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[57] ABSTRACT

An X-ray telescope suitable for soft X-ray astronomi-
cal observations comprising a paraboloid section for
receiving rays at a grazing angle followed immediately
by a hyperboloid section which receives reflections
from the paraboloid at a grazing angle and directs
them to a predetermined point of focus. A second hy-

. perboloid section is situated centrally spaced from the

other two surfaces and positioned to reflect from its
outer surface to the predetermined point of focus radi-
ation from the hyperboloid which is not first reflected
by the paraboloid. A shutter is included in the system

" to assist in calibration.

3 Claims, 1 Drawing Figure
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THREE MIRROR GLANCING INCIDENCE SYSTEM

FOR X-RAY TELESCOPE

BACKGROUND OF THE INVENTION

The invention described herein was made by an em-
ployee of the United States Government and may be
manufactured and used by or for the Government for
governmental purposes without the payment of any
‘royalties thereon or therefor.

This invention relates to optical systems and particu-
larly ‘to collection systems employing grazing angles,
* especially suited to soft X-ray telescopes. This inven-
tion provides an efficient, high resolution system for
soft X-ray astronomical investigations.

In 1952, H. Wolter theoretically analyzed the optical
_properties of glancing incidence optical systems com-
prised of conic sections of revolution. The first system
described was a single paraboloid of revolution. In
1960 Giacconi -and Rossi proposed that telescopes
composed of single paraboloxd mirrors, -or several pa-
raboloid mirrors. in a nested configuration, ‘could be
used to concentrate X-rays from the sun and from dis-
crete cosmic X-ray sources. Telescopes of this type
have been flown by the Umversny College London
group on rockets.

However, in his theoretical analysis of glancing inci-
dence optical systems, Wolter showed that to obtain
good imagery the X-rays must undergo an even number
of reflections. It is-only in this way that the Abbe sine
condition can be satisfied. Systems in which the X-rays
are reflected an odd number of times do not satisfy the
Abbe sine condition and produce images which suffcr
from strong comatic aberrations.

Wolter proposed three other conﬁguratlons and they
are as follows:

" Type 1. Two element mirror system utlhzmg co-axial
and confocal mternal paraboloid and internal hyperbo-
loid mirrors.

Type I1. Two element glancing mcndence system uti-
lizing co-axial and confocal internal paraboloid and ex-
ternal hyperboloid mirrors.

Type IIl. Two element glancmg incidence system uti-
lizing co-axial and confocal external paraboloxd and in-
ternal ellipsoid mirrors.

The type Hl.system has not as yet found apphcatlon
in X-ray astronomy. '

In a telescope employmg the type Il system, the X-
rays are reflected by the inner surface of the paraboloid
mirror and converge toward the focal point of this ele-
ment. Before they reach the focal point, they strike the
outer surface of an external hyperboloid mirror and are
deviated to the paraboloid-hyperboloid focus. This sys-
tem has the disadvantage that the paraboloid element
presents a rather small collecting area for the incident
X-rays. The hyperboloid provides no_collection area,

but merely renders the rays with better imaging charac-

teristics than obtainable with a single paraboloid.

Tye type I system has been used on numerous rocket
flights to study solar X-ray phenomena. Telescopes of
this type will also be flown in future studies, one form

of which employs a nested pair of Wolter type I tele-

scope mirrors of Kanigen coated beryllium, and an- -
other form of which employs a paraboloid-hyperboloid

mirror of fused silica. .In both forms front aperture
stops are used to prevent X-rays from. reaching the
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X-rays which are reflected by the hyperboloid ele-
ment only converge toward a hyperboloid ‘pseudo fo-
cus’ which lies between the mirrors and the paraboloid-
hyperboloid focus. In- early telescopes, these *‘hyper-
boloid-only™ rays were eliminated by means of a circu-
lar stop placed at the rear of the hyperboloid element.
This produced severe-vignetting, a problem which was
somewhat overcome by placing a small opaque disk in
the hyperboloid *pseudo-focus” rather than use a large
stop. More complex stop designs are possible.

Absorption of X-ray photons by stops is wasteful, but
it can be tolerated in solar X-ray astronomy because
the fluxes arriving from the sun are relatively high.
However, in cosmic X-ray astronomy, every precious
photon must be utilized if one wishes to obtain maxi-
mum efﬁcnency in the detection of the weak celestial
sources. By mcreasmg the collectmg area of the tele-
scope;, it is possible to extend its useful range for obser-
vations 'of weaker cosmic sources.

