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A soft x-ray monochromator was developed for synchrotron radiation and installed at the Photon Factory in
the National Laboratory for High Energy Physics. This monochromator consists of only two optical
elements: a plane mirror and a varied-space plane grating with focusing properties. The 0.7-10-nm
wavelength range can be covered with resolutions of 640 at 1.4 nm and 1200 at 5 nm. The output photon flux
at wavelengths above 1 nm is -1001-1011 photons/s for a 100-mA beam current in the 1% spectral bandwidth.

1. Introduction

Electrons that circulate in a storage ring emit elec-
tromagnetic radiation called synchrotron radiation
(SR). Spectral continuity and high brightness of SR
have enabled spectroscopic experiments to be carried
out over the whole soft x-ray region. Various kinds of
monochromator1 have been constructed to obtain high
photon flux from SR. Among them, plane grating
monochromators2 -5 (PGMs) have the advantages of
broad spectral range and high throughput. A PGM
generally consists of three optical elements: a pre-
mirror, a plane grating with equally spaced grooves,
and a focusing mirror. This focusing mirror with ei-
ther a paraboloid or an ellipsoid surface, critically af-
fects spectral quality. However, it is extremely diffi-
cult to fabricate such an aspheric mirror with a correct
shape and a smooth surface. Thus, conventional
PGMs have not yet achieved a theoretically possible
resolution.

It is known that a grating whose substrate is straight,
i.e., not curved, in the dispersion plane can focus a
spectrum if the groove spacing varies properly with the
groove position. Aspnes 6 investigated a cylindrical
grating with focusing properties provided by exponen-
tially spaced grooves. Hettrick et al. 7 8 designed an
extreme ultraviolet spectrometer using a varied-space
plane grating with flat field focusing. This grating was
evaluated experimentally and the results were satis-
factory.

We designed and built a soft x-ray monochromator 9 -1

taking advantage of the focusing properties of a varied-
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space plane grating. This monochromator uses only
two optical elements: a plane mirror and a plane
grating ruled by a numerically controlled ruling en-
gine.1 2 Since a plane surface is easy to fabricate, a
good-quality spectral image can be obtained. In addi-
tion, reduction in the number of reflections improves
throughput. The monochromator is now operating at
the Photon Factory in the National Laboratory for
High Energy Physics. This paper presents the design
details and performance of the monochromator.

II. Focusing Properties of a Varied-Space Plane Grating

In this section we describe the focusing properties of
a varied-space plane grating by using the light path
function.13 The optical system is schematically shown
in Fig. 1. Let the origin 0 of the Cartesian coordinate
system be the center of the grating, the x axis be the
normal to the grating surface at 0, and the y and z axes
be perpendicular and parallel to the groove at 0, re-
spectively. We confine ourselves to a configuration
where a source point and an image point of the princi-
pal ray lie in the x-y plane. For source point A, any
point P(o,w,l) on the nth groove from the groove pass-
ing through 0 and image point B of the principal ray,
the light path function F is given by

F = (AP) + (PB) + nmX, (1)

where (AP) and (PB) are the distances from point P
to points A and B, respectively; and m and X are the
spectral order and wavelength of the diffracted light.
Note that the sign of n is identical to that of w. Also
note that m is positive for the inside order whose
diffracted beam is on the same side of the zero-order
reflection as is the incident beam.

The distances (AP) and (PB) are expressed by
(AP)2 = r + w2 + 12 - 2wrl sina,

(PB)2 = r' + w2 + 12 - 2wr2 sin:,

(2)

(3)
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Fig. 1. Schematic diagram of the optical system.

where r1 and r2 are the distances from point 0 to points
A and B, respectively; and a and a are the angles of
incidence and diffraction of the principal ray. Note
that a is always positive. Also note that : is either
positive or negative according to whether point B is on
the same side of the x axis as point A.

