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1.0 INTRODUCTION

A pregram for the dovelopment of high throughput instrumentatlon for
X-ray astronomy based upon focusing optlcs is being carried out by the
Smithsonian Astrophyslcal Observatory. The instrumentation is appllcable to
investigations rejulring large area focusing optics for direct imaging or
disperslve spectroscopy. The long range goals of thls program are the
devalopment of telescopeas and gratlngs for future major X-ray astronom
facilities, including additions te the LAMAR 085-2/SHEAL experiment after the
initial flights. Tests of the devices and their more lmmediate utllizatlion in
sclentific investigations can be carried out with SPARTAN payloads deployed
and retrleved by the Space Shuttia. In fact, in a later sectlon we describe
twe instruments based upon the work of this program that would be rather
unique SPARTAN payloads. However, the present backleg of approvad SPARTAN
mlssions Lls longer than the three-year duration of the program described in
this program. Therefore, we concentratae upon laboratory studies and
breadboarding of instrumentation. Speclfic proposals for SPARTAN flights will
be mada at a later tlme In response to announcements of opportunity by NASA

for new pavyloads.

The X-ray astronomy communities 1in the U.S. and Eurcope have both
recommended that a high throughput mission with spectroscopy be given the
highest priority as the next major X-ray facllity to be developed after AXAEF.
The high throughput facility should have at least an order of magnitude more
nffective area than AXAF especially in the higher energy regime around the K
lines of highly lonized iron. For reasons of feasiblility the high throughput
facility will certainly be a modular array of telescopes with moderate angular
resolution (like LAMAR). The LAMAR type telescope module that we have

developed in this program could possibiy be the best technology for the high
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throughput missions in terms of offering an optlmum comblnation of large
effective area and good angular resolution. Indeed, to date, nc other
technique has succeeded in offering as desirable a combination of good angular
resolution, high aperture efficlency and moderate cost. We propose to develop
the technology further, to the point vhere there are breadboard telescopes
that are larger and more preclse to give credibillity to proposals for U.S,.
and forelgn missions. This 1s applicable to new programs such as a NASA High
Throughput Mission or a U.8. ceontribution to a forelgn X-ray astronomy mission

such as the ESA XMM or Japan's Astro-D satelllites.

Moderate-to-high resolution spectroscopy of cosmic sources at soft X-ray
energies (0.3 - 2 keV) is generally considered to be one of the most important
frontiers of X-ray astronomy research. Included in this spectral range are
the prominent K-shell transitions of all ions of C, N, O, Ne, and Mg, and
L-shell transitions of ions of Nl and Fe. The detections of emission and/or
absorption features assoclated with such transitlons can provide important
diagnostics for physical conditions thought to be approprilate to a wide
variety of astronomical objects. As yet, this flield is stlll in its infancy.
Although transmission grating spectrometers wlth modest resolution were flown

on bkoth the Elinstein and EXOSAT Observatorlies, the 1limlted effectiveness
<

(m 1 em?) of these instruments restricted their applicatien to only a few of
the brightest sources in the sky. In order for soft X-ray spectroscopy to
have a truly significant lmpact on astronomy, vast improvements in sensitivity
will be required. To some extent this need will be met by the transmission
grating experiments planned for AXAF, however, while AXAF will have excellent
resolution, the 100-fold increase in sensitivity they will provide may still

not be enocugh; to obtain adequate statistical quality spectra of "typical"

active galaxy sources even larger effective area experiments are necessary.
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Indeed, our experience with the Elnstein and EXOSAT grating spectrometers has
shown that statlstlcal quallty, even more than resclution, often determines
the value of an observatlion, It is not sufflclent to simply detect thae
strongest spectral features. In order to adequately interpret the data, good
measurements of the neighboring continuum and of weaker features are often of

critical lmportance.