In one proposal, a large collection area is obtained by

'nesti'ng several mirrors. If the external mirror in such a

~system has a diameter of approximately 1 meter, the

25

collecting area produced is of the order of 1,000 cm?,

-which compares with 44 cm? collecting area of the larg-

est Wolter type I system yet built; however, since sev-
eral mirrors must be nested, the mirror elements must
have very thin walls, in the order of 1.25 cm each. Ob-

- ‘viously, a glancing incidence: X-ray telescope mirror
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image plane without under- gomg reflection (or from .

striking the surfaces at excessive angles).

-with a diameter of | meter and a wall thlckness of 1-%
_cm is, at best, a thin mirror.

Major practical problems exist in fabricating such a
thin mirror so that it will maintain its figure. Indeed, the
tremendous difficulty, if not impossibility, of fabricat-
ing this system is one of its major disadvantages. An-
other major disadvantage stems from the fact that all
mirrors must be mounted and maintained in a precisely

“co-axial and confocal configuration. They must with-

stand the | g field on earth, the launch environment,
and be properly aligned in the zero-g operational mode.
Other disadvantages with this approach to obtaining a
large collecting area arise from the fact that each mir-
ror in the nest will have a different curvature of field.
Hence, if on-axis rays are confocal, the off-axis rays will
focus at different points along the optical axis for each
mirror in the next. This can-only degrade the image -
quality obtained for an extended object, or for point
sources that are off-axis. Furthermore, the shift in focal
length of each mirror, as a function of temperature, will
be different. This may pose rigid thermal constraints on
the system. Another major disadvantage of this ap-
proach is economic rather than scientific. Due to the
size of these mirrors, and to the precision to which they
must be fabricated, mounted, aligned, and maintained
(mechanically as well as thermally) this telescope will
be extremely costly, possibly an order of magnitude
larger than the cost of proposed, alternative devices.
On the other hand, the nested telescope is capable of
focusing harder x-rays than the preferred system dis-
closed in accordance with the instant invention.
Also known prior to this invention was a proposal to
utilize the photons reflected by the hyperboloid ele-
ments in small telescopes employing the Wolter type 1
system, by placing a wide field detector in the hyperbo-
loid pseudo-focus. In that design the hyperboloid acts -
as a “light bucket” having a large operative collecting
area, but images produced have poor resolution and se-
vere comatic aberation. The system provides a collect-
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ing area of 274.1 cm? fiom the paraboloid which deliv-
-ers X-rays to the high resolution- paraboloid-
hyperboloid focus of a 53.4 cm diameter telescope.
These photons are the only ones which are useful for
determining precise spatial location of the source, or
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establishing the size and physical structure of extended -

objects. The hyperboloid operates at 4° glancing angle
and therefore has a very large collecting area (748 cm?
for this one element of only 53 cm diameter). The wide
‘field detector in the- hyperboloid pseudo-focus can be
used to detect weak sources of soft X-rays and to map
the soft component of the diffuse X-ray background.
This could reveal the nature of the diffuse background
and answer many important cosmologlcal questions.

The major disadvantage of this system is that the res-
olution inthe hyperboloid pseudo-focus is very poor.
-(The X- -rays have only been reflected once.)

SUMMARY OF THE INVENTION

- The design factors in accordance with this invention
_provide a means of obtainihg a considerably larger
photon flux of good imaging quality in the paraboloid-
hyperboloid focus. In large telescopes, this invention
makes it possible to obtain a collecting area in excess
of 1,000-cm? for soft X-rays with a high resolution. The
three mirror elements required can have sufficinet wall
thicknesses so as to be dimensionally stable and feasi-
ble to fabricate. Devices in accordance with this inven-
tion.will be considerably less costly to build, and much
easier to align and maintain than the systéem containing
a nest of several large; thin mirrors.

It is a general objei:t of this invention to provide’an
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" X-ray telescope for mvest:gatmg soft-X-rays such as

those emitted by cosmic X-ray sources.

It is an object of this invention to provide an efﬁc1ent
high resolution optical system employing grazing angle
reflection suitable for soft X-ray observations.

It is a similar object of this invention to provide an
opncal system which produces large photon concentra-
tion with high resolution focus.

It is a more specific object of this invention to pro-
vide a paraboloid-followed-by- hyperbolmd system .of
high optical quality which- takes full advantage of the
large photon flux reflected by the hyperboloid.

It is another object of this invention to provide an op-
tical system particularly useful for studymg relatively
weak, cosmic X-ray sources.