We determine the relation between the groove num-
ber n and the groove position w by

n =-(w + b2w2+ b3 w3+ b4w4 + ...),
So

(4)

where ao is the groove spacing at 0, and bi(i = 2,3,4, .. .)
are the space variation parameters. These parameters
can be chosen freely within the capability of the nu-
merically controlled ruling engine. Note that the
groove spacing a is given by

ao (5)
1 + 2b2W + 3b3W2 + 4b 'W3 + .

Substituting Eqs. (2), (3), and (4) into Eq. (1), we
obtain the light path function as a power series of w
and 1:

F = r1 + r2 + wF1 o + w2F20 + 12F0 2 + w3F30

+wl2F12 + w4F40 + .... (6)

Each Fij(ij 0,1,2, .. .) is expressed by

ij Cij +o 'X ij. (7)

The explicit expressions of Cj and Mij are

C10 = -sina - sino, (8)

C 1 (COS2 a + COS23) (9)

C (1 + 1 (10)

C 0 = I ( o + sin cos2 ) (11)

C1= 1 (sinc + sin) (12)

1 4 sin 2a cos2a - cos 4 a + 4 sin2 cos2
- cos4f (13)

M10 = 1, (14)

M20 = b2, (15)

Mo2 = 0, (16)

M 30 = b3, (17)

M12 = 0, (18)

M40 = b4. (19)

In Eq. (6), F1o concerns the direction of the principal
ray as follows:

sina + sin =-
aO

(20)

Moreover, F2 0 relates to defocus, F0 2 to astigmatism,
F30to coma, F12to astigmatic coma, and the other Fij to
higher-order aberrations. The image plane is perpen-
dicular to the principal ray and contains point B. In
this plane, the image deviations Ay and Az (parallel
and perpendicular to the dispersion direction, respec-
tively) from point B are given by

r 2 F (21)
cos/3 Ow

OF
Az = r2 l9 (22)

It can be seen that, when Fij = 0, the related aberra-
tion vanishes. The essential point is that Cij depends
only on the geometric configuration, while Mij (j = 0)
can be chosen to eliminate the aberration at one wave-
length. Thus, the varied-space plane grating can fo-
cus a spectrum perfectly in the x-y plane at the specific
wavelength even though neither astigmatism nor as-
tigmatic coma can be corrected. It should be empha-
sized that even at other wavelengths, the same grating
can satisfy the most significant focusing condition, F20
= 0, by changing either of the geometric parameters:
r1, r2, a, and .

Ill. Design of the Monochromator

The requirements of the experiment and the charac-
teristics of the SR lead to the following design consid-
erations.

(1) The monochromator is placed -22 m from the
source. The source size is estimated as 4.5 mm hori-
zontally by 1.5 mm vertically. This source size is 4
orders of magnitude smaller than the distance between
the source and the monochromator. Thus, as in other
PGMs, the source is assumed to be an entrance slit to
eliminate a mirror which would collect radiation into
an entrance slit.

(2) Since the vertical source size is smaller than the
horizontal one, an optical arrangement with vertical
dispersion is used to obtain higher resolution. This
arrangement also improves throughput because the
SR is highly polarized with its electric vector in the
horizontal plane and reflectivity is higher for s-polar-
ized light than for p-polarized light.
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Fig. 3. Optical arrangement of the monochromator. The light
source is assumed to be an entrance slit. The mirror and the grating

are schematically shown for two wavelengths.
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(3) The SR is deflected horizontally by a platinum-
coated plane mirror 11 m from the source to remove
unwanted hard x rays. This beam deflector mirror is
360 mm long with an 89° angle of incidence. It limits
the horizontal angular acceptance to 0.54 mrad. As a
result, the horizontal beam-width is only 16 mm at the
monochromator. Thus, focusing is not necessarily in
the horizontal plane.

(4) Neither the source nor the experimental setup
behind the monochromator can be moved. Thus, the
directions of the incoming and outgoing beams of the
monochromator and the position of the exit slit must
be fixed.