In this regard, the high throughput, large effective area 1s Lmportant
for soft X-ray spectroscopy. Coupled wlith a reasonably efficlont dispersive
system, a LAMAR telescope system would in fact be the instrument best sulted
for performing moderate-resolution spectroscople surveys of faint sources.
Since spectral resoclution degrades essentially linearly with angular
resolution for dispersive spectrometers, the llmited resolution avallakle wlth
LAMAR 1s 1likely to be the principal driving censideration in the design of
such an instrument. Clearly, one can maximize the effectiveness by maximizing
the disperslon over an appreciable bandpass. As dlspersing elements,
reflectlion gratings offer a number of advantages in this respect. In
comparison to transmlssion gratings, they can yield considerably higher
dispersion with comparable or higher diffraction efficlency. Unlike crystals,
they simultaneously disperse all wavelengths from all parts of the Llncoming
beam. We plan te develop a high throughput dispersive spectrometer based upon

a LAMAR type telescope and reflection gratings.

Therefere, the program that we are carrying out extremely relevant to the
future needs of the entire X-ray community and is not merely addressing a

narrow fleld of investigations.
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2.0 ACCOMPLISHMENTS OF THE PAST ' EAR

2.1 Intrcduction

The actlvitles that took place during the past year was part of a three

year program proposed in SAO document Pl191-6-82 (June 1982). It has been a

laboratory program with the following goals:

(1)

(2)
(3)

(4)

lmprovement of the angular resolution of a Kirkpatrick-Baez

telaescope;

development of the Imaging Proportional Counter;

studles of @a dispersive spectroscopy capabllity fer a
LAMAR-type system;

design studies of a mirror/spectrometer rocket payload.

We describe what has been accomplished in each of these areas,

2.2 Moderate Raggplution X-ray Mirrors

The accomplishments of the SR&T study were:

1.

construction and evaluation of breadboard mirror plates with

speclfication of how to characterize and select glass for

flatnoss by flzeau interferometry and auto-collimator scans,

development of a method for pre-curving a flat glass plate into
a cylinder whose radlus of curvature is approximately that of
any given parabola of a Klrkpatrick-Baez mirror assembly,

devalopment of a new mechanlcal design for a tuning system based

upon praclse linear translators,

better angular resoclution than before, that demonstrate the §

effectivenaess of the method. 4
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As a rosult of those impreovements, wa have arrived at the point where the
raesolutlion of the mirror depends mostly upon the flatness of the glass. Hence
it is lmportant to have a moans of solecting glass. The procedure for
characterizing flatness enabled us to select the better glass sgheots from a
selectlion of commerclal stock falrly rapldly. This is significant because we
are now able to purchase large quantitles of commercial float glass sheet at
relatively low prlces and screen the material ourselvas. Fizeau
interferometry need be applied to only several random samples from a lot of
commerclal glass to verify that the flatness on a amall scale is no worse than
10 wavelengths of vislible llight per inch. Howaver, it is necessary to make
auto-collimator scans of every single plate to select acceptable material.
The scanning auto-collimator technique consists of traclng ocut the path of &
pencll light beam from an auto-ceollimator that Lis reflected at normal
incidence along the entire length of the plate. A perfectly flat plate traces
out a horizontal straight line. A uniformly curved plate traces ocut a line
with a finite slope. An acceptable plate wlll have a root mean sguare
deviation of less than 0.3 arc mlinute from a stralght line and the slope of
the line i1s not greater than ©¢.1 arcmin/inch. Flgure 1 illustrates the
Iinterferegram and scanning aute-collimator trace from a good bateh of
12" x 20" commerclal float glass plate that is 0.07 inches thick. Although
the flatness of thils materlal is fairly good, 1t is desirable to find material
that 1s both flatter and thinner. Flatter materlal would result in better
angular resolution, Thinner material would result in less welght and more
useful aperture for the highly nested configurations that are used in grazing

incidence telescopes,

One of the important accomplishments of the mirror study was a method for

precurving a flat plate into approximately the correct shape without

T et W e ot R RSB S



ORIGINAL PAGE IS
OF POOR QUALITY

b MIDDLE

DEFLECTION (arcminutes)