Itis another object of this invention to prowde an op-
tical system which is practical and relatively inexpen-
sive.

It is another, more specnﬁc object of this invention to
provide an otpical system which ‘may be conveniently
calibrated by means of a shutter.

In accordance with_this invention, a three-reflector

optical system is provided comprising an internally re- -

flective paraboloid, followed by an internally reflective
hyperboloid one sheet, followed by an aspheric ele-
ment, more specifically, an element having the general
form of one part of an externally reflective hyperboloid
of two sheets. The paraboloid and first hyperboloid are
confocal in that they share the same focus location.
The first two elements may be contiguous and meet at
“their boundary without substantial discontinuity. The
third, hyperboloidal element may be spaced from the
first two elements and on a common axis with them. It
" is located between the hyperboloid element and the
pseudo focus, where grazing reflections directly from
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4 T
said second surface are directed, and has its distal focus
at the same location as that of -the parabolmd-
hyperboloid reflective combination.

These and other objects, features, characteristics and
advantages will be apparent from the following descrip-
tion of the preferred embodiment of this invention, as

illustrated by the accompanying drawing.

BRIEF DESCRIPTION OF THE DRAWING

The drawing illustrates the optical system in accor-
dance with this invention and suggests certain major
conventional elements of the telescope-in which the op-
tlcal system is utilized.

DESCRIPTION OF THE PREFERRED
" EMBODIMENT

The preferred embodiment comprises a first parabo-
loid of revolution 1, centered on a hypothetical optical
axis 3. The internal, reflective surface of the paraboloid
1 presents a glancmg or grazing angle to radiation par-
allel to the axis 3, characteristic of radiation of an'infi-
nite or very distant source such as a star. »

Immediately next to paraboloid 1 is hyperboloid 5,
which is a'section of a hyperboloid of revolution in one
sheet. Hyperboloid S is also centered on axis 3 and has
a common boundary with paraboloid 1 where parabo-
loid 1 and hyperboloid § meet. The focus of paraboloid
1 and the distant focus of hyperboloid 5 are located at
substantially the same location. The proximate focus of

hyperboloid 5 is located at the point 7, which is the

focus point of the telescope of this preferred embodi-
ment.

Spaced longltudmally toward the focus § and also
centered on axis 3 is the third mirror element 9, of the
general shape of a'section of one part of a hyperboloid
of revolution in two sheets. By preference of theoreti-
cal considerations, mirror 9 is not precisely a hyperbo-
loid, but is hyperboloidal in general configuration
based upon the following design factors and consider-
ations:

Precise focusing by reflection from a hyperboloid to
its distant focus assumes that the incoming radiation is
focused on the proximate focus of the reflecting hyper-
boloid surface. This is not precisely the case with re-
gard to rays parallel to axis 3 reflected only from sur-
face 5 and then by element 9, but is closely approxi-
mated. A modified or deformed surface configuration
of element 9 is determined to provide exact focusing of
all such radiation to the point 7. Actual computation
may be a matter of conventional, essentially straight-
forward mathematical computation using electronic
data processing techniques and the successive approxi-
mation approach. A precise hyperboloid is selected by
theoretical considerations based upon the physical
shape desired and the criterion that constant optical
path length is desired to minimize optical aberrations.
The equation y = Ax? + Bx*+ Cx8+ ... + Nx" is solved
for the high order constants or coefficients A, B, and
C, termed coefficients of deformation, with more of the
coefficients determined if physical fabrication of the
reflecting element is to be of corresponding accuracy.
The final equation with the coefficients of deformation
determined defines the hyperboloidal shape of the final
design. _

Element 9 is of length sufficient to intersect substan-
tially all radiation parallel to the optical axis which first

_intersects only hyperboloid 5, illustrated by rays 1_1 in .
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the drawing. Such para]lel radiation which intersects
paraboloid 1 and then hyperboloid 5 is illustrated in the
drawing as rays 13.

Shown in general outline to provide an indication of
the major features of the telescope, is a bent crystal
spectrometer 15 located past focus point 7 and posi-
tioned to receive radiation converged at the point 7.
Spectrometer 15 directs the radiation to a detector 17,
which may be any of the conventional detectors such
as proportional counters, image mtensrﬁers and photo-
graphic films for solar work.
. -A shutter 19, in the form of an expandable iris dia-

phragm, is located immediately in front of the hyperbo-
loid 9. Shutter 19 is expanded, as shown in dotted out-
line, to block the reflections from hyperboloid 5 to hy-
perboloid 9 and thereby permit calibration of the tele-
scope based upon the. paraboloidhyperboloid reflec-
tions. Shutter 19 could also be extended to eliminate
hyperboloid 9 from the operative system should it be-
come damaged or misaligned.
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Although it will be clear that an unlimited number of -

designs are possible based upon this invention, since
the reflective shapes theoretically need not be limited
in size, struc¢tural and economic factors do impose
practical constraints.