(5) The monochromator must operate in ultrahigh
vacuum (UHV) to prevent carbon contamination on
the reflecting surfaces and to avoid deterioration of the
vacuum in the storage ring. For this purpose a simple
mechanisms for wavelength scanning is desirable.

The design goal of the monochromator is in the 0.5-
10-nm wavelength range with a resolution of -1000.
High throughput is also desirable. To avoid reducing
throughput, the number of optical elements must be
minimized. Furthermore, an aspheric element should
not be used because it is extremely difficult to fabri-
cate.

On the basis of these considerations, we designed a
monochromator with a varied-space plane grating.
The space variation of the grating was determined
such that the inside first-order spectrum focuses per-
fectly at a wavelength of 0.5 nm with the following
configuration. The distances from the grating center
to the source and an image point are 22.3 and 1 m,
respectively. The angle of incidence is 89°, with which
sufficiently high reflectivity can be expected if the
groove profiles are adequate. The groove spacing at
the center is 1/2400 mm. Using these values, we ob-
tained the space variation parameters: b2 = -1.13185
X 10-3 mm-', b3 = 1.12438 X 10-6 mm-2, and b4 =
-1.12237 X 10-9 mm-3. Here we truncated the series
in Eq. (4) after the fourth-order terms in w since the
effect of higher-order aberrations is negligible. The
groove spacing varies from -21% to 24% of that at the
center over the ruled width of 200 mm, as shown in Fig.

2. This space variation is readily available by using
the numerically controlled ruling engine.

In a strict sense, the grating focuses a spectrum only
at 0.5 nm with this configuration. However, as de-
scribed in the previous section, a good-quality spectral
image can be obtained by choosing an appropriate
angle of incidence for each wavelength while fixing the
distances from the grating center to the source and the
image point. The focusing condition, F2 0 = 0, is ex-
pressed by

1 cos2 a + cos 2 ,3 + mXb2 = 

2 r +r 2 J ao
(23)

Eliminating f/ from Eqs. (20) and (23), we obtain the
optimum angle of incidence a by

A sin 2a + 2B sinc + C = 0,

A= 1 + 1 ,
r, r2

B=-mX I
r2eO1

(24)

(25)

(26)

1 (mX 1
2 2mXb2 1 1

r2 'TO G 0 r, r2

When an angle of incidence is chosen thus, the devi-
ation angle (a - /) varies for each wavelength. This
implies that the source and/or the exit slit must be
rotated about the grating center for wavelength scan-
ning. To provide the fixed directions of the incoming
and outgoing beams of the monochromator, we in-
stalled a plane mirror that makes a virtual source and
rotates it.

The optical arrangement of the monochromator is
schematically shown for two wavelengths in Fig. 3.
The positions of the grating center and the exit slit are
fixed. For wavelength scanning the plane mirror is
translated parallel to the incoming beam and rotated
about an axis in its surface to provide an appropriate
deviation angle to the grating. The grating is simulta-
neously rotated about an axis that is parallel to the
grooves and passes through its center such that an
optimum angle of incidence is chosen.

The angle of incidence on the mirror is given by

0 = /2(a# + ), (28)

where is the angle subtended by the incoming and
outgoing beams of the monochromator. Since we have
set to 89° at 0.5 nm, becomes 1.98°. As the wave-
length increases from 0.5 to 10 nm, the angles of inci-
dence on the mirror and the grating, respectively, de-
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Fig. 4. Angles of incidence on the mirror and the grating.

crease from 890 to 81.9° and from 890 to 85.30 (see Fig.
4). This tendency is somewhat effective for reducing
higher-order light.

The mirror and the grating are coated with gold and
have the same reflecting size: 200 mm in the vertical
plane by 20 mm in the horizontal plane. These ele-
ments can receive a larger vertical divergence at a
longer wavelength. However, a diaphragm limits the
vertical angular acceptance to 0.15 mrad to suppress
the effect of residual aberrations (F30,F40 , .. .) on the
spectral image. The acceptance can be increased to
obtain higher throughput at the expense of resolution.
The horizontal angular acceptance is 0.54 mrad as
described previously.

