 mrad is a 100-fold improvement over the
slit method aperture optimized for 100 Angstroms (~ 0.1 mm / 4 meters). At this
v avelength, Figure 1-5 indicates that a 20° graze angle provides reflectivity of ~ 40%,
resulting in a net gain of a factor of ~ 25. Under these conditions, a spatial resolution of
A¢ = 0.2 mrad results in a FOV of ~ 27 mrad, and a resolution of 0.5 mrad results in a
FOV of 68 mrad. The latter converts to a size of ~ 0.27 meters at a distance of 4 meters.
This is sufficient to simultaneously image large sections of current and future
magnetically confined plasmas.

From equation (2-62), the non-uniformity induced in the reflected beam by a

focusing mirror of the required aperture (2.5 mrad) and graze angle (20°) is only ~ 1.5%.
An In-Focus Monochromator similar to the stigmatic IFM system described in Sec. 3.3f
having such a mirror to provide collection in the non-dispersive direction would provide
the above imaging in this direction (0.5 mrad over 0.27 m size plasma) combined with
spatial imaging provided by the entrance slit. A 20 micron entrance slit would provide a
diffraction-limited spatial resolution of ~ 0.5 mrad in the dispersion direction at 100
Angstroms. Fermat calculations indicate that a spectral resolving power of ~ 2000 would
be obtained over a meridional aperture of ~ 40 mrad for a monochromator of length ~ 1.3
meters and grating groove density 2400 g/mm. Such a monochromator could be scanned
over the 100-300 Angstrom region to take 2-D imaging pictures of the plasma at many
emission lines from various stages of ionization of the impurities in the plasma. These
include hundreds of transitions from O III through O VIII, N IV through N VII and C IV
through C VI, and thousands of transitions from higher-z (metallic) impurities. The high
spectral resolution of the IFM would be necessary to separate the lines of these different
ionization states and hence provide proper diagnosis of the temperature and density
distribution within the plasma.
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6. Conclusions

Three fixed slit spectrometers were invented and developed for use in the grazing
incidence region ( A ~ 3 - 1000 Angstroms). These designs employ a continuous
variation of the groove spacing across the aperture of the reflection grating, or new but
simple scanning motions of the grating. The light-path function and numerical
raytracings were utilized to design and characterize these geometries. The performance
was studied experimentally using laser-produced plasma, Garton discharge tube, z-pinch
and electron beam sources.

The plane VLS spectrographs operate in converging light and deliver stigmatic
spectra onto normal incidence focal surfaces, allowing use of high efficiency electronic
imaging detectors such as micro-channel plates and CCDs. The laboratory High
Resolution Erect Field Spectrometer (HIREFS) spectrograph/monochromator employs
rotation of the grating to provide a tunable wavelength.and a bendable mirror reflecting
in the non-dispersive direction to provide user adjustment of the astigmatism.

The satellite-borne spectrographs provide resolving powers of several hundred,
limited by the spatial resolution of the collecting telescope and the imaging detectors.
This resolution was found adequate to provide the first "high resolution" spectroscopic
studies of many extra-solar objects in the extreme ultraviolet and soft x-ray regions. The
laboratory plane grating spectrometers achieved spectral resolutions limited by 10 micron
slit widths, corresponding to resolving powers from ~ 1,500 to ~ 35,000 depending upon
the length of the spectrometer. Spatial resolutions of ~ 5 arcseconds (0.025 mrad) were
obtained at the center of the field-of-view in the non-dispersive direction.  Absolute
efficiencies of ~ 5% were obtained for the stigmatic spectrometers at the shortest
wavelengths (~ Al-K) while significantly higher efficiencies result at  longer
wavelengths.

The In-Focus Monochromators (IFMs) provide highly corrected spectral focusing at
all scanned wavelengths, using fixed slits and a single (self-focusing) optical element.
The constructed soft x-ray IFMs achieved spectral resolutions limited by 5 to 10 micron
slits, corresponding to resolving powers of 500 to ~ 900 for slit-to-slit distances of ~ 0.5
meter. The throughput of such devices is extremely high, due to the high collection
aperture of the grating (~ 12 mrad x 30 mrad) and the nearly theoretical efficiency
retrieved by the grating (up to ~ 40%). A stigmatic IFM was constructed and is being
used to deliver high brightness monochromatic point-like images to surface samples
residing in ultra-high vacuum.

The Surface Normal Rotation (SNR) monochromators also employ a self-focusing
grating, but provide a fixed size aperture at all wavelengths, and are thus ideal for
delivering monochromatic beams to fixed targets or for imaging of extended sources.
The ability to use equally-spaced grating grooves allows a variety of methods for the
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grating manufacture and provides high uniformity in the diffraction efficiency over the
aperture. SNR monochromators have been successfully used at wavelengths from ~ 3 to
~ 200 Angstroms, providing resolving powers from ~ 200 to ~ 1,500 for slit-to-slit
distances of ~0.7mto ~ 1.5 m.

Spatial uniformity of the spectrometer efficiency is of particular interest in the
application of such instrumentation to study the conditions of extended plasmas, such as
produced by magnetic confinement. The minimization of such spatial variations for
critical imaging applications is therefore a subject of future study and improvement.
Spatial uniformity in grazing incidence systems depends on a number of design and
fabrication parameters. The low numerical aperture of such systems generally results in
a nearly constant first order diffraction efficiency within the dispersion plane of the
grating. However, grazing incidence also causes varying distances from the source to the
opposite edges of the optics, resulting in a variation in the intensity per unit angle in the
reflected beam. As the mirrors used in the above study eliminate the astigmatism only at
the center of the field-of-view, they are particularly useful in conjunction with point
sources such as produced by pulsed and focused lasers. -

In applying such systems to the spatial imaging of extended plasmas, one may
eliminate the intensity variations and aberrations resulting from mirrors by using pinhole
imaging. However, the physical diffraction from a pinhole is large at long wavelengths,
limiting the spatial resolution attainable, and its collection aperture is extremely low.
Therefore, higher throughput will be obtained by use of a small mirror to image in the
non-dispersive direction. Such mirror has tolerable off-axis aberrations and non-
uniformities in the spatial intensity distribution. An imaging IFM or other VLS grating
system so configured provides high spatial and spectral resolution over the extended
spatial fields required for diagnosis of magnetically confined plasmas.
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Errata

1. On page 14, the last line of Equation (1-13):
cos?p, (cosa, + cosPB,) — cos?f, (cosa; + cospPy)
should be replaced with:

cos?a, (cosa, + cospP,) — cos?a, (cosa; + cospPy)

2. On page 26, the left-hand side of Equation (2-4):
Fi5 = —3/(81,%)
should be replaced with:

Fi4 = —3(sinf, — sina,)/(8 r,*)

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)



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

7.0n page 129, in the line following Equation (4-3):
No; = (1/d,) cos®©
should be replaced with:

NOl == (1/d0) Sln@