OF === e iee e e ———=w -—t_ 0
-2k
-4
2 :
L BOTTOM i
ofe s s—t—a_a o ° . . I
- -—y—
I o
1= -
| | | 1 | | 1 | | S| 1|
0] 2 4 6 8 10 12 14 16 I8 20
DISTANCE ALONG PLATE (inches)
Figure 1. Fizeau interferogram of float glass plate (top) Area shown m
diameter. Bottom panel shows three autocollimator scans, along the top, middle
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concomitant undeslrable elestic distortions. Previously, a llmitatlion upon
the angular resolution of our mirror system originated from the fact that a
mirror plate was gliven Llts flgure by deformlng a flat shoet of glass to a
parabola by applying bending moments only along the edges. In that caso,
there are uaddlo-like devliations from perfect curvature of the surface bocouso
the center of the plate fails to follow thoe edges perfectly. The project
began with experimenting with discrete bar stiffeners that were bonded teo the
rear of glass plates. ‘These stiffeners succoeded in improving the resoluilion
by about 40} compared to the unstiffened plate. A more signiflcant
improvement was achleved by another technlque =suggestad by the Visldyne
company. This technlque conslsts of rolling a sheet of .005" titanium whose
dimenslions match these of the glass plate te a spring with a small radius of
curvature, lL.e. a few inches or less. When the titanium coll spring is bonded
to a .070" thick float glass plate that 1s Ainitislly flat, the compound
material assumes a radius of curvature that is about a thousand times larger
than the spring. By selecting the initlal radius of curvature of the titanium
coll approprliately, the final radius of curvature of the compound cylinder is
made to be equal to the average radius of the deslred parabola. Since the
bending force from the tlitanium coil is applied to the glass over its entire
surface, the shape of the compound plate ls nearly uniformly cylindrical over
ite entire width, This is in contrast to the previous system of figure
formation where all bending forces are applled to the glass plate only along
the edges. Even with this new system it ls necessary to tune the plate with
small bending forces at the edges (Flgure 2) to achleve the desired precision
in the final figure. Ameong other things the tunlng process changes the figure
from a cylinder to a parabola. However, the bending moments are now very
small compared to ones requlred to daform a flat plate to a parabola and they

raesult in very 1little lag of the center with respect to the edges. This

i, Mg s b e

R



PARALLEL LIGHT BEAM
MOVABLE SLIT {0.030") —
WITH PRECISE (0.0001" POSITION READOUT _h'

TITANIUM
BACKING
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AN} DISPLAYED BY APPLE 11+ MICROCOMRUTER

Figure 2. Interactive system for tuning final figure of plate. The polints
labeled "1, "2", "3", and "4" are driven by precise linear translators. The
diede array signals are processed and dlsplayed by a microcomputer,
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tochnlquo producod bettor than a factor of two improvament 4in angular
rosolution. The limiting factor in tho rosolution ls now belloved to bo the

initlal flatneas of tho glaas.

Aftar thls techniquo was successfully tosted in a broadboard mado undor
thls program, it was appliecd to the construction of a hrassboard mirror that
was supported by the LAMAR/0S85-2 program. fThe brassboard mirror assembly
achleved an angular reseclution (50% power diamoter) averaged aver both
dimenslons of 35 arcsoconds. The angular resclutlion of the LAMAR mirror \is

shown in Filgure 3.

2.3 Imaging Proportionnl Countar

A major activlity of the program has been the development of a state of
the art multi-wire positlon sensitive X-ray proportlonal counter for the focal
plane of an imaging telescope. Thls aspect of the program culminated in the
preparation of a proposal for an lnstrument for AXAF in response to an AC. A
prototype device operating wlth xenon gas was conastructed., With it a series
of measurements were carrled out in great detall to demonstrate the spatial
resolutlon, spectral resclution, uniformity, and stablillty of the instrument.
The AXAF proposal for "An Imaging Spectrophotometer" contains a comprehensive
doscription of the laboratory measurements. Thls device ls also the prototype
for the LAMAR detectors. We were notifled In February 1985 that the IPC was
not accepted for AXAF. However, there 13 a possibility that a mecdiflied, lower

cost version of the instrument would be acceptable.

At this juncture we believe that we have succeeded in attalning our goals
wlth respect to the lmaging proportional counter objectives of this pregram.