This monochromator has two unique properties.
The first is that the magnification of the grating (r2/
r1)(cosa/coso) is nearly independent of wavelength.
This property is advantageous with regard to source
and slit width considerations. The second is that the
zero-order light does not focus as only plane elements
are used. This zero-order image expands to -5 mm at
the exit slit plane. However, this size is much smaller
than the distance between the zero-order and first-
order images (e.g., 35 mm at 0.5 nm). Thus, this
property causes no extra increase in stray light.

Groove profiles of a grating strongly affect diffrac-
tion efficiency. In particular, the choice of blaze angle
is important for a blazed grating with triangular groove
profiles. The blaze condition, under which maximum
efficiency can be obtained, occurs when the incident
beam and the diffracted beam are equally inclined to
the groove facets:

a + = 2OB, (29)

where OB is the blaze angle. Since a +/ varies from 20
to 8.70 with increasing wavelength at 0.5-10 nm, the
grating operates in the blaze maximum only at one
wavelength. However, the variation of a + is smaller
than that for a grating used with a constant angle of
incidence. Groove profiles of the grating measured by
a scanning electron microscope are shown in Fig. 514
We found that the blaze angle is -2°; this yields a blaze
wavelength of 2 nm.

The mechanical arrangement of the monochromator
is schematically shown in Fig. 6. The mirror and the

Fig. 5. Groove profiles of the grating measured by a scanning
electron microscope. The groove spacing is 450 nm; the blaze

angle is 2°.

Fig. 6. Mechanical arrangement of the monochromator.

grating are installed in a vacuum chamber. A push rod
translates the mirror carriage and a cam mechanism
rotates the mirror with its translation. A sine bar
mechanism rotates the grating. The motions are actu-
ated from outside vacuum under computer control.
To scan the entire wavelength range, the mirror is
translated by 750 mm and rotated by 7.10; the grating
is rotated by 10.50. The mechanical construction is
UHV compatible. The base pressure is <2 X 10-7 Pa.
An external view of the monochromator is shown in.
Fig. 7.

IV. Theoretical Evaluation

In the optical design we assumed a point source and
considered neither the effects of residual aberrations
nor the finite groove length. To estimate the resolu-
tion of the monochromator we carried out ray tracing,
taking into account the finite sizes of the source and
the optical elements. It is estimated that the density
of emitting points of the source has a Gaussian distri-
bution in both the horizontal and vertical directions
whose standard deviation is 1.94 and 0.64 mm, respec-
tively. For simplicity the source size is assumed to be
4.5 mm horizontally by 1.5 mm vertically. This corre-
sponds to full width at half-maximum (FWHM) of the
distribution. This rectangular source is divided into 3
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Fig. 7. External view of the monochromator.

X 3 arrays, and nine points are taken at the apexes of
the arrays. Each point uniformly emits 9 X 9 rays
within 0.54 mrad (horizontal) and 0.15 mrad (vertical).

Spot diagrams, i.e., intersections of rays with an exit
slit plane, are shown in Fig. 8 for wavelengths of 0.5, 1,
5, and 10 nm. Three sets of spots can be seen for each
wavelength. The central set represents the images of
the source points that lie in the vertical center. The
upper and lower sets represent the images of the points
above and below the vertical center, respectively. The
width of the central images increases up to 4,um in the
dispersion direction (vertically) with wavelength due
to the residual aberrations. The width of the upper
and lower images is larger than that of the central ones
by 1-5 Aim, because the focusing condition, F 2 0 = 0,
cannot be satisfied. Nevertheless, the size of the
whole images does not depend primarily on the aberra-
tions but on the source size. It should also be empha-
sized that the finite groove length does not affect reso-
lution since the images are straight horizontally. The
calculated image width and the resolution X/AX are
shown as a function of wavelength in Fig. 9. Here X is
the wavelength, and AX is the product of the image
width and the reciprocal linear dispersion. The pre-
dicted image size is 25-31 gim. A resolution of 840-
3300 can be expected over the 0.5-10-nm wavelength
range.