The reflective section of the paraboloid 1 initiates 90

25

-inches from focus point 7, as measured along axis 3. It .

is 19.685 inches long as measured along axis 3, and
presents a collecting area of 274.1 square centimeters
to incoming radiation.

Hyperboloid 5 is also 19.685 inches long as measured
along axis 3. Hyperboloid 5 presents a collecting area
of 748 square centimeters to incoming radiation.

Hyperboloid 9 is spaced along axis 3 from hyperbo-
loid § and entirely located in the area more than half
the distance from focus 7 to hyperboloid S.

The operation of the device is, of course, essentially
automatic since reflection occurs according to natural
laws without human intervention. The telescope is ad-
justed in position or trained in some manner so that
axix 3 is pointed directly toward the distant source
under observation. All light from the distant source is
then essentially parallel to axis 3.

Assuming perfect dimensions and positioning, all re-
flections from paraboloid 1.to hyperboloid § are pre-
cisely focused to the point 7. Reflections from surface
5 to hyperboloid 9 are focused to point 7 with a degree
of accuracy corresponding to the precision of the de-
sign and fabrication of the element 9. Where, for eco-
nomic or other reasons, element 9 is a true hyperbo-
loid, precise focusing is still closely approximated.

The surface sections employed in the design present
grazing angle reflective surfaces, thereby providing a
system in which the inherent limitations of high angle
reflections of X-rays are avoided.

. The surfaces of the preferred embodiment are sur-
faces of revolution, providing symmetry around the op-
tical axis 3. Clearly, the symmetrical nature of this em-
bodiment simplifies construction and design. It would
be possible, however, directly within the basic ap-
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proach of this invention.to employ surfaces not sym-
metrical around axis 3. Thus, so long as the-paraboloid
surface and the following hyperboloid of one sheet sur-
face at each different angle around the axis 3 share the
same focal point, with the proximate focus as dis-
cussed, proper focusing would occur. The external con-
figuration of the third, central element 9 would be ad-

. justed accordingly at the different angles around axis 3

so that horizontal radiation reflected only by the hyper-
boloid of one sheet surface at the corresponding angle
would be reflected to the point of focus. But such un-
symmetrical designs, although theoretically possible,
will generally be highly impractical and expensive to
fabricate, and fabrication of such designs might well ex-
ceed the present state of the art in many instances.
Other variations of the invention described will be
apparent, and variations may well be developed which

employ more than ordinary skill in this art, but never-.

theless employ the basic contribution and elements of

this invention. Accordingly, patent protection should

not be essentially limited by the preferred embodi-
ments discussed, but should be as provrded by law, with
particular- reference to the accompanymg claims. -

I claim: :

1. An optical system adapted to employ grazmg angle
reflections to focus X-ray radiation comprising:

a first surface comprlsmg an internally facing, con-
cave, reflective surface in the form of a paraboloid
of revolution;

a second surface contrguous to said ﬁrst surface, both
said surfaces having a common longitudinal axis, a
common distant focus, and the same diameter at

- their boundary regions; said second surface com-
prising an internally-facing; concave, reflective sur-
face in the form of a hyperboloid of revolution, po-
sitioned to receive grazing angle reflections from
said first surface at grazing angles and to reflect
said reflections from said first surface to said dis-
tant focus; and

a third surface spaced from said second surface
toward said distant focus, said third surface having
both a longitudinal axis and a distant focus which
are common with said first and second surfaces,
said third surface comprising an externally facing,
convex, reflective surface in the form of a de-
formed hyperboloid of revolution, positioned to re-
ceive at grazing angles radiation reflected from said

~ second surface from a path parallel to said longitu-.

dinal axis and reflect said radiation from said sec-
ond surface to said distant focus.

2. The optical system of claim 1 comprising a shutter

positionéd immediately in front of said third surface

-and expandable to block said radiation from said sec-

ond surface to said. third surface.

3. The optical system of claim 2 wherein said third
surface'is located within the area more than half the
distance from said distant focus to the nearest point on

said second surface.
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