The devlice meets the needs of the programs for which it is intended. If these
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Figura 3. Visible 1light resolution of the prototype mirror assembly. Each
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programs choose to utlllze this detector, they will support the constructlion
of flight Jinstruments bkasod upon the prototypa. No wadditlonal detector
development work will be proposed for the subsequent three-yoar program. Some
dotector work may bo needed to support other actlvities such as telescope and

diffractlion grating measurements.

2.4 DRispersive Spectroscopy

It is posslble to convert an X-ray Imaging system to dispersive
spectroascopy by the addition of an objective grating. In partlcular the
placement of a reflectlon grating in front of or behind the mirror appears to
be a rather effective method of accomplishing this transition. Reflection
gratings offer an important advantage over transmission gratings in connection
with moderate angular resclution telescopes. The reflection grating element
can provide very much larger dispersion than tranasmisslon gratings. This
overcomas the llmitatlions of the optiecs. As part of the current three year
program in disperslve spectroscopy, we have carried out a study of the
incorporation of reflection gratings 4intoe the LAMAR experiment for
055~2/SHEAL. The design we have chosen to investigate initlally is one first
suggested by Webster Cash of the Unlversity of Colorado ({Cash, 1981), in which
an array of gratings is placed in front of the telescope a= an objective
disperser. The gratings are mounted ln the conlcal or off-plane mode, in
which the lnecldent light makes a ¢grazing angle, 4, to the grooves, and the
diffracted rays lie along a cone ¢f half-width 9 centered on the groove
direction (see Figqure 4). If the grooves are "blazed" to the triangular shape
shown in Figure 4, in which each facet 1s slanted by an angle § {(called the
blaze angle), then the grating will exhibit maximum diffraction efficlency for

the particular wavelength AB (the blazed wavelength) at which the incoming and

e -
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outgolng angles to the facets are ldentical. In this configuration, each
facet acts essontially like a tiny mirror introducing a pure reflection for
the light at AB. Because the Iincoming light is nearly parallel to the
grooves, there is little or no shadowing by the groove facets themselves in

thls configuration.

We have carrled out a ray trace analysis of this dispersive system which
includes all instrument efflclencles and resolutlon factors of the gratings,
the LAMAR mirror, and the IPC detector. We let the gratlngs have a line
density of 6000 g/mm and a blaze angle of 21°. These are the parameters of an
existing grating whose efflciency was measured by Cash and Kohnert (1982).
The assumed graze angle was 1915 which lmplles a first order blazed wavelength
of 24 A, The results of our analysis are shown in Figure 5, in which we have
plotted the effectlve area and resolutlon as a functlon of wavelength for the
first and second order spectra. The effectlve area includes the wontribution
of all 8 LAMAR modules. We note that the first and second orders overlay each
other on the detector,. They ¢an be separated using the pulse helght

lnformation provided by the IPC.

This study demonstrated that it ls possible at least in theory to make a
dispersive spectroscopy system having rather hlgh throughput and reasonably
good wavelength resolution by this technique, These results were used in the

updated propesal of the LAMAR experlment for 0SS5-2/SHEAL missions.

Another accomplishment of the past year was the carrying out of
measurements of the performance of a sample grating in the synchrotron X-ray
beam at the Brookhaven National Laboratory. The grating, supplied by Webster
Cash, had the expected reflectivity but there were some questions about the

correctness of the angles at which the maximum reflectivity was observed.
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The concluslon L1z that disparsive spectroscopy with high throughput
moderate raesolution telescopes in conjunction with reflectlon gratlngs is very

promising and that further development should be pursued with great vligor,

2.5 Spectrometer Rockaet Payload

A rocket payload was described in the previous proposal as an evolving
test instrument for imaging and dlsperslve spectroscopy. However, in order to
be able to carry out meaningful measurements, it 1s essential to have the
larger observing times of the SPARTAN flights. A SPARTAN paylecad was in fact
given some conslderation during the past year and found to be technlcally
feaslble. However, the actual constructlion of a payload is beyond the scope
of thls program and would require substantially more funds, A separate
proposal would be wrltten for a SPARTAN mission. The present backlog of
approved SPARTAN missions makes the possiblility of a such flight remote for

the near future.
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