We estimated transmittance of the monochromator,
i.e., the ratio of the output photon flux to the input
photon flux, for the case where the slit width is much
larger than the image width. Since every ray passes
through the exit slit geometrically, transmittance T is
given by

T = RMRGe, (30)

where RM and RG are the reflectivities of gold at the
angles of incidence on the mirror and the groove facets
of the grating, respectively, and is the diffraction
efficiency of the grating. The calculated reflectivities
of the mirror and the grating are shown as a function of
wavelength in Fig. 10. In the calculation we assumed
the clean and smooth reflecting surfaces and used the
atomic scattering factor published by Henke et al.15
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Fig. 11. Spectrum of the output intensity measured by a gold
photocathode. Data include the contributions from stray light and

higher-order light.

The reflectivity of the mirror varies from 33% to 76% in
the 0.5-10-nm wavelength range. The reflectivity of
the grating reaches its maximum of 80% at 10 nm, but it
is only a few percent at wavelengths below 1 nm. This
indicates that a blaze angle of 20 is too large to cover
the 0.5-1-nm range. Diffraction efficiency is, in gen-
eral, highly complex to calculate. However, it can be
predicted with good accuracy at the blaze wavelength
by an empirical formula: cosa/cos3.16 This formula
yields an efficiency of 34% for the grating whose blaze
wavelength is 2 nm. Thus, we estimate that transmit-
tance is -4% at 2 nm. As the wavelength decreases
from 1 nm the transmittance probably drops quickly
because of the low reflectivity of the grating.

V. Experimental Evaluation

To evaluate the output photon flux of the monochro-
mator, we measured electron yield from a gold photo-
cathode radiated by the outgoing beam. A spectrum
of the output intensity obtained for a slit width of 200
Amis shown in Fig.11. The measured value is normal-
ized to an electron beam current of 100 mA. (The
beam current in the storage ring is typically 100-250
mA. Note that the measured yield includes contribu-
tions from stray light and higher-order light. A small
dip and a large dip can be seen at 2.3-nm (oxygen K
edge) and 4.4-nm (carbon K edge), respectively. This
results from photoabsorption by contamination on the
reflecting surfaces. The cracking of residual gases in
the presence of the intense radiation generates this
contamination. No noticeable fluctuation appears at
0.55-nm (gold M4,5 edge); this shows that monochro-
matic photons cannot be obtained here and that stray
light is dominant. The stray light is most likely due to
scattering in the zero-order reflection at the grating.

Table . Output Photon Flux and Transmittance of the Monochromator;
Data Include Possible Errors of 50-100%

Wavelength Output photon flux Transmittance
(nm) (photons/s/100 mA/1%) (%)

1 5X 1010 0.7
2 5 X O'0 1
5 8X 1010 3

10 2X 1011 10

0.6 0.7 0.8

WAVELENGTH nm)

Fig. 12. Absorption spectrum of the krypton L2,3edge. The struc-
tures at -0.7 nm show that monochromatic photons are obtained.

We believe that the intensity of stray light decreases
with increasing wavelength because the direction of
zero-order reflection recedes from that of diffraction.

The electron yield can be converted into the photon
flux by using the quantum efficiency for gold reported
by Day et al.17 The input photon flux can also be
estimated from the characteristics of the storage ring18

and the reflectivity of the beam deflector mirror. We
calculated the reflectivity by using the atomic scatter-
ing factor for platinum published by Henke et al.15

The output photon flux normalized to a 100-mA beam
current and a 1% spectral bandwidth and transmit-
tance of the monochromator are shown in Table I. In
the calculation the bandwidth was assumed to be AX/X.
Here AX is the product of the slit width and the recipro-
cal linear dispersion, and X is the wavelength. The
results include possible errors -of 50-100% because the
spectral composition of the outgoing beam is not
known and the quantum efficiency of the photocath-
ode may differ from that in the literature. Neverthe-
less, we infer that the output photon flux is of the order
of 101Q-1011 photons/s/100 mA/1% in the 1-10-nm
wavelength range. The measured transmittance is
-1% at 2 nm. This experimental value is considerably
smaller than the 4% predicted. This is probably be-
cause the actual reflecting surfaces are neither perfect-
ly clean nor perfectly smooth. The transmittance at
10 nm is much larger than that at 1-2 nm. This is due
to the increase in reflectivities as shown in Fig. 10.

To evaluate the short-wavelength limit and resolu-
tion of the monochromator, we measured photoab-
sorption on several gases at the inner core levels. The
L2 ,3 absorption spectrum of krypton is shown in Fig. 12.
The structure at -0.7 nm clearly show that monochro-
matic photons are obtained. The absorption spectra
of the neon K edge and the argon L2,3 edge are shown in
Figs. 13 and 14, respectively. These spectra are ob-
tained for a slit width of 13,gm. The observed profile
results from convolution of the instrumental function
with the intrinsic absorption spectrum of the gas. The
resolution of the monochromator can be derived by
assuming that the instrumental function and the natu-
ral shape of the resonance line have Gaussian distribu-
tions. The natural widths of the neon Is - 3p line and
the argon 2 P3/2 - 4s line are reported to be 4.9 X 10-4
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Fig. 13. Absorption spectrum of the neon K edge. The reported
natural width of the ls - 3p line is 4.9 X 10-4 nm.
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Fig. 14. Absorption spectrum of the argon L 2,3 edge. The reported
natural width of the 2p3/2 - 4s line is 2.5 X 10-3 nm.

(Ref. 19) and 2.5 X 10-3 nm,20 respectively. Thus, we
estimate that the resolution, i.e., the ratio of the wave-
length to the FWHM of the instrumental function, is
640 at 1.4 nm and 1200 at 5 nm.

The measured resolution is half of the predicted one.
The reason for this discrepancy is probably misalign-
ment of the optics. The focusing properties of the
grating strongly depend on angle of incidence. Con-
sider the case where an angle of incidence differs from
the optimum one by a small amount Aa. (For simplic-
ity, the wavelength is assumed to be unchanged.) Dif-
ferentiating Eqs. (20) and (23) with respect to a and
combining the results, we have

dr 2 2r2 cosa(r 1 sinj3 - r2 sina) (31)

da ri cos23

The focal length of the grating varies by Aa X dr2/da.
Consequently, image size s is approximately given by

s = so + 2aAa d2, (32)

where so is the image size for the optimum angle and a
is the numerical aperture. For example, if we consider
a wavelength of 5 nm, we obtain s0 = 2 8,um, a = 0.0049,
and dr2/da = 4.3 X 103 mm/rad. Thus, the discrepan-
cy (factor of 2) with the predicted image size is attrib-
uted to an angle error of -7 X 10-4 rad. We believe
that the resolution can be improved by using a more
precise scanning mechanism.

VI. Conclusions

The following conclusions are obtained from the
studies described above.

(1) We investigated the focusing properties of a var-
ied-space plane grating by using the light path func-
tion. In a given configuration, a varied-space plane
grating perfectly focuses a spectrum in the dispersion
plane at one wavelength. Even at other wavelengths
this grating can image a spectrum without defocus by
changing the configuration.

(2) We designed and built a monochromator that
uses only two planes for reflecting surfaces. No
aspheric surface is required. Wavelength scanning is
accomplished by translation and rotation of a plane
mirror and rotation of a varied-space plane grating.
The grating focuses a good-quality spectrum by choos-
ing an appropriate angle of incidence.

(3) The monochromator can cover the 0.7-10-nm
wavelength range with resolutions of 640 at 1.4 nm and
1200 at 5 nm. The output photon flux is -1010-1011
photons/s/100 mA/1% at wavelengths above 1 nm.

The authors would like to thank H. Maezawa and A.
Mikuni of the National Laboratory for High Energy
Physics for their assistance with the experiment and
their valuable discussions. They also acknowledge H.
Taira of the Central Research Laboratory, Hitachi,
Ltd., for measuring the groove profiles of the grating.
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directed toward a side face in a manner which is not retroreflective with
respect to the initial acoustic beam. I.J.A.
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sion, and parallel logic operations, e.g., XORs, achievable by phase conjugating
two mutually coherent beams as suggested in the figure. H.J.C.

Crystal

DO

4,762,383 9 Aug. 1988 (Cl.350-96.13)
Two dimensional light beam deflectors utilizing thermooptical
effect and method of using same.
T. YAMASHITA, M. MATANO, K. MORI, and N. INOUE. As-
signed to Omron Tateisi Electronics Co. Filed 15 Jan. 1986 (in
Japan 4 Dec. 1981, 20, 21, 29 Jan., 10 Feb. 1982). Continuation of
Ser. 445, 757, 1 Dec. 1982, abandoned.

This 2-D light beam deflector uses a surface acoustic wave to deflect light
within the plane of a planar waveguide on lithium niobate (acoustic interac-
tion) and a heating electrode to deflect light perpendicularly through the
thermooptic effect at the exit from the waveguide. Several configurations are
proposed. I.J.A.

PO

4,762,394 9 Aug. 1988 (Cl.350-171)
Real time optical computing and image processing using self-
pumped conjugate mirror.
S.-K. KWONG, G. A. RAKULJIC, V. LEYVA, and A. YARIV.
Assigned to California Institute of Technology. Filed 16 June 1986.

This invention describes various image processing techniques, e.g., inver-

4,762,397 9 Aug. 1988 (Cl.350-331 R)
Optical phase conjugator with spatially resolvable threshold-
ing utilizing liquid crystal light valve.
D. M. PEPPER. Assigned to Hughes Aircraft Co. Filed 19 June
1987.

This patent covers the use of reflective spatial light modulators-phase
conjugator combinations to affect spatially resolvable nonlinear operations of
the type needed in optical neural networks. The claims are very broad.

H.J.C.

4,762,399 9 Aug. 1988 (Cl.350-347 V)
Voltage-biased liquid crystal optical power limiter.
S.-T. WU. Assigned to Hughes Aircraft Co. Filed 21 Jan. 1986.
* The amount of light is limited from a source through focusing elements to a
detector by a liquid crystal. In typical applications intensities in excess of a
threshold of -108 W/cm2 must be suppressed quickly and over a broad
bandwidth to protect the detector's circuitry. Also when the overload condi-
tion stops it is desired to have the detector quickly operating again. The
liquid crystal's bias voltage determines the threshold intensity. A.B.

4,762,404 9 Aug. 1988 (Cl.350-483)
Color-corrected lens systems.
R. I. MERCADO. Assigned to Lockheed Missiles & Space Co., Inc.
Filed 22 Dec. 1986. Division of Ser. 419,705, 20 Sept. 1982.

This is another division of U.S. Application 419,705 and is similar to Pat.
4,761,064 filed three days previously. R.K.

4,763,990 16 Aug. 1988 (Cl.350-320)
Head up display system.
R. B. WOOD. Assigned to Flight Dynamics, Inc. Filed 16 Sept.
1986. Continuation of Ser. 576,724, 3 Feb. 1984, Pat. 4,669,810.

This invention describes a head up display system in which a first holo-
graphic optical element functions as a flare-free combiner through which an
aircraft pilot observes the outside scene. Symbology from a cathode ray tube
source is projected by a relay lens system to an intermediate image which is
reflected by a second holographic optical element to the first element at a large
off-axis angle. The relay lens system and the second element aberrate the
intermediate image to compensate for the large off-axis aberrations induced
by the first holographic element. This display system filters out unwanted
sunlight from the scene observed by the pilot. A.M.

continued on page 181